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Article

From Biodiversity to Musketry: Detection of Plant Diversity in
Pre-Industrial Peloponnese during the Flora Graeca Expedition

Chrysanthi Chimona, Sophia Papadopoulou, Foteini Kolyva, Maria Mina and Sophia Rhizopoulou *

Section of Botany, Department of Biology, National and Kapodistrian University of Athens, 15784 Athens, Greece
* Correspondence: srhizop@biol.uoa.gr; Tel.: +30-210-7274513

Abstract: As the interest in natural, sustainable ecosystems arises in many fields, wild plant diversity
is reconsidered. The present study is based on extant literature evidence from the journey of John
Sibthorp (Professor of Botany, Oxford University) to Peloponnese (Greece) in pre-industrial time.
In the year 1795, Peloponnese was a botanically unknown region, very dangerous for travellers
and under civil unrest, in conjuncture with a pre-rebellion period. Our study reveals approximately
200 wild plant taxa that were collected from Peloponnese localities in 1795, transported to Oxford
University (UK), and quoted in the magnificent edition Flora Graeca Sibthorpiana of the 19th century.
Moreover, these plants currently constitute a living collection in Peloponnese, confirmed according to
updated data on the vascular Flora of Greece. The presented lists constitute a source of information
for plant biologists, linking the past to the present, shedding light on the study of adaptive traits
of wild Mediterranean plants and revealing the temporal dimension of natural history. Nowadays,
increasing and thorough understanding of the considered plants’ functionality to abiotic and biotic
environmental stimuli provides a new framework of sustainability and management options.

Keywords: archives; botanical collection; Greece; landscape; pre-rebellion period

1. Introduction

In the 18th century, travelers’ journey to Greece was also a journey through its history.
The naturalists’ travels were explorations, linked to searching for specimens of natural
history. The travelers’ observations became a way of identifying and revealing cultural and
economic changes that have occurred over the last centuries. The botanical expeditions
and the collections of specimens connected observations and descriptions with landscapes
and environmental conditions; plants had been there for thousands of years, linked to the
history and adapted to abiotic and biotic conditions of the localities [1–5].

John Sibthorp (1758–1796), Professor of Botany in the University of Oxford, decided
to travel to unexplored areas of Greece, collecting and recording botanical specimens in
the late 1780s and 1790s; at that time, Greece was an unknown region, very dangerous and
difficult to visit owing to diseases, civil unrest, and bandit groups—known as armatoloi
and klephts– that included illiterate peasants, artisans, and local clergy, together with the
local notables and landowners in Peloponnese [6–8].

Sibthorp’s main interest was linked to plants known since the classical antiquity and
mainly quoted in the texts of Dioscorides (1st century AD) [9–14]. During the first explo-
ration from 1786 to 1787, Sibthorp was accompanied by the Austrian painter Ferdinand
Lucas Bauer (1760–1826) as his draughtsman [6,7]; this was a time when travelers were
accompanied by a professional artist, whose work supplemented their discoveries with vi-
sual evidence [15–18]. Actually, the magnificent, illustrated edition Flora Graeca Sibthorpiana
(hereafter FGS), published from 1806 to 1840, contains botanical hand-coloured engravings
that are important icons of the Mediterranean flora [7,19,20].

John Sibthorp and his companion undertook a second botanical expedition to the
Levant from 1794 to 1795. During this journey, they arrived in Peloponnese (Morea is

Life 2022, 12, 1957. https://doi.org/10.3390/life12121957 https://www.mdpi.com/journal/life
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the name used in their diaries and letters) on 26 February 1795 and visited numerous
localities botanizing in a more or less largely unknown area, frequently hearing the firing
of guns [6,15,21,22]. Those days, major parts of Peloponnese, electively ruled by semi-
autonomous agas (persons of high rank or social position during the era of the Ottoman
Empire [23]), were only nominally part of the Ottoman Empire [24,25].

Although substantial, revived research has been carried out on the content of
FGS [7,8,20,26–30], the Peloponnese tour and the collected botanical specimens by Sibthorp
in 1795 have received little attention [6] (pp. 164–169) [7] (pp. 144–146). The importance of
studying local floras, historical and environmental conditions, distribution records, and
species lists has been repeatedly stressed in the literature and awareness of this subject has
recently been rising.

Plants collected during a pre-rebellion period (i.e., before the Greek Revolution of
1821) in Peloponnese correspond to “visual evidence” from a particular time (spring 1795),
revealing regional plant species pool of this particular area, as well as physical, cultural, and
aesthetic values of the natural environment. The main goal of this study was to study plants
that have been recorded in Peloponnese in pre-industrial time, as functional components
of a biodiversity, which, to the best of our knowledge, has not hitherto been published.
A secondary goal of this study was to confirm the above-mentioned plant diversity in
Peloponnese during the 21st century.

2. Materials and Methods

This research is based on our survey of written sources, i.e., books, travel reports,
letters, diaries, plant catalogues, online published, and printed archives mainly linked to
the “Flora Graeca” expedition in Peloponnese (Greece) in 1795 [6,7]. Two copies of FGS,
i.e., a copy adorned the National Library of Greece since 1916 and another copy acquired
by the Gennadius Library of Athens in 1967 were surveyed. Moreover, we studied the
digitized published hand-coloured engravings and the original watercolours, together with
the Mediterranean scenes that are freely available and accessible online via Digital Bodleian
(https://digital.bodleian.ox.ac.uk/collections/flora-and-fauna-graeca/, accessed on 9 Oc-
tober 2022). In addition, rigorous research of the Florae Graecae Prodromus [30] (hereafter
Prodromus) housed in the Department of Botany at National and Kapodistrian University of
Athens in Greece was carried out; it has to be noted that the Prodromus contains indexes of
modern Greek vernacular names of plants (Index Nominum Graecorum, pp. 383–391), an-
cient Greek names of plants quoted in Dioscorides’ codex (Index Dioscoridem, pp. 392–404),
and scientific names of plants (Index Generum et Synonymorum, pp. 405–422), as well as
plant locality data [31]. Furthermore, two books were taken in consideration; the first by
Robert Walpole (1781–1856, an English classical scholar with degrees from Trinity College
at Cambridge in UK and Merton College at Oxford in UK, who travelled to Greece; his
Memoirs including notes of various travelers’ diaries, among them Sibthorp’s and his
companion [32] were first published in 1817) and the second by John Bacon Sawrey Morritt
(1772–1843, who immediately after his BA degree from St. John’s College at Cambridge in
UK, started on the travels described in his book that was first published in 1914; Morritt
travelled over a considerable part of Peloponnese in 1795 [33]). A plant taxon was included
in the results if there was a record in Prodromus stating locality data from Peloponnese.
Information linked to the currently accepted plant nomenclature and distribution was
derived from the Flora of Greece web (https://portal.cybertaxonomy.org/flora-greece/,
accessed on 21 October 2022).

3. Results

3.1. Peloponnese Tour

In Figure 1, the Peloponnese tours followed by Sibthorp and Morritt in 1795 are de-
picted in red and green lines, respectively. Sibthorp and his colleagues travelled from the
island of Zakynthos to the port of Skaffidia (Ileia County); their route included Pyrgos,
Lalla, and Tripolis, passing through several villages. The tour continued to Palaiepiscopi,
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ancient Tegea, and Arcadia. Next, they travelled to Argos and visited ancient Mycenae
as well as Napoli di Roamin (Nafplion) in Argolida County. Then, they travelled to Ko-
rinthos and Patras, continued in Achaia County through villages, and proceeded to Ileia
County again; from there, they followed different directions until they arrived in Kalamata
(Messinia County). After Kalamata, they proceeded to Kutchuk Maina, Kardamili, Sparta
(Laconia County), and Mystras; from there, they continued to Messini and Petallida and
on 25 April 1795 they arrived at Zakynthos and, by ship, returned to England. Morritt’s
journey started from Kalamata; he visited Kutchukmaina, Palaeocastro and ancient Thuria
(Messinia County), Corone, Abia, and Kitreés and, through various villages, went to Kar-
damili/Cardamyla; he arrived by boat at Platsa and then continued to Oetylos, Marathonisi
(ancient Gythium), and Mystras (Laconia County).

 
Figure 1. Map of Peloponnese (obtained by https://d-maps.com/ accessed on 10 October 2021
and modified accordingly), showing two tours, i.e., by Sibthorp (red line) and Morritt (green line)
in 1795. The red symbol A indicates the start of Sibthorp’s journey; red lines and arrows indicate
locations and directions, respectively. In the insert, the map of Greece (blue) is presented and,
in yellow, the Peloponnese peninsula is indicated. The green lines and arrows indicate locations
and directions of Morritt’s journey. The black-white dot indicates the capital of Greece, Athens
(37.9838◦ N, 23.7275◦ E); the small black dots indicate the locations of cities: Patras (38.2466◦ N,
21.7346◦ E) and Tripolis (37.5101◦ N, 22.3726◦ E).

3.2. Plant Diversity in Pre-Industrial Peloponnese

Our study provides evidence for 183 plant taxa grown in pre-industrial Peloponnese,
which had been collected during Sibthorp’s expedition, drawn and cited in FGS (Table 1).
Moreover, 21 plants quoted in Prodromus and linked to localities of Peloponnese, but neither
drawn nor cited in FGS, were found (Table 2). Although citations for prickly pear [Opuntia
ficus-indica (L.) Mill.], walnut (Juglans regia L.), and mulberries (Morus nigra L.) were found
in the considered archival research concerning Peloponnese, these plants were neither
drawn nor cited in both FGS and Prodromus. It should be mentioned that the botanist Sir
James Edward Smith (1759–1828)—founder and first president of the Linnean Society of
London—wrote the texts for the plants attested in FGS and Prodromus and excluded all
species he regarded as not being part of the natural flora.

3
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Table 1. List of plants found in Peloponnese and cited in Flora Graeca Sibthorpiana (FGS). First column:
plant names quoted in the first edition of FGS (1806–1840). Second column: numerical register of
hand-coloured engravings (plates) of plants cited in the first published edition of FGS. Third column:
numerical register of the original watercolours by Ferdinand Bauer preserved at Oxford (MS. Sherard
241–245), digitized and electronically accessed via Digital Bodleian; whenever the picture of the
original drawing was not digitally available, the digital hand-coloured engraving from the first
printed edition is mentioned (Sherard 761 and 764). Fourth column: current scientific name.

Plant Name Cited in FGS Engraving Watercoulor Scientific Name

Phillyrea latifolia 2 761: pl.2 Phillyrea latifolia L.
Olea europaea 3 761: pl.3 Olea europaea L.

Veronica glauca 7 244: f.66 Veronica glauca Sm.
Veronica triphyllos 10 244: f.69 Veronica triphyllos L.

Salvia triloba 17 244: f.158 Salvia fruticosa Mill.
Salvia ringens 18 244: f.159 Salvia ringens Sm.

Salvia sibthorpii 22 244: f.163 Salvia virgata Jacq.
Morina persica 28 761: pl.28 Morina persica L.
Crocus aureus 35 245: f.65 Crocus flavus Weston subsp. flavus
Iris florentina 39 245: f.69 Iris albicans Lange

Iris sisyrinchium 42 245: f.72 Moraea sisyrinchium (L.) Ker-Gawl.
Schoenus mucronatus 43 245: f.112 Cyperus capitatus Vand.
Saccharum ravennae 52 245: f.120 Tripidium ravennae (L.) H. Scholz

Panicum repens 61 245: f.130 Panicum repens L.
Briza minor 74 245: f.142 Briza minor L.

Festuga littoralis 80 245: f.148 Aeluropus littoralis (Gouan) Parl.
Bromus tectorum 82 245: f.150 Bromus tectorum L.
Bromus rubens 83 245: f.151 Bromus rubens L.
Stipa paleacea 86 245: f.154 Stipa capensis Thunb.

Triticum junceum 99 245: f.166 Elytrigia juncea (L.) Nevski
Valantia muralis 137 242: f.202 Valantia muralis L.

Crucianella latifolia 139 242: f.204 Crucianella latifolia L.
Plantago lagopus 144 244: f.182 Plantago lagopus L.

Hypecoum imberbe 156 241: f.30 Hypecoum imberbe Sm.
Anchusa tinctoria 166 244: f.33 Anchusa tinctoria L.
Cerinthe aspera 170 244: f.37 Cerinthe major L.
Cerinthe retorta 171 244: f.38 Cerinthe retorta Sm.

Asperugo procumbens 177 244: f.44 Asperugo procumbens L.
Lycopsis variegata 178 244: f.36 Anchusella variegata (L.) Bigazzi & al.
Primula vulgaris 184 244: f.175 Primula vulgaris Huds.

Lysimachia linum-stellatum 189 244: f.181 Asterolinon linum-stellatum (L.) Duby
Plumbago europaea 191 244: f.196 Plumbago europaea L.
Convolvulus siculus 196 244: f.15 Convolvulus siculus L.
Campanula rupestris 213 243: f.178 Campanula rupestris Sm.
Campanula drabifolia 215 243: f.180 Campanula drabifolia Sm.

Viola gracilis 222 241: f.85 Viola gracilis Sm.
Chironia maritima 237 244: f.9 Centaurium maritimum (L.) Fritsch
Chironia spicata 238 244: f.10 Schenkia spicata (L.) G. Mans.

Vitis vinifera 242 241: f.178 Vitis vinifera L.
Herniaria macrocarpa 252 242: f.125 Herniaria incana Lam.
Eryngium multifidum 259 242: f.148 Eryngium amethystinum L.

Bupleurum sibthorpianum 264 242: f.153 Bupleurum falcatum subsp. cernuum (Ten.)
Arcang.

Echinophora spinosa 265 242: f.154 Echinophora spinosa L.
Echinophora tenuifolia 266 242: f.155 Echinophora tenuifolia L.

Artedia squamata 268 242: f.157 Artedia squamata L.
Peucedanum obtusifolium 277 242: f.175 Selinum silaifolium (Jacq.) Beck

Coriandrum sativum 283 242: f.170 Coriandrum sativum L.
Pastinaca opopanax 288 242: f.176 Opopanax hispidus (Friv.) Griseb.

Linum gallicum 303 241: f.160 Linum trigynum L.
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Table 1. Cont.

Plant Name Cited in FGS Engraving Watercoulor Scientific Name

Narcissus tazetta 308 245: f.73 Narcissus tazetta L.
Amaryllis lutea 310 245: f.75 Sternbergia lutea (L.) Spreng. subsp. lutea

Tulipa sibthorpiana 330 245: f.79 Fritillaria sibthorpiana (Sm.) Baker
Ornithogalum arvense 332 245: f.97 Gagea villosa (M. Bieb.) Sweet
Ornithogalum nanum 333 245: f.98 Ornithogalum sibthorpii Greuter
Asphodelus ramosus 334 245: f.99 Asphodelus ramosus L.
Anthericum graecum 336 245: f.101 Gagea graeca (L.) Irmisch
Asparagus acutifolius 337 245: f.102 Asparagus acutifolius L.
Hyacinthus romanus 340 245: f.105 Bellevalia romana (L.) Sweet

Frankenia hirsuta 343 241: f.88 Frankenia hirsuta L.
Erica arborea 351 243: f.190 Erica arborea L.

Arbutus unedo 373 243: f.191 Arbutus unedo L.
Arbutus andrachne 374 243: f.192 Arbutus andrachne L.

Saxifraga media 376 242: f.142 Saxifraga sempervivum K. Koch
Saxifraga rotundifolia 377 242: f.143 Saxifraga rotundifolia L.
Saxifraga cymbalaria 378 242: f.144 Saxifraga sibthorpii Boiss.

Dianthus cinnamomeus 400 241: f.110 Dianthus cinnamomeus Sm.
Silene nocturna 408 241: f.118 Silene nocturna L.

Silene behen 416 241: f.126 Silene behen L.
Silene italica 429 241: f.138 Silene italica (L.) Pers.

Silene staticifolia 434 241: f.144 Silene bupleuroides subsp. staticifolia (Sm.)
Chowdhuri

Sedum tetraphyllum 448 242: f.135 Sedum cepaea L.
Oxalis corniculata 451 241: f.190 Oxalis corniculata L.
Cerastium pilosum 454 241: f.149 Cerastium illyricum Ard.

Cerastium tomentosum 455 241: f.150 Cerastium candidissimum Correns
Reseda alba 459 245: f.49 Reseda alba L.

Euphorbia spinosa 463 245: f.39 Euphorbia acanthothamnos Boiss.
Euphorbia leiosperma 465 245: f.41 Euphorbia terracina L.

Myrtus communis 475 242: f.120 Myrtus communis L.
Prunus prostrata 478 242: f. 109 Prunus prostrata Labill.

Pyrus aria 479 242: f.118 Sorbus umbellata (Desf.) Fritsch
Papaver somniferum 491 241: f.24 Papaver somniferum L.
Cistus monspeliensis 493 241: f.75 Cistus monspeliensis L.

Cistus incanus 494 241: f.74 Cistus creticus subsp. eriocephalus (Viv.)
Greuter & Burdet

Cistus salviifolius 497 241: f.78 Cistus salviifolius L.
Cistus guttatus 498 241: f.79 Tuberaria guttata (L.) Fourr.

Cistus salicifolius 499 241: f.80 Helianthemum salicifolium (L.) Mill.
Delphinium consolida 504 241: f.7 Consolida phrygia (Boiss.) Soó

Anemone coronaria 514 241: f.17 Anemone coronaria L.
Ranunculus millefoliatus 521 241: f.4 Ranunculus millefoliatus Vahl

Satureja juliana 540 244: f.117 Micromeria juliana (L.) Rchb.
Satureja graeca 542 244: f.118 Micromeria graeca (L.) Rchb.

Satureja capitata 544 244: f.115 Thymbra capitata (L.) Cav.
Nepeta nuda 547 244: f.120 Nepeta nuda L.

Lamium maculatum 556 244: f.127 Lamium maculatum L.
Stachys orientalis 560 244: f.146 Stachys obliqua Waldst. & Kit.

Marrubium pseudodictamnus 562 244: f.147 Ballota pseudodictamnus (L.) Benth.
Prasium majus 584 244: f.155 Prasium majus L.
Bartsia latifolia 586 244: f.71 Bellardia latifolia (L.) Cuatrec.

Antirrhinum pelisserianum 591 244: f.76 Linaria pelisseriana (L.) Mill.
Antirrhinum chalepense 592 244: f.77 Linaria chalepensis (L.) Mill.
Antirrhinum reflexum 593 244: f.78 Linaria triphylla (L.) Mill.

Scrophularia canina 598 244: f.83 Scrophularia canina subsp. bicolor (Sm.)
Greuter
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Scrophularia caesia 604 244: f.89 Scrophularia heterophylla Willd.
Orobanche ramosa 608 244: f.93 Phelipanche mutelii (F.W. Schultz) Pomel
Acanthus spinosus 611 244: f.95 Acanthus spinosus L.
Bunias raphanifolia 612 241: f.33 Rapistrum rugosum (L.) All.
Aubrieta deltoidea 628 241: f.49 Aubrieta deltoidea (L.) DC.

Biscutella columnae 629 241: f.50 Biscutella didyma subsp. apula Nyman
Arabis verna 641 241: f.62 Arabis verna (L.) R. Br.

Erodium romanum 654 241: f.182 Erodium acaule (L.) Bech. & Thell.
Erodium gruinum 656 241: f.184 Erodium gruinum (L.) L’Hér.

Erodium malacoides 658 241: f.186 Erodium malacoides (L.) L’Hér.
Geranium tuberosum 659 241: f.187 Geranium tuberosum L.

Alcea ficifolia 663 241: f.166 Alcea biennis Winterl
Hibiscus trionum 666 241: f.169 Hibiscus trionum L.
Polygala venulosa 669 241: f.86 Polygala venulosa Sm.

Ononis antiquorum 675 242: f.11 Ononis spinosa subsp. diacantha (Rchb.)
Greuter

Anthyllis tetraphylla 681 242: f.17 Tripodion tetraphyllum (L.) Fourr.
Orobus sessilifolius 692 242: f.27 Lathyrus digitatus (M. Bieb.) Fiori

Lathyrus sativus 695 242: f.31 Lathyrus sativus L.
Lathyrus grandiflorus 698 242: f.34 Lathyrus grandiflorus Sm.

Vicia polyphylla 699 242: f.35 Vicia villosa subsp. varia (Host) Corb.
Vicia melanops 701 242: f.37 Vicia melanops Sm.

Cytisus sessilifolius 705 242: f.41 Podocytisus caramanicus Boiss. & Heldr.
Coronilla emerus 710 242: f.46 Hippocrepis emerus (L.) Lassen

Coronilla securidaca 712 242: f.48 Securigera securidaca (L.) Degen & Dörfl.
Ornithopus compressus 714 242: f.50 Ornithopus compressus L.
Ornithopus scorpioides 715 242: f.51 Coronilla scorpioides (L.) W.D.J. Koch

Hippocrepis unisiliquosa 716 242: f.52 Hippocrepis unisiliquosa L.
Hedysarum caput-galli 723 242: f.59 Onobrychis caput-galli (L.) Lam.

Phaca baetica 727 242: f.63 Erophaca baetica (L.) Boiss.
Astragalus incanus 732 242: f.68 Astragalus spruneri Boiss.

Astragalus aristatus 735 242: f.71 Astragalus thracicus subsp. parnassi (Boiss.)
Strid

Biserrula pelecinus 737 242: f.73 Astragalus pelecinus (L.) Barneby
Trifolium cherleri 745 242: f.81 Trifolium cherleri L.

Trifolium rotundifolium 747 764: pl.747 Trigonella rotundifolia (Sm.) Strid
Trifolium stellatum 750 242: f.86 Trifolium stellatum L.
Trifolium clypeatum 751 242: f.87 Trifolium clypeatum L.
Trifolium uniflorum 752 242: f.88 Trifolium uniflorum L.
Lotus tetragonolobus 755 242: f.91 Tetragonolobus purpureus Moench

Lotus edulis 756 242: f.92 Lotus edulis L.
Lotus creticus 758 242: f.94 Lotus creticus L.
Lotus hirsutus 759 242: f.95 Dorycnium hirsutum (L.) Ser.

Trigonella corniculata 761 242: f.97 Trigonella corniculata (L.) L.
Trigonella monspeliaca 765 242: f.101 Medicago monspeliaca (L.) Trautv.

Medicago marina 770 242: f.106 Medicago marina L.
Hypericum olympicum 772 241: f.171 Hypericum olympicum L.
Hypericum hircinum 773 241: f.172 Hypericum hircinum L.
Hypericum crispum 776 241: f.175 Hypericum triquetrifolium Turra
Scorzonera laciniata 788 243: f.144 Podospermum laciniatum (L.) DC.
Sonchus picroides 793 243: f.166 Reichardia picroides (L.) Roth

Crepis rubra 801 243: f.157 Crepis rubra L.
Hedypnois cretica 813 243: f.132 Hedypnois rhagadioloides (L.) F.W. Schmidt

Hypochoeris minima 816 243: f.123 Hypochaeris arachnoides Poir.
Lapsana stellata 817 243: f.126 Rhagadiolus stellatus (L.) Gaertn.

Catananche lutea 821 243: f.129 Catananche lutea L.
Carduus glycacanthus 826 243: f.96 Jurinea glycacantha DC.
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Cnicus acarna 827 243: f.94 Picnomon acarna (L.) Cass.
Onopordum elatum 833 243: f.87 Onopordum tauricum Willd.

Cynara humilis 835 243: f.89 Cynara cardunculus L.
Carlina lanata 836 243: f.82 Carlina lanata L.

Carlina corymbosa 837 243: f.83 Carlina corymbosa subsp. graeca (Heldr. &
Sartori) Nyman

Acarna cancellata 839 243: f.85 Atractylis cancellata L.
Carthamus lanatus 841 243: f.118 Carthamus lanatus L.

Carthamus caeruleus 843 243: f.120 Carthamus caeruleus L.
Staehelina chamaepeuce 847 243: f.90 Ptilostemon chamaepeuce (L.) Less.

Senecio trilobus 869 243: f.65 Senecio trilobus L.
Bellis annua 876 243: f.22 Bellis annua L.

Chrysanthemum coronarium 877 243: f.58 Glebionis coronaria (L.) Spach
Anthemis cota 880 243: f.35 Anthemis altissima L.

Anthemis altissima 881 243: f.36 Anthemis altissima L.
Achillea aegyptiaca 892 243: f.51 Achillea taygetea Boiss. & Heldr.
Centaurea benedicta 906 243: f.114 Centaurea benedicta (L.) L.
Centaurea aegyptiaca 907 243: f.102 Centaurea aegyptiaca Sm.
Centaurea melitensis 909 243: f.104 Centaurea melitensis L.

Centaurea collina 914 243: f.109 Centaurea salonitana Vis.
Centaurea galactites 919 243: f.115 Galactites tomentosus Moench

Filago pygmaea 921 243: f.28 Filago pygmaea L.
Orchis undulatifolia 927 245: f.58 Orchis italica Poir.

Orchis papilionacea 928 245: f.59 Anacamptis papilionacea subsp. aegaea (P.
Delforge) L. Lewis & Kreutz

Ophrys fusca 930 245: f.61 Ophrys fusca Link
Pistacia terebinthus 956 242: f.4 Pistacia terebinthus L.

Atriplex halimus 962 245: f.8 Atriplex halimus L.

In 1795, in western Peloponnese, Salicornia fruticosa L. was observed growing near lake
banks, Asphodelus ramosus L. near rivers, and Bromus rubens L. in between cultivated fields.
Stands of Phillyrea latifolia L., Erica arborea L., Arbutus unedo L., Pistacia lentiscus L., vernal
(spring) Crocus flavus Weston, and primroses (Primula vulgaris Huds.) in bloom—observed
in early March 1795—were encountered. In the southern Peloponnese (county of Messinia),
black mulberry trees (Morus nigra L.) and prickly pear surrounded many villages. Moreover,
they depicted fig trees (Ficus carica L.), grapevines, cotton, grains, corn, olive trees, Euphorbia
exigua L., Euphorbia spinosa L., Lolium perenne L., and Orobanche ramosa L. Some regions
produced flax and tobacco. In the eastern Peloponnese, Quercus species, as well as corn,
grains, grapevines, olive trees, fig trees, mulberry trees, and chestnut trees, had been
detected. In the central Peloponnese (county of Arcadia), they visited oaks’ forest; moreover,
they observed a huge walnut tree (Juglans regia L.), Hyacinthus romanus L., and Hyacinthus
spicatus Sm. in bloom. In addition, the presence of floating crystal-wort (Riccia fluitans L.)
and Boletus (a genus of mushroom-producing fungi that comprises over 100 species) and the
use of truffle were mentioned. Cultivation of pear trees with open blossoms (10 March 1795)
and corns grown among the remains of cities and temples of the ancient Greek territories
were detected.

John Sibthorp arrived in Peloponnese bearing a mode of seeing, endowing the profes-
sorship of “Agriculture and Rural Economy” in the University of Oxford, thus the state
of the agriculture in Peloponnese attracted his attention in 1795; the cultivation of corn
(Zea mays L.), cotton (Gossypium hirsutum L.), millet (Panicum repens L.), tobacco (Nicotiana
tabacum L.), and wheat (Triticum junceum L. and Aegilops comosa Sm.) was detected.
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Table 2. List of plants found in Peloponnese and cited in Prodromus. First column: plant names
alphabetically presented according to the name given in archives, which are quoted in Prodromus,
but not referred in FGS. Second column: numerical register of volume and page, respectively, in
Prodromus. Third column: current scientific name.

Plant Name Cited in Prodromus Volume, Page Scientific Name

Castanea sativa 2, 242 Castanea sativa Mill.
Corylus spp. (hazel) 2, 244 Corylus avellana L., C. colurna L.

Euphorbia apios 1, 326 Euphorbia apios L.
Ficus carica 2, 268 Ficus carica L.
Fraxinella 1, 271 Dictamnus albus L.

Globularia alypum 1, 78 Globularia alypum L.
Leontice altaica 1, 234 Gymnospermium peloponnesiacum (Phitos) Strid

Leontice chrysogonum 1, 234 Bongardia chrysogonum (L.) Spach
Leontice leontopetalum 1, 234 Leontice leontopetalum L.

Lolium 1, 70 Lolium perenne L., L. subulatum Vis., L. temulentum L.
Imperatoria 1, 199 Imperatoria ostruthium L.
Loranthus 1, 242 Loranthus europaeus Jacq.

Urtica 2, 233 Urtica dioica L., U. pilulifera L., U. urens L.

Quercus spp. 2, 239 Quercus aegilops L., Q. coccifera L., Q. ilex L., Q.
pubescens Willd.

Pinus 2, 242 Pinus pinea L.
Rubus spp. 1, 349 Rubus sanctus Schreb., R. canescens DC.
Salicornia 1, 1 Salicornia fruticosa L., S. perennans Willd.
Satyrium 2, 215 Satyrium L., Orchis sp.

Scilla 1, 237 Scilla nivalis Boiss., S. messeniaca Boiss., S.
pneumonanthe Speta

Viola 1, 145 Viola scorpiuroides Coss., Viola graeca (W. Becker)
Halácsy

Nymphaea 1, 360–361 Nymphaea alba L.

4. Discussion

Professor John Sibthorp and his colleagues visited Greek territories twice in pre-
industrial time, i.e., 1786–1787 and 1794–1795, and collected wild plants grown under
natural conditions [7,16,34]. It was an outstanding achievement, considering the duration,
the collections of specimens of plants from which “a legacy of 2462 pressed specimens are
still preserved in the Sibthorpian Herbarium” [35] (Figure 2), and the geographical coverage,
during the above-mentioned botanical expeditions. Moreover, a number of specimens
found in Kew are of considerable importance as supplementing Sibthorp’s collection at
Oxford [36]; these specimens have been published [36] according to the sequence of plants
cited in Prodromus [30].

 
Figure 2. Dried specimens of plants in the Sibthorpian herbarium at the University of Oxford,
associated with the Flora Graeca expeditions and collected from the eastern Mediterranean in the
18th century. Courtesy of Stephen Harris, modified by Sophia Rhizopoulou.
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The revived interest in FGS is partially due to recent publications [22,28,37–39], but
mainly to biodiversity issues raised under the threat of climate change, which gives another
dimension to the whole achievement. Moreover, exhibitions dedicated to the concept and
the content of Flora Graeca Sibthorpiana contributed to public awareness, e.g., in Oxford
entitled “Painting by numbers” (Bodleian Library, 29 – 9 July 2017, https://treasures.
bodleian.ox.ac.uk/treasures/flora-graeca/ accessed on 9 May 2017) and Athens entitled
“Flora Graeca” (Gennadius Library, 8 March–4 July 2016, https://www.ascsa.edu.gr/
events/details/flora-graeca-exhibition, accessed on 8 March 2016).

In Table 1, we compiled a list of 183 wild plants cited in FGS and located in Pelo-
ponnese, which is indicative of the biodiversity, environmental physiology, phenology,
and short flowering season in response to drought conditions, i.e., during the period of
spring rainfall and the concomitantly active pollinators [40,41]. The later generations of
plant biologists studied plant species grown in geographic locations visited by Sibthorp
and his companion in Peloponnese, increasing the overall knowledge about distribu-
tion, ecophysiology, and taxonomy of plants quoted in FGS and Prodromus [42–49]. The
mediterranean-type climate is characterized by a marked seasonality, typified by the alter-
nation of a hot and dry period with a cold and wet period. For example, Sibthorp observed
open flowers of Anemone coronaria L., Oxalis corniculata L., and Asphodelus ramosus L. on
27 February 1795, as well as of Crocus flavus Weston in early spring (cited as Crocus aureus
in FGS and Crocus vernus latifolius aureus in Prodromus, vol. I, pp. 24–25); such observations
are supported by recent publications [5,50,51]. Moreover, in the 21st century, it is known
that seasonal blossom is related to adaptive floral traits; for example, the study of petals
revealed a surface nano-sculpture that declines water droplet adhesion and enhances the
water repellence of these fragile floral tissues, which are exposed to the rainy conditions of
the early spring flowering season [52–54]. In Anemone coronaria L., the temperature plays
a critical role in the onset of dormancy [55]. Other species possess deeply rooted systems
that enhance drought resistance (e.g., Myrtus communis L., Pistacia lentiscus L., and Quercus
species). In addition, recent research revealed leaf functional traits linked to hydrophobicity
and water status, highlighting species’ responses to drought conditions [56–58]; this may
be critical for resilience in the face of increasing drought stress.

Moreover, Sibthorp noticed that oaks in Peloponnese were frequently infested with
the mistletoe Loranthus europaeus Jacq. [59–61]; it is worth mentioning that he regarded the
deciduous, yellow Loranthus europaeus Jacq. as the “true mistletoe of the ancients” [6] (p. 165).

Sibthorp and his companion visited a mountainy area, barren and stony beyond con-
ception; it was hard work botanizing under harsh field conditions. The earth, washed by the
rains and torrents from the higher parts, was supported on a plethora of terraces cultivated
with wheat, cotton, maize, and millet, while olives and mulberry trees seemed to grow out
of the rocky substrate itself. However, carpets of geophytes and numerous annual plants
produced a spring flowering distinctive to the human eye. The results from this tour in the late
1790s, in pre-industrial landscapes, barely resembled the area we see today in Peloponnese,
and brought information about numerous unknown to science (those days) wild plants, oak
woodlands, pine forests, crops, cultivated areas, and arable lands of the monasteries [62].
Nowadays, several places of Peloponnese that Sibthorp visited in 1795 are included in the
European network Natura 2000—i.e., the cornerstone of European Union nature conservation
policy—of designated sites (https://eunis.eea.europa.eu/sites, accessed on 18 October 2022)
relevant for flora and habitat protection [63–65], e.g., mountainy landscapes such as Parnonas:
GR2520006, Mainalo (Arcadia): GR2520001, and Taygetos: GR2550006, as well as Folois
plateau: GR2330002 and Olympia: GR2330004. Other progression was also recorded; that
is, information linked to the current distribution of the considered plants, confirmed via the
Flora of Greece web, contributed to our knowledge about natural stands of wild plants.

According to our study, on one hand, among the plants found in Peloponnese in
1795 and cited in FGS and Prodromus, there are species either widely distributed or grown
in restricted areas, e.g., Achillea taygetea Boiss. & Heldr., Erophaca baetica Boiss., Saxifraga
sibthorpii Boiss., and Scilla messeniaca Boiss. On the other hand, Zea mays L., originated from
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the Americas and found among the few cultivated species in isolated valleys in Peloponnese
in pre-industrial time, might be attributed to the Venetian occupation of Peloponnese
(1688–1715); during that period, when the area was dependent on the European market,
plants might have been a product of cross-cultural communication between the conquerors
and conquered [66–70].

Sibthorp’s expedition in Peloponnese contributed to our understanding of botany in
the field and revealed the diversity of plants grown in their habitats, in pre-industrial time.
Historical time was linked to a gradually known plant diversity, as locations were explored
and knowledge about the natural fertility of the land increased. However, anthropogenic
pressure maintained by human activities, grazing, and fires in Peloponnese added to envi-
ronmental stresses and caused profound transformation in the natural landscape, reducing
the distribution of indigenous plants and enhancing a widespread concern about the extent
of habitat and species loss [71–76]. This means that whatever effort can be made to study,
maintain, and protect the diversity of ecosystems in this region is closely connected to a sus-
tainable future, via the preservation of numerous plant taxa cited in the monumental FGS and
Prodromus. Nowadays, Oxford Botanic Garden in UK (where visitors can enjoy the full sensory
experience of walking through an aromatic Mediterranean landscape while learning about
the work of Sibthorp and Bauer and its important botanical and horticultural legacy [35]) and
Diomedes’ Botanic Garden in Greece (due to the fact that administration of Diomedes’ Botanic
Garden is directly linked to the staff of the National and Kapodistrian University of Athens in
Greece, this Garden has also been used for relevant, educational programs [37]) contain living
collections of Mediterranean plants cited in FGS, which may be perceived as celebrations for
Flora Graeca expeditions and FGS [35,37]. However, a larger number of plants quoted in FGS
and Prodromus may be introduced and cultivated in the above-mentioned botanic gardens
and/or the network of botanic gardens in Greece, in order to detect the diversity and the
life-cycle of wild plants within the context of the seasons, floral colours in Mediterranean
ecosystems, and collection and deposition of seeds in seed-banks. As such, botanic gardens
can be used as common gardens, where researchers can conduct unmatched comparative
research studies of plant ecophysiology, morphology, anatomy, and responses to climate
change [77,78]. It is worth mentioning that Sibthorp introduced new species into English
horticulture; moreover, he returned to Oxford from his eastern Mediterranean explorations
with seeds, bulbs, and corms for the Botanic Garden, but few details of these collections have
survived, and the plants and any knowledge about their propagation have been lost through
many routes [7] (p. 180) and neglected [79] (p. 102).

This work provides a novel and valuable insight into the development of early plant
environmental biology and is an important element of timelessness aspects of botany [80,81].
The study of plant diversity in Peloponnese peninsula, during the pre-rebellion period in
Greece, tracing long-term changes in the region, is also a reminder that nature is often a
repository at which nations look when crafting their identity.

5. Conclusions

The interest in archival material has been revived on account of research for a biodi-
versity threatened by climatic change. In this context, our research gives prominence to
approximately 200 wild plant taxa found in Peloponnese (Greece)—most of them quoted
in the magnificent edition Flora Graeca Sibthorpiana of the 19th century—and few cultivated
introduced plants, all grown under ambient conditions and exposed to environmental
stresses of the eastern Mediterranean during the pre-rebellion period, representing plant
environmental issues in pre-industrial time, which have not hitherto been published.
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Abstract: Understanding the different physiological responses of Malus species under salt stress in
the seedling stages will be useful in breeding salt-tolerant dwarfing apple rootstocks. Seedlings of
Malus Zumi (Mats.) Rehd. (M. zumi), Malus sieversii (Led.) Roem. (M. sieversii), and Malus baccata (L.)
Borkh. (M. baccata) were treated with solution of 0, 0.20%, 0.40%, and 0.60% salinity. Physiological
parameters of their leaves and roots were measured at 0 d, 4 d, 8 d and 12 d after salinity treatments.
Superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), malondialdehyde (MDA), solution
protein (SP), and proline (PRO) initially increased and then decreased. The activities and contents of
these parameters were higher in the 0.40% and 0.60% NaCl treatments than in the 0.20% treatment
and in the 0% control. M. zumi was the most resistant to salt stress, showing the lowest content of
MDA in the leaves and roots, which increased slightly under salt stress. M. baccata had the highest
increase in both the content and proportion of MDA. High enzyme activity was shown to play an
important role in the salt resistance of M. zumi. Moreover, it can be speculated that there are other
substances that also play a major role. We found that osmotic regulation played a key role in response
to salt stress for M. baccata even though it was sensitive to salt stress. For M. sieversii, both the osmotic
regulation and enzymatic antioxidants were observed to play a major role in mitigating salt stress.

Keywords: Malus seedlings; NaCl treatments; enzyme activity; membrane damage; osmotic regulation

1. Introduction

More than 800 million hectares of land and 32 million hectares of agricultural land
are affected by salinity stress globally [1,2]. Moreover, it is estimated that soil salinization
will cause deterioration of 50% of the land by the year 2050 [3]. Under salt stress, almost
all plants exhibit adverse effects [4]. Salt stress causes water loss, iron ion absorption
inhibition in roots, a reduction in the photosynthetic efficiency of leaves, and diminished
tree growth, all of which seriously affect the healthy growth and yield formation of plants,
including apple trees [5–7]. A salty environment produces two kinds of stress factors in
plants: osmotic stress and ionic toxicity. The former obstructs water absorption in plants;
the latter is toxic to the physiological function of plant metabolism. Moreover, both can
lead to the production of reactive oxygen species (ROS), which damage the structure of
cell membranes [8]. The changes in POD, SOD, and CAT activities can reflect the ability
to scavenge ROS under stress in plants. SOD can dismutate O2− to O2 or H2O2, CAT can
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catalyze H2O2 to H2O and O2, and POD can direct oxidation of phenol or amine compounds
with H2O2 as electron acceptor to eliminate the toxic H2O2 and phenol amine [9,10]. SP
and PRO contents reflect the ability to overcome osmotic pressure. Plants synthesize PRO,
SP, soluble sugars, and other osmolytes to promote osmotic balance at the cellular level; the
biosynthesis of PRO is activated by stress [10,11]. MDA content, one of the most important
products of membrane lipid peroxidation, reflects the degree of damage to the membrane
system under biotic and abiotic stresses [12–16]. Salt stress was shown to cause lipid
peroxidation as well as the accumulation of soluble sugars and PRO, and to increase the
activity of antioxidant enzymes in both salt-resistant and salt-sensitive bread wheat [17].
Increasing NaCl was shown to increase the SOD and POD activities, as well as the PRO
and MDA contents, in linseed [18]. MDA content and SOD, CAT, and POD activities were
shown to increase with increasing salinity in lentils [19]. The enhancing and transporting
of PRO in plant organs are important survival strategies against salt stress; exogenous PRO
may enhance resistance to salt stress in lupine [20,21].

Apple, one of the most popular fruits globally, plays a major role in poverty alleviation
and rural revitalization in north and northwest China. At present, the apple dwarfing
rootstocks widely used in China and abroad—M26, MM106, M9, etc.—are not tolerant
to salt [22]. The soil salt content in certain regions in north and northwest China exceeds
0.4% [23–25]. Northwest China is the new dominant producing area of apple. Salinity
stress has, to a certain extent, restricted the development of the apple industry in these
areas. Using salt land to grow apples is one of the ways to expand the apple industry in
Northwest China. The breeding of salt-tolerant apple rootstock is an important guarantee
to achieve this approach and is the theoretical basis for salt-tolerant breeding to understand
the physiological mechanism of salt-tolerant Malus species.

There are approximately 55 species of Malus around the world [26]. Different species
have been developed with special characteristics to adapt to the natural environment in the
distribution center after a long period of natural selection. For example, Malus xiaojinensis
Cheng et Jiang., Malus toringoides (Rehd.) Hughes., and Malus kansuensis (Batal.) Schneid.
are tolerant to drought; Malus hupehensis (Pamp.) Rehd. and Malus toringoides (Rehd.)
Hughes. are tolerant to waterlogging; M. baccata and M. sieversii are tolerant to cold; Malus
robusta (Carr.) Rehd., M. sieversii, and Malus sikkimensis (Wenzig.) Koehne. are tolerant
to salt; and even M. zumi is tolerant to a 0.60% salt content in soil [27,28]. There are three
ways to avoid ionic toxicity in plants: salinity dilution, salinity regionalization, and salt
rejection. Overcoming osmotic stress mainly depends on the content of osmotic regulating
substances [29,30]. For Malus plants, the main mechanisms of salt stress resistance are
salt rejection and ion regionalization. However, they have a long history of heredity and
evolution, with different species exhibiting different tolerances to salt stress, and thus the
adaptation mechanisms to salt stress are not all the same. Whether different Malus species
take advantage of the same substance to scavenge ROS or regulate osmotic stress remains
unknown. Therefore, understanding the physiological basis of salt resistance in different
Malus species is very important for breeding salt-tolerant rootstocks.

Plants may be more tolerant to salt in the seedling stage than in the other growth
stages [31]. M. zumi, M. sieversii, and M. baccata are high-resistance, medium-resistance,
and salt-sensitive, respectively. The latter two are widely used as rootstocks in northwest
and northeast China, but how they physiologically differ in terms of salt stress resistance
remains unclear.

In the present study, the activities of POD, SOD, and CAT and the contents of MDA,
SP, PRO, CHLa, and CHLb were compared in the three species under different NaCl
treatments during the seedling period. We aimed to evaluate the effects on the physiological
parameters of salt stress to elucidate the adaptive mechanisms of different Malus species
to salinity stress. Our findings can be used as the basis for the breeding of salt-tolerant
dwarfing rootstocks.
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2. Materials and Methods

2.1. Plant Materials

M. zumi, M. sieversii, and M. baccata trees were planted in the National Repository of
Apple Germplasm Resources (Xingcheng, Liaoning, China) in 2007. M. zumi, M. sieversii,
and M. baccata are genotypes that are characterized as high-resistance, medium-resistance
and salt-sensitive, respectively. The seeds of M. zumi, M. sieversii, and M. baccata were
collected in the autumn of 2019 and were laminated for 60 days at 4 ◦C starting in late
January of 2020. After germination, seeds were sown in a seedling tray in April and
transplanted into plastic pots in June. One seedling was planted per pot.

2.2. Experimental Design

All experiments took place in a greenhouse. During the experiments, the average
temperature was approximately 28 ◦C. The lowest temperature was approximately 16 ◦C
and the highest temperature was 33 ◦C. The relative air humidity was 50–60%. A total of
200 seedlings that exhibited uniform growth, were 1 year old, and were approximately
30 cm tall were selected from each species, with 50 seedlings per group. Four groups were
irrigated with either 0, 0.20%, 0.40%, or 0.60% NaCl solution, respectively, three times from
10 to 17 July 2020. Samples of roots and leaves were collected at 0, 4, 8, and 12 days after
the last round of irrigation for each group. Leaves or roots of three plants were mixed for
each group as one replicate with three replicates per group. The samples were rinsed with
tap water to remove the soil and other surface debris and then washed with distilled water.
All the samples were frozen in liquid nitrogen and stored at −80 ◦C.

2.3. Physiological Parameter Measurements

The nitroblue tetrazolium (NBT) method was used to determine the SOD activity [32].
The superoxide anion (O2−) is produced by the xanthine and xanthine oxidase reaction
system. O2− reduces nitroblue tetrazole to generate blue formazan, for which the maximum
absorption peak is 560 nm. SOD scavenges O2−, which results in formazan being inhibited.
The more blue the reaction liquid, the lower the SOD activity. The experimental steps used
were those described in the kit instructions (kit series no.: SOD-2-Y, Comin Biotechnology,
Suzhou, China; www.cominbio.com, accessed on 15 May 2020). A total of 1 mL of blank
tube solution and measuring tube solution was absorbed into a glass colorimetric dish, and
the absorbance value at 560 nm was recorded as Ab560 for the blank tube and Am560 for
the measuring tube.

PI (percentage of inhibition) =
Ab560 − Am560

Ab560
× 100%

SOD activity (U/g, FW) = 11.4 × PI
0.1 × (1 − PI)

The guaiacol method was used to determine the POD activity [33]. POD catalyzes
the oxidation of specific substrates with H2O2 and has a characteristic light absorption
at 470 nm. The experimental steps used were those described in the kit instructions (kit
series no.: POD-2-Y, Comin Biotechnology, Suzhou, China; www.cominbio.com, accessed
on 15 May 2020). A total of 1 mL of supernatant was added into a glass colorimetric dish;
the absorbance value at 470 nm was recorded as Ab470, and the value 1 min later was
recorded as Al470.

POD activity (U/g, FW) =
2000 × (Al470 − Ab470)

0.1

The ultraviolet absorption method was utilized to determine the CAT activity [34].
H2O2 has a characteristic absorption peak at 240 nm, and CAT can decompose H2O2, so
the absorbance of the reaction solution at 240 nm decreased with the reaction time. CAT
activity could then be calculated according to the change rate of the absorbance. The
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experimental steps used were those described in the kit instructions (kit series no.: CAT-2-Y,
Comin Biotechnology, Suzhou, China; www.cominbio.com, accessed on 17 May 2020). The
absorbance value at 240 nm was recorded as Ab240, and the value 1min later was recorded
as Al240.

CAT activity (U/g, FW) =
687 × (Ab240 − Al240)

0.1
The thiobarbituric acid (TBA) method was applied to measure the MDA content.

MDA combined with thiobarbituric acid (TBA) to produce a red product with a maximum
absorption peak at 532 nm. The content of lipid peroxide in the sample could be estimated
after colorimetry; the MDA content was calculated as the difference between the absorbance
values at 532 and 600 nm. The experimental steps used were those described in the kit
instructions (kit series no.: MDA-2-Y, Comin Biotechnology, Suzhou, China; www.cominbio.
com, accessed on 15 May 2020). A total of 1 mL of upper solution was absorbed into a glass
colorimetric dish; the absorbance values at 532 and 600 nm were recorded as A532 and
A600, respectively.

MDA content (nmol/g, FW) =
25.8 × (A532 − A600)

0.1

The bicinchoninc acid (BCA) method was performed to determine the SP content.
Under alkaline conditions, cysteine, tryptophan, tyrosine, and peptide bonds in proteins
can reduce Cu2+ to Cu+. Two molecules of BCA combined with Cu+ to form a purple
complex, which had an absorption peak at 562 nm. The experimental steps used were those
described in the kit instructions (kit series no.: BCAP-2-W, Comin Biotechnology, Suzhou,
China; www.cominbio.com, accessed on 15 May 2020). The absorbance values of a blank
tube, standard tube, and measuring tube at 562 nm was recorded as Ab562 for the blank
tube, As562 for the standard tube, and Am562 for measuring tube.

SP content (mg/g, FW) =
0.5 × (Am562 − Ab562)
0.1 × (As562 − Ab562)

The sulfosalicylic acid (SSA) method was used to determine the PRO content. PRO was
extracted with sulfosalicylic acid and reacted with an acidic ninhydrin solution to produce a
red color after heating. The absorbance value was measured at 520 nm after extraction with
methylbenzene. The experimental steps were those described in the kit instructions (kit
series no.: PRO-2-Y, Comin Biotechnology, Suzhou, China; www.cominbio.com, accessed
on 15 May 2020). The absorbance value was recorded as A520 at 520 nm.

PRO content (μg/g, FW) =
19.2 × (A520 + 0.0021)

0.1

Determination of the CHLa and CHLb content was performed according to the experi-
mental steps described in the kit instructions (kit series no.: CPL-2-G, Comin Biotechnology,
Suzhou, China; www.cominbio.com, accessed on 15 May 2020). The absorbance values at
663 and 645 nm were determined and were denoted as A663 and A645, respectively.

CHLa content (mg/g, FW) =
(12.7 × A663 − 2.69 × A645)× Ve × D

m × 1000

CHLb content (mg/g, FW) =
(22.9 × A663 − 4.68 × A645)× Ve × D

m × 1000

where Ve is the extraction volume, D is the multiple dilution, and m is the sample weight.

2.4. Statistical Analysis

The experimental data collection and analysis were performed using Microsoft Excel
2010. The physiological parameters were subjected to an analysis of variance (ANOVA)
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using SPSS 19. The significant difference level, which was calculated using Tukey’s test,
was used to compare the differences among treatments and the control. The PCA was
conducted using Origin 2019b software.

3. Results

3.1. Dynamic Effects on Physiological Parameters of Leaves of Malus Plants under Salinity Stress

The SOD, POD, and CAT activities of the three Malus species increased at first
and then decreased in the leaves in the 0.20%, 0.40% and 0.60% NaCl treatment groups
(Figures 1 and 2; Table S1). The activities of SOD, POD, and CAT were higher in the 0.40%
and 0.60% NaCl treatments groups than in the 0.20% NaCl treatments group and in the
0% control. For all treatments, the highest activity of SOD, POD, and CAT was exhibited
on the fourth day after NaCl treatment. At the peak time, the SOD activity increased by
49.33%, 38.54%, and 37.11% for M. sieversii, M. baccata, and M. zumi, respectively, in the
0.60% NaCl treatment group compared with the control treatment; moreover, the POD
activity increased by 66.63%, 208.01%, and 164.22%, respectively; and the CAT activity
increased by 250.68%, 86.67%, and 128.73%, respectively. POD increased the most for M.
baccata, while SOD and CAT increased the most for M. sieversii. The increase in the SOD,
POD, and CAT activities fell in the midrange for M. zumi. After 12 days of treatment, there
was little difference between treatments and the control in terms of SOD, POD, and CAT
activities in M. zumi and POD activity in M. sieversii, but the SOD, POD, and CAT activities
remained obviously higher in M. baccata than in the control.

For all the NaCl treatments, the MDA content increased at first and then decreased
in the three Malus species (Figure 2; Table S1). The MDA content was higher in the 0.40%
and 0.60% NaCl treatments groups than in the 0.20% NaCl treatments group and in the
control except for M. zumi. The times of peak occurrence were different, reaching a peak
on the fourth day after NaCl treatment for M. zumi and M. sieversii and on the eighth
day after NaCl treatment for M. baccata. At the time of peak MDA content for the 0.60%
NaCl treatment group, the MDA content in M. sieversii, M. baccata, and M. zumi increased
by 27.66%, 28.64%, and 18.17%, respectively, compared with the control treatment. After
12 days of treatment, there was little difference between treatments and the control for the
three species, but M. zumi had an overall lower MDA content than the other two species
both in the treatments and in the control.

The contents of SP and PRO increased at first and then decreased in all NaCl treatments
for the three Malus species (Figure 3; Table S1). The SP and PRO contents were higher
in the 0.60% NaCl treatment group than those in the 0.20% and 0.40% NaCl treatment
groups and the control, with the exception of the PRO content in M. sieversii. The peak
time was different for SP and PRO, with the former peaking on the fourth day after NaCl
treatments and the latter on the eighth day after NaCl treatments. With the increasing
NaCl concentration, the SP and PRO contents in the 0.20% NaCl treatment group and
the control for the three Malus species was lower than in the 0.40% and 0.60% groups.
Compared with the control treatment, in M. sieversii, M. baccata, and M. zumi subjected
to 0.60% NaCl treatments, the content of SP increased by 76.58%, 38.26%, and 71.68%,
respectively; and the content of PRO increased by 22.95%, 47.45%, and 61.07%, respectively,
when considering their values at peak. After 12 days of treatment, there was little difference
between treatments and the control for SP and PRO in the three species except for the SP
content in M. baccata, which was slightly higher in the treatments than in the control.

Increasing the salinity concentration reduced the measured values of traits related
to photosynthesis. The CHLa and CHLb content in the three Malus species decreased
with prolongation of the NaCl treatment (Figure 4; Table S1). The values of all treatments
were lower than those of the control in M. baccata, and there was no significant difference
between treatments and control for M. zumi except on the twelfth day after NaCl treatment.
Moreover, the CHLa and CHLb contents were lower in the 0.60% NaCl treatment groups
than in the control for M. sieversii. In addition, after 12 days of NaCl treatment, the CHLa
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and CHLb contents were obviously higher in the control than in the treatments used for
the three species.

Figure 1. Change curve of leaf SOD and POD activities for the three Malus species under four levels
of NaCl treatments.
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Figure 2. Change curve of leaf CAT activity and MDA content for three Malus species under four
levels of NaCl treatments.
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Figure 3. Change curve of leaf SP and PRO contents for the three Malus species under four levels of
NaCl treatments.
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Figure 4. Change curve of leaf CHLa and CHLb contents in the three Malus species under four levels
of NaCl treatments.

3.2. Dynamic Effects on Physiological Parameters of Malus Plant Roots under Salinity Stress

During the treatment periods, the SOD, POD, and CAT activities exhibited a similar
trend in the roots as in leaves for the three Malus species (Figures 5 and 6; Table S2). With
the increase in the NaCl concentration, the SOD, POD, and CAT activities were higher in
the 0.40% and 0.60% NaCl treatment groups than in the 0.20% NaCl treatment group and
control. At the time of peak of these enzyme activities in the 0.60% NaCl treatment group,
the SOD activity increased by 6.70%, 51.35%, and 68.23% for M. sieversii, M. baccata, and
M. zumi, respectively, compared with the control treatment; the POD activity increased by
243.32%, 1206.89%, and 285.30%, respectively; and the CAT activity increased by 409.05%,
49.98%, and 13.17%, respectively. After 12 days of treatment, there was little difference
between treatments and the control for SOD in M. zumi or CAT in M. baccata, but the activity
of POD remained higher than the control in the three species.

The MDA content exhibited a similar trend in the leaves as in the roots for the three
Malus species (Figure 6; Table S2). With the increasing NaCl concentration, the MDA
content was higher in the 0.40% and 0.60% NaCl treatment groups than in the 0.20%
NaCl treatment group and in the control for M. sieversii and M. baccata, but there was no
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significant difference among treatments for M. zumi. At the time of peak in the 0.60% NaCl
treatment group, the MDA content in M. sieversii, M. baccata, and M. zumi increased by
20.59%, 48.54%, and 34.77%, respectively, compared with the control. After 12 days of NaCl
treatments, the MDA content tended to normal levels in M. zumi but were still higher in
the treatments than in the control in M. sieversii and M. baccata.

 

Figure 5. Change curve of root SOD and POD activities in the three Malus species under four levels
of NaCl treatments.

The SP and PRO contents increased at first and then decreased in the three Malus
species (Figure 7; Table S2). The SP and PRO contents were higher in the 0.40% and 0.60%
NaCl treatment groups than in the 0.20% NaCl treatment group and the control. There was
a difference in the peak time of SP; i.e., it was on the fourth day after NaCl treatments for
M. zumi but on the eighth day after NaCl treatment for M. sieversii and M. baccata. With
the increasing NaCl concentration, the SP and PRO contents were lower in the 0.20% NaCl
treatment group and the control than in the 0.40% and 0.60% groups for the three Malus
species. Considering the peak SP and PRO contents in the 0.60% NaCl treatment group, the
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SP content increased by 40.22%, 46.32%, and 40.17% for M. sieversii, M. baccata, and M. zumi,
respectively; and the PRO content increased by 34.03%, 52.26%, and 29.75%, respectively,
compared with the control treatment. After 12 days of treatment, there was little difference
between the treatments and control for SP and PRO in M. zumi and M. sieversii, while they
remained higher in treatments than in the control in M. baccata.

 

Figure 6. Change curve of root CAT activity and MDA in the three Malus species under four levels of
NaCl treatments.
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Figure 7. Change curve of root SP and PRO contents in the three Malus species under four levels of
NaCl treatments.

3.3. Comparing the Effects on Physiological Parameters of Roots and Leaves of Malus Plants under
Salinity Stress

The mean values of the physiological parameters were compared between the treat-
ments and control (Tables S1 and S2), and significant differences at the 0.05 level were
determined. The results showed that the SOD and POD activities were higher in the roots
than in the leaves and that the MDA, SP, and PRO contents were higher in the leaves than
in the roots, while there was no significant difference in CAT activity between leaves and
roots. Under salt stress, the increase in SOD, POD, CAT, and MDA was higher in the roots
than in the leaves, whereas the increases in SP and PRO were slightly higher in the leaves
than in the roots.

The PCA, which included all physiological parameters from both the leaves and roots,
showed that there was a significant difference between these tissues (Figure 8). Principal
component 1 (PC1) and principal component 2 (PC2) could explain 67.64% and 19.64% of
the variation, respectively, so the first two principle components could thus explain 87.28%
of the variation. Leaves and roots could be distinguished by PC1, which mainly presented
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CHLa and CHLb, and were positively correlated. Roots were separated from leaves mainly
due to a lack of CHLa and CHLb contents, and most of the root physiological parameters
were found on the left of the PCA plot. This indicated that the roots had higher SOD and
POD activities because they were also found on the left. Thus, SOD and POD were other
factors that distinguished roots from leaves.

Figure 8. PCA of physiological parameters in leaves and roots for the three Malus species. Loading
and scores plot of the first two principal components of the principal component analysis model.
The left and bottom coordinates were the loading scores of the first two principle components, and
the top and right coordinates were the scores of all the physiological parameters in the first two
principle components. MZL—leaves of M. zumi; MSL—leaves of M. sieversii; MBL—leaves of M.
baccata; MZR—roots of M. zumi; MSR—roots of M. sieversii; MBR—roots of M. baccata.

A PCA using the physiological parameters of the leaves was performed (Figure S1).
PC1 and PC2 could explain 36.52% and 23.81% of the variation, respectively, so the first
two principle components could thus explain 60.33% of the variation. M. baccata could
be distinguished from other Malus species by PC2, which mainly presented CHLa and
CHLb and had lower CHLa and CHLb contents. The other two species could not be
distinguished by the PCA of the leaves. A PCA using the physiological parameters of
the roots was applied (Figure S2). PC1 and PC2 could explain 59.19% and 14.75% of the
variation, respectively, so the first two principle components could thus explain 73.94%
of the variation, which was more than in the leaves. M. zumi and M. sieversii could be
distinguished by PC2, which mainly presented POD, PRO, and CAT; M. sieversii had higher
values for these parameters, while M. baccata could not be distinguished from the other two
Malus species based on the comparison of roots.

4. Discussion

Salt ions cause little damage to the cell membranes of highly resistant varieties, and
the MDA production is reduced. For the medium-resistance varieties, MDA causes damage
to membranes via lipid peroxidation, which leads to the formation of ROS; however, they
are able to protect cells from further oxidative damage via their own enzymatic defense
systems [35]. The results of this study showed that M. zumi and M. sieversii had a lower
MDA content than M. baccata in the NaCl treatment groups. This was possibly due to the
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higher SOD and CAT activities of M. zumi and M. sieversii. Moreover, the SOD, POD, and
CAT activities were the highest in both the leaves and roots of M. sieversii in the control. In
addition, M. baccata had the lowest SOD and CAT activities in the roots and the lowest POD
activity in the leaves. The formation and elimination of ROS were in dynamic equilibrium
under normal conditions in the plants. The SOD, POD, and CAT activities exhibited the
ability to resist adversity without stress [36–38]. M. zumi is highly resistant to salt stress, but
the enzyme activity in this species was not the highest. Aside from enzymatic antioxidants,
non-enzymatic antioxidants also helped to scavenge these indigenously generated ROS [39].
The present results showed that M. zumi and M. sieversii had a higher PRO content in leaves
of the control and that there was no significant difference in the root PRO content of the
three species. It was interesting that M. baccata had the higher SP content in roots. The high
content of osmotic substances in roots helped the plants to cope with water absorption
disorders caused by salt stress. We therefore concluded that both enzymatic and non-
enzymatic antioxidants played a major role in determining the medium resistance of M.
sieversii due to its high activity of CAT in the leaves and roots and the content of SP in
the leaves. We speculated that there were other endogenous substances that could bear
primary responsibility for the high salt resistance of M. zumi due to its low contents of SP
and PRO. Hannachi et al. [40] confirmed that salicylic acid could be involved in salt-stress
tolerance; i.e., it was associated with the efficient antioxidant defense system for scavenging
ROS. Various salinized plants showed high values of total soluble sugars and total free
amino acids [41,42].

Salt damage was mitigated if a plant developed a series of responses to alleviate the
associated stress [43–45]. In the present study, the POD, SOD, and CAT activities in the
leaves and roots of M. zumi, M. sieversii, and M. baccata increased after NaCl treatments,
reaching a peak on the fourth day in most cases. The SOD, POD, and CAT activities
increased in order to rapidly scavenge ROS under salt stress [46]. The increasing activities
of SOD, POD, and CAT in the first four days after treatments showed that these enzymes
were the main substances that were scavenging ROS, while the enzymes that played a major
role in the three species differed. In the 0.60% NaCl treatment groups, POD in M. baccata
increased the most in the both leaves and roots after 4 days of NaCl treatments compared
with the control; moreover, the SOD and CAT in M. sieversii increased the most in the leaves,
and the SOD in M. zumi increased the most in the roots. Regarding osmotic regulation,
M. baccata exhibited a significant increase in the proportions of SP and PRO in the roots.
This indicated that M. baccata was sensitive to salt stress, and thus higher levels of SOD,
POD, and CAT activities were needed to overcome the salt injury. The MDA content in
M. baccata remained high after 12 days of treatment, by which point the enzyme activities
and MDA content in M. zumi had returned to a normal level. ROS were continuously
produced under salt stress, but the damage could be mitigated if they were eliminated
in time [43]. It was demonstrated that M. zumi had a stronger recovery capability than
M. baccata.

The SOD, POD, and CAT activities and the MDA, SP, and PRO contents increased
with the increase in the NaCl concentration. Moreover, there was a greater accumulation of
MDA for M. baccata in the different NaCl treatment groups over the same period. When
comparing the different NaCl treatments, there was an obvious increase in the leaves
of SOD and CAT for M. sieversii and in POD and PRO for M. zumi and M. baccata. In
addition, SOD for M. zumi, POD and CAT for M. sieversii and M. baccata, and SP and PRO
for M. baccata exhibited a significant increase in the roots. In a previous study on Chinese
cabbage, the MDA content was shown to continually increase with the increase in the NaCl
concentration [47]. In addition, sensitive cultivars were shown to accumulate more MDA
in eggplant seedlings [48], and reduced MDA accumulation was a reflection of improved
growth performance under salinity stress [49]. Various studies concluded that the level
of PRO content should not be used as an indicator of salt resistance [44,45,50–52], while
other studies reported that its increase under biological or abiotic stress was a type of
victimization symptom. NaCl had little effect on the PRO content in salt-tolerant Malus
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plants, whereas the content in salt-sensitive species continued to increase significantly
under a high salt concentration [53–55]. In our study, M. baccata suffered a more serious
injury than the other species under the same NaCl treatments. This was mainly due to
the lower CAT and SOD activities in both the roots and leaves under these treatments
and to the lower SP content in the roots, although the activities of the aforementioned
enzymes were high in the control. In addition, PRO accumulation occurred in both the
leaves and roots of all three species when subjected to NaCl treatments, which supported
the hypothesis that PRO accumulation was a symptom of salt damage and could be an
indicator of resistance to salt in the Malus species.

Chlorophyll content is one of the most important indexes of photosynthesis. In this
study, the CHLa and CHLb contents were slightly lower in the NaCl treatments than in
the control for M. zumi and M. sieversii, while a significant difference between all NaCl
treatments and the control was observed in M. baccata. Chlorophyll was suppressed with
an increase in salinity [56,57]. Other reports have shown that chlorophyll contents were
higher under salinity stress conditions [58]. The results of this study showed that salt stress
may inhibit photosynthesis in M. baccata.

The main substances for scavenging ROS are different under salt stress in different
plants. Responses to salt stress even differed in different tissues within the same plant.
The SOD and POD activities were higher in the roots than in the leaves of the three Malus
species. The SP and PRO contents were higher in the leaves than in the roots, but no
significant differences in CAT were observed. Salt damage was directly harmful to plant
roots, but the increasing proportion of MDA in the leaves was higher than in the roots in
the three species for almost all periods of treatment. Both the leaves and roots responded
to salt stress in plants. In a previous study, it was noted that root growth was positively
correlated with aboveground growth and that the changes in physiological parameters of
the leaves and roots varied for different Malus species [59]. We obtained similar results,
which indicated that the roots were more tolerant to salt than the leaves. Moreover, the roots
were shown to play a key role in eliminating ROS under salt stress in Malus plants, and the
degree of damage under salt treatment was more serious to the leaves than the roots. Based
on the PCA, we concluded that SOD and POD activities and CHLa and CHLb contents
were the main factors that differentiated between the roots and leaves of Malus species
under salt stress. Moreover, M. zumi and M. baccata were distinguished by POD, PRO, and
CAT in the roots or MDA, SOD, and SP in the roots. M. baccata could be distinguished from
M. zumi and M. sieversii by the CHLa, CHLb, and PRO contents in leaves.

5. Conclusions

The activity and content of the measured physiological parameters were higher in the
0.40% and 0.60% NaCl treatment groups than in the 0.20% group and the control. The SOD
and POD activities were higher in the roots than in the leaves; while the MDA, SP, and PRO
contents were higher in the leaves than in the roots. The resistance to salt stress of M. zumi
was mainly due to the high SOD and POD activities under salt stress, while there were
other substances that also may have played a major role in the salt stress response. Osmotic
regulation was shown to play a greater role in the response to salt stress than enzymatic
antioxidants in M. baccata, and both enzymatic antioxidants and osmotic regulation made a
significant contribution to salt resistance in M. sieversii.
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in leaves for the three Malus species; Table S2: ANOVA analysis of physiological parameters in roots
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species; Figure S2: PCA of physiological parameters in roots for the three Malus species.
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Abstract: Environmental variations caused by global climate change significantly affect plant yield
and productivity. Because water scarcity is one of the most significant risks to agriculture’s future,
improving the performance of plants to cope with water stress is critical. Our research scrutinized
the impact of melatonin application on the photosynthetic machinery, photosynthetic physiology,
root system, osmoprotectant accumulation, and oxidative stress in tomato plants during drought.
The results showed that melatonin-treated tomato plants had remarkably higher water levels, gas
exchange activities, root system morphological parameters (average diameter, root activity, root
forks, projected area, root crossings, root volume, root surface area, root length, root tips, and root
numbers), osmoprotectant (proline, trehalose, fructose, sucrose, and GB) accumulation, and transcript
levels of the photosynthetic genes SlPsb28, SlPetF, SlPsbP, SlPsbQ, SlPetE, and SlPsbW. In addition,
melatonin effectively maintained the plants’ photosynthetic physiology. Moreover, melatonin treat-
ment maintained the soluble protein content and antioxidant capacity during drought. Melatonin
application also resulted in membrane stability, evidenced by less electrolyte leakage and lower
H2O2, MDA, and O2

− levels in the drought-stress environment. Additionally, melatonin application
enhanced the antioxidant defense enzymes and antioxidant-stress-resistance-related gene (SlCAT1,
SlAPX, SlGR, SlDHAR, SlPOD, and SOD) transcript levels in plants. These outcomes imply that the
impacts of melatonin treatment on improving drought resistance could be ascribed to the mitigation
of photosynthetic function inhibition, the enhancement of the water status, and the alleviation of
oxidative stress in tomato plants. Our study findings reveal new and incredible aspects of the re-
sponse of melatonin-treated tomato plants to drought stress and provide a list of candidate targets
for increasing plant tolerance to the drought-stress environment.

Keywords: abiotic stress; drought; tomato; reactive oxygen species; oxidative stress; melatonin;
photosynthesis; climate changes; antioxidant system

1. Introduction

Due to variations in the global climate, the drought frequency, intensity, and interval
are currently rising and have reached alarming levels [1]. Drought stress is the most im-
portant element among all environmental aspects linked to the predicted consequences
of climate change on worldwide plant production [2]. Drought stress is caused by below-
average rain along with warmer climates, resulting in extensive plant damage and reduced

Life 2022, 12, 1922. https://doi.org/10.3390/life12111922 https://www.mdpi.com/journal/life
33



Life 2022, 12, 1922

yield. Though a lack of water is the direct source of drought stress, increased evapotran-
spiration due to a warming environment is assumed to be the primary reason for severe
drying due to global climate change [3]. Water scarcity hinders plant osmotic regulation,
resulting in turgor loss, decreasing cell division, damaging membranes, disrupting the
energy balance, and lowering plant growth overall [4]. Drought stress also exacerbates leaf
aging and, even for a short duration, causes critical yearly yield losses [5].

Melatonin is a low-weight compound that has been found in most living organisms.
Initially, melatonin was recognized in the conarium, which regulates the circadian clock,
immune system, behavior, fertility, and the activities of antioxidants [6]. Melatonin may
also serve an essential primary function in plant development (germination, vegetative
phase, flowering, and delayed aging) and diverse stress responses as a naturally occurring
antioxidant [7]. Melatonin has also enhanced resistance to various stresses, such as dehy-
dration, salt, heavy metals, and cold and ambient temperatures [8]. Melatonin’s effect on
plant stress tolerance is due to its ability to improve the plant antioxidant defense system [9].
Drought stress leads to a decline in plant production mainly due to the impairment of
photosynthetic efficiency [10]. Likewise, a decline in photosynthesis activity initiated due
to drought stress can trigger a drop in the reaction center in the plant’s PSII [11]. These
changes can severely impair the photosynthetic apparatus if the plant cannot remove the
additional energy [12]. Certainly, plants’ captured energy could be used to initiate the
photosynthesis process. Secondly, it could utilize the chlorophyll fluorescence process as a
result of re-emitting. Thirdly, this additional energy could be dispersed in the form of heat
from the plants. These functions happen in a competitive manner; thus, a relative rise in
the productivity of one process will decrease the efficiency of the remaining two processes
in the plant [13]. Consequently, the plant’s capacity to disperse the extra energy can be
analyzed by determining the chlorophyll fluorescence, especially under stress.

Plant root systems are important for adapting and surviving in a drought-stress en-
vironment [14]. It was previously revealed that melatonin treatment improved the root
system in Arabidopsis and maize plants [15,16]. Drought also causes a rapid increase in
ROS, inducing photo-inhibition, membrane injury, and oxidative stress damage in tomato
plants [10]. In drought, excessive ROS accumulation can decrease the activity of chloro-
plasts, decrease photochemical efficiency, and ultimately decrease the photosynthesis and
growth of tomato plants [11]. Plants possess antioxidant resistance mechanisms that include
enzymes, such as SOD, APX, GR, POD, DHAR, and CAT, and non-enzymatic components,
such as glutathione and ascorbate, all of which function together to counterbalance ROS
and protect cells from oxidative injury [17]. In addition to these antioxidant functions,
the tomato plant’s tolerance to drought stress involves the accumulation of osmoprotectants
such as proline, which help to maintain its osmotic balance. In this manner, the proline
level can help to reduce water potential by allowing water movement into the cell interior,
reducing the injury caused by excessive ions. Proline accumulation is triggered under water
stress, retains higher water in cells, and protects against protein impairment [18]. Similarly,
the induction of different osmoprotectants, such as GB and trehalose, is associated with
drought stress resistance in plants. Trehalose and GB significantly maintain the membrane
stability and water level and enhance the ROS scavenging process in plants, helping them
survive under drought stress [19].

Climate change has quickly evolved into a climate concern, with unanticipated im-
pacts on agricultural yield. Because water scarcity is one of the biggest concerns for plants
and, importantly, the world population’s future, assessing and discovering the ability of
plants to grow with a limited water supply is critical [3]. Tomato (Solanum lycopersicum) is
one of the most important vegetables grown globally and often encounters lower water
availability because of climate change. In the current era, drought is the prime hindrance to
tomato production in various areas around the world [20]. Improving drought resistance
and maintaining tomato plants under water-limited conditions is a high-priority research
focus [2]. However, several studies have revealed that the application of melatonin could
improve drought tolerance in some plant species [7,21]. There is certainly no research fo-
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cusing on the melatonin effects governing drought tolerance in Micro-Tom plants through
osmoprotectant accumulation, membrane stability, and the protection of the photosynthetic
apparatus. Furthermore, our research also determined the primary function of melatonin
application in photosynthetic apparatus protection by employing the advancing field of
plant phenotyping along with photosynthetic gene expression. We also explored the impor-
tant role of melatonin application by analyzing the root system, ROS accumulation, water
level, membrane damage, osmoprotectant genes, soluble proteins, polyphenol oxidase,
the activation of antioxidants, and antioxidant capacity. This research provides details
concerning melatonin’s role in enhancing tomato drought tolerance.

2. Materials and Methods

Micro-Tom tomato seeds (Jiangsu Academy of Agricultural Sciences, China) were
sown in vermiculate after sterilizing and washing with distilled water. After germination,
the tomato plants were placed in a growth chamber under 600 μmol m−2 s−1 light, with a
relative humidity of 70%, a temperature of 24 ◦C, and a 15 h day/9 h night photoperiod.
After 12 days, the tomato plants were moved to pots (24 cm × 14 cm) and transferred to
the greenhouse. The plants were watered daily with Hoagland’s nutrient solution with a
pH of 5.8. After 24 days, 96 tomato plants were separated into two groups. (1) Half (48) of
the tomato plants were treated with 100 μM melatonin solution, and (2) the other 48 plants
were treated with water only. The melatonin application was stopped after ten days. Next,
four treatments were applied to the tomato plants in our study: (1) plants well-watered dur-
ing the entire duration of the experiment, (2) well-watered plants pretreated with 100 μM
melatonin application, (3) drought-stress-treated tomato plants that received the full water
requirement for 12 days, followed by 10 days of water withholding without melatonin ap-
plication, and (4) 10 days of water withholding in plants pretreated with 100 μM melatonin
application (80 mL per tomato plant). The melatonin pretreatment was applied six times,
with a 2-day interval, followed by up to 10 days of water withholding. Each stress condition
included three replicates, using eight tomato plants per replicate. All stress treatments
lasted for ten days; as in pilot experiments, tomato plants showed wilting on the ninth
day of drought stress. The leaf samples were collected on the 10th day to conduct various
analyses, including qPCR and biochemical and physiological examinations.

2.1. Total Antioxidant Capacity

The total antioxidant capacity (TAC) was estimated in tomato leaves using an an-
alytical system (BioQuoChem). It employs a photochemiluminescence (PCL) approach,
which enables the quantification of the antioxidant status and water-soluble antioxidant
capacity (ACW). Extracts for estimating the TAC were made following a prior method,
and quantification was performed as instructed by the protocol in [22].

2.2. Polyphenol Peroxidase, Protein, and ROS Fluorescence

The polyphenol peroxidase (PPO) activity was measured by dissolving the 2 mL crude
sample in 4 mL of caffeic acid solution and 2 mL of potassium dihydrogen phosphate
(KH2PO4) buffer. The samples were placed in the incubator at 32 ◦C for 15 min. In the final
step, the PPO absorbance was measured with a spectrophotometer at 380 nm. In tomato
leaves, soluble protein quantification was performed via the method described by Brad-
ford [23]. For this method, the enzyme sample was mixed with 0.9 mL of water and 6 mL
of brilliant blue G–250 solutions. The samples were placed on a shaker for 1 min, and the
final absorbance was measured at 595 nm.

Tomato leaves were initially soaked in a PBS solution (0.02 mM) for at least 10–14 min.
H2DCFDA (15 um) was added after removing the PBS solution. Then, the leaves were
vacuumed for 20 min and placed on slides to estimate the ROS fluorescence under a
confocal microscope (Germany).
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2.3. Endogenous Melatonin Content

In tomato plants, melatonin was estimated with a procedure illustrated in a previous
study [24]. Two-gram leaf samples were crushed in liquid nitrogen, and 3 mL of acetone
was added. Next, the tubes were placed into a shaker for 35 min at 28 ◦C. The tubes were
centrifuged at nearly 3500× g (TGL-19 Benchtop High-Speed Multi-Functional Centrifuge,
Noki, Zhengzhou, China) at 4 ◦C. After centrifugation, 3 mL of water was added to the
tubes, and the samples were set up for measuring melatonin via high-performance liquid
chromatography (HPLC, 1290 LC, Agilent, Santa Clara, CA, USA) equipped with a mass
spectrometer (6470 LC-MS/MS, Agilent, Santa Clara, CA, USA).

2.4. H2O2, MDA, and O2−

The levels of H2O2 were measured in tomato plants with a method explained in
previous studies [25]. For this method, the level of peroxide in the solution was estimated
by matching the absorbance to the standard curve. To estimate the MDA level, leaf samples
were mixed with a PBS solution and placed in a water bath at 90 ◦C [21]. After that,
the samples were cooled down at room temperature and centrifuged at 9000× g for about
6 min. After centrifugation, the supernatant was dissolved in TBA solution and vortexed for
2 min. The final reading of the solution was measured at 530 nm to estimate the MDA level.

The O2
− level in the tomato plant was calculated via the consequent protocol described

by prior research [26]. Leaf samples (0.4 g) were dissolved in 5 mL of PBS buffer in the
first step. Then, the samples were moved to ice for 18 min and centrifuged at 15,000× g for
about 20 min. A total of 0.4 mL of the resultant solution was mixed with 0.4 mL of Na-PB
solution, and then NH2OH.HCl solution was added to the tubes. The samples were then
transferred for incubation at 28 ◦C for 40 min.

2.5. Osmoprotectants and Enzymatic Activities

Proline and GB contents were measured in tomato leaves according to the method-
ology described by previous studies [27]. Glucose, sucrose, and fructose contents were
determined by following a previously described technique [28]. The enzymatic process
was followed to measure the starch contents, as defined by earlier research [29]. Trehalose
content was calculated in tomato leaves by employing the technique reported by prior
research [30]. The proline enzyme SlP5CS and SlP5CR activities were analyzed by following
the method illustrated by Rivero [31]. SlP5CS and SlP5CR activities were quantified at
630 nm [32]. SlBADH, SlSUS3, SlSPS, and SlT6PS activities were estimated via a previously
illustrated approach [27].

2.6. Antioxidant Enzyme Activities

In tomato plants, the extraction of enzymes was performed through the procedure
illustrated by [33]. After collecting leaf samples, the tissue was homogenized in cold PBS
liquid. The samples were then centrifuged for 13 min at 7000× g and 5 ◦C. Furthermore,
the enzyme activity was determined right away using the supernatant in the tubes.

The catalase (CAT) activity was finally measured by observing the reduction in ab-
sorbance of about 240 nm in the spectrophotometer [33]. The sample tubes contained 40μL
of PBS liquid (pH 7.0) and 2 mL of 0.3% H2O2. Ninety microliters of enzyme extract was
used in the tubes to start the process. The SOD analysis was performed using the protocol
of previous studies [14]. First, 0.8 mL of plant extract was added to the tubes. Next, 2 mL
of Na2CO3, 0.6 mL of NBT, and 0.2 mL of EDTA were added to the tubes. Then, 0.3 mL of
NH2OH·HCl was added to initiate the reaction in the tubes. In the final step, the reading
was measured at 555 nm for about 2 min. The activity of APX was determined using a
previously described method [34]. This protocol used a spectrophotometer to analyze the
decrease in absorbance at 280 nm, which occurred during 5 min of the ascorbate oxidation
process. The sample tubes contained 48 mM PBS liquid, 0.52 mM ascorbic acid, and 98 μL
of crude enzyme. The reaction immediately started after the addition of 0.13 mM H2O2.
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To analyze the DHAR activity in tomato plants, 0.12 mM EDTA, 0.18 mM DHA,
48 mM HEPES, and 2.6 mM GSH buffer were added to 19 μL of leaf extract. The extinction
coefficient of 14 mM−1.cm−1 was used to analyze activity by determining the increase in
the reaction at about 260 nm in the spectrophotometer [22]. The GR level was determined
in tomato plants through the oxidation of NADPH according to a previously illustrated
method [35]. In this process, the sample tubes contained 0.6 mM EDTA, 0.4 mM GSSG,
0.26 Mm NADPH, 48 mM HEPES buffer, and 98 μL of leaf extract. The reaction process
was initiated by adding NADPH to the sample tubes. In the final step, the GR level was
measured at 330 nm using the spectrophotometer. The POD level was analyzed in tomato
leaves according to the method used in previous investigations [36]. First, the leaves were
digested in 4 mL of PBS liquid. The tubes were centrifuged for 8 min at 25,000× g, and this
liquid was used as the enzyme extract to measure the POD level. Next, 2 mM H2O2, 2.5 mL
of PBS liquid, 8 mM guaiacol, and 48 mL of enzyme extract were added to the tubes. Finally,
the POD level was monitored at 460 nm.

2.7. Chlorophyll Fluorescence and Gas Exchange Parameters

The following chlorophyll fluorescence parameters of tomato leaves were analyzed
with the chlorophyll fluorescence apparatus ((Imaging PAM). This instrument measured
the maximum quantum yield of PSII (Fv/Fm), effective PSII quantum yield (PSII), non-
photochemical quenching (NPQ), and the electron transport rate using the Imaging Win
application. The tomato leaves were dark-acclimated for 40 min before estimating the
above parameters [10]. The photosynthesis-related parameters were analyzed in all tomato
plants after ten days of treatment. These analyses were performed on the fully opened 3rd
leaf about 4 h after the beginning of the light treatment [10]. The parameters include the
photosynthesis activity rate, transpiration, stomatal conductance, and CO2 assimilation
with the use of a portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA).

2.8. Electrolyte Leakage and RWC

Electrolyte leakage was measured to determine membrane stability using a previous
technique [2]. Tomato leaf samples (about 110 mg) from different plants were obtained
for every treatment. Next, the leaf samples were washed with distilled water for about
10 min. The leaves were then incubated at ambient temperature for 28 h in test tubes with
20 mL of water. In these leaf tissues, the initial conductivity (C1) was determined. After
that, the leaf samples were boiled for 90 min at the boiling temperature and placed at 25 ◦C
to cool down. The conductivity of these samples was determined as C2. Finally, electrolyte
leakage was analyzed as the percentage proportion of C1–C2 in tomato leaves.

To calculate the fresh weight, fully extended leaves were taken after the stress treat-
ments [27]. These leaves were then held for 14 h at a 23 ◦C temperature in water to
determine the turgid weight (TW). After that, the leaves were placed at 85 ◦C for two days,
and the dry weight (DW) was determined. Eventually, the relative water content (RWC)
was calculated using the following method:

RWC = FW − DW/TW − DW × 100

2.9. The Root Activity, Morphology, and Fresh and Dry Weights

After 10 days of drought-stress treatment, three plant roots (per treatment) were taken,
washed with water, and scanned via a root scanner to analyze the root parameters. The root
activity was measured by following the triphenyl tetrazolium chloride method explained
in previous research [37]. In a solution of 10 mL of PBS puffer and TTC (0.45%), the root
samples (600 mg) were immersed. Afterwards, these samples were moved to a dark place
for 4 h at 35 ◦C, and 2.2 mL of H2SO4 was added to the solution. Lastly, the roots were
blended and moved to a solution of 12 mL of ethyl acetate; the solution absorbance was
estimated at 485 nm. After the drought-stress phase, the root samples were also separated
to estimate the fresh and dried weights. First, the root fresh weight was measured, and the
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roots were moved to different paper bags and placed in the oven to remove the moisture.
The root dry weight was determined after drying samples at 100 ◦C for 20 min and 80 ◦C
for two days.

2.10. RNA Extraction and qPCR Analysis

After 10 days of treatment, the second leaves of the plants were utilized for RNA
extraction. For this purpose, the RNeasy Plant Mini Kit was used following the protocol
guidelines. Furthermore, cDNAs were produced with the PrimeScript™ RT Reagent Kit
(TaKaRa) as per the company’s directions. The primers used in this research are provided in
Supplemental Table S1. For the qPCR analysis, the instructions of the SYBR Premix Ex Taq™
were followed, and the samples were placed in the Bio-Rad CFX-9 system. The transcript
levels of genes were estimated by following the procedure of previous studies [27].

2.11. Statistical Analysis

All research parameter differences were distinguished by applying the ANOVA and
LSD analysis program in the SPSS software (version 25.0). The research results are shown
as the mean ± S.D. The heml program was utilized to create heat maps.

3. Results

To determine how the water status was affected in drought-stress environments, RWC
was analyzed in plants. RWC revealed that melatonin-treated plants showed similar values
to those found in untreated plants under well-watered conditions. RWC decreased in the
drought-stressed plants compared to the control plants. Additionally, after 10 days of
drought stress, the melatonin treatment maintained an elevated RWC compared to the un-
treated plants (Figure 1A). Furthermore, electrolyte leakage was also determined in tomato
plants to evaluate the effect of drought stress on membrane stability. The melatonin-treated
plants had the same electrolyte leakage values as the non-treated plants in a controlled
environment. A significant increase in electrolyte leakage in the drought-stressed plants
was observed compared to the control plants. Plants treated with melatonin revealed lower
values of electrolyte leakage in comparison to the untreated plants in the drought environ-
ment (Figure 1B). These consequences suggest that the melatonin application supported
membrane stability as an adaptation approach, which plays a primary role in increasing
melatonin-treated plants’ drought resistance by retaining relatively high water content.

Figure 1. The physiological parameters relative water content (A) and electrolyte leakage (B) in
tomato plant leaves under normal or 10-day drought-stress conditions with or without melatonin
application. C: control; C+Mel: control with 100 μM melatonin pretreatment; D: drought, 10 days of
withholding water; D+Mel: drought with 100 μM melatonin pretreatment. The values are the average
of six replicates ± S.D. (n = 6). Significant differences among different treatments in the experiment
were determined by LSD 0.05 test and are indicated by different letters.
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Drought stress enhances the production of ROS, which impair the plant’s function
and membrane stability. The fluorescence determination of ROS accumulation in leaf discs
of tomato plants after ten days of drought stress revealed that ROS levels were lower in
melatonin-treated plants (Figure 2A). Melatonin is highly effective for ROS removal and
scavenging under environmental stresses [22].

Figure 2. Impacts of melatonin application on the oxidative stress response in tomato plants. (A) ROS
fluorescence and (B) H2O2, (C) O2

−, and (D) MDA levels in tomato leaves after 10 days of drought
stress. The green spots display the distribution of ROS. Bars, 50 μm. Data values are the means ± S.D.
(n = 6). Significant differences among different treatments in the experiment were determined by LSD
0.05 test and are indicated by different letters.

H2O2 and O2
− levels were analyzed in tomato plants exposed to a water deficit. Under

well-watered conditions, the application of melatonin showed no considerable change in
the tomato plants. Under dry conditions, considerable H2O2 and O2

− accumulation
occurred in the leaves; however, the melatonin-treated plants showed notably less H2O2
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and O2
− (ROS levels) (Figure 2B,C). Additionally, the malondialdehyde (MDA) level was

analyzed in plants to determine the protective effect of exogenous melatonin on membrane
stability during drought conditions. Drought impaired the integrity of the cell membrane,
as evidenced by elevated MDA levels in drought-stressed tomato plants (Figure 2D).
However, in drought treatments, melatonin application significantly reduced MDA levels
in plants.

The gas exchange parameters were assessed to investigate the effects of melatonin
application on photosynthetic machinery in tomato plants. Under the control condition,
melatonin had no evident effect on the gas exchange parameters, including the photosyn-
thetic rate (Pn), transpiration rate (tr), CO2 assimilation (Ci), and stomatal conductance (St).
The photosynthetic rate (Pn) and transpiration rate (Tr) decreased under the water-stress
treatment compared to the control plants. The Ci and St parameters also showed the same
decreasing trend under drought stress. We found that exogenous melatonin decreased these
downtrends and improved the protective effect (Figure 3). These results confirm similar
consequences, that is, that melatonin treatment protected the gas exchange parameters in
plants under drought stress [9].

Figure 3. Melatonin application effect on tomato plants’ photosynthetic parameters: (A) photosyn-
thetic rate, (B) stomatal conductance, (C) transpiration rate, and (D) CO2 assimilation rate after
10 days of drought stress. The values are the average of six replicates ± S.D. (n = 6). Significant
differences among different treatments in the experiment were determined by LSD 0.05 test and are
indicated by different letters.
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Chlorophyll fluorescence is an effective technique for determining the photosynthetic
physiology of plants. Fv/Fm demonstrates the probable photosynthetic capacity of tomato
plants, which illustrates the portion of captured photons consuming the photochemistry in
the leaves (Figure 4A,B). Fv/Fm was not significantly affected by the melatonin treatment
under control conditions. Ten days of drought stress considerably reduced Fv/Fm in the
drought-treated plants compared to melatonin-treated plants. At the start of the drought-
stress treatment, the ETR reading was similar to that of the control plants. The ETR
decreased considerably in the drought condition after 10 days (Figure 4C). However, NPQ
increased in the tomato plants after 10 days of drought stress (Figure 4D). Interestingly,
melatonin-treated plants maintained higher ETR and NPQ than drought-treated plants.
The above outcomes suggest that melatonin application might be involved in protecting
Micro-Tom tomato plants’ photosynthetic physiology by maintaining normal PSII function
and efficiency under drought stress.

Figure 4. Chlorophyll fluorescence parameters in tomato plants after 10 days of drought stress.
Fluorescence images of maximum PSII yield (Fv/Fm) (A), maximum PSII yield (Fv/Fm) values (B),
electron transport rate (ETR) (C), and non-photochemical quenching (NPQ) (D). Scale bars represent
100 μm in the fluorescence images of maximum PSII yield. The values presented above are the
average of six replicates ± S.D. (n = 6). Significant differences among different treatments in the
experiment were determined by LSD 0.05 test and are indicated by different letters.
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The effective efficiency of PSII (Fq/Fm) was analyzed to scrutinize the tomato plant’s
photosynthetic effectiveness under drought stress (Figure 5). The black color represents
a lower value, and the magenta color illustrates a higher value of Fq/Fm (Figure 5A).
Our results showed that drought stress decreased the Fq/Fm values in tomato plants.
Conversely, melatonin treatment ameliorated the negative effect of drought, implying that
exogenous melatonin could inhibit the effective efficiency of PSII. Compared to the control
plants, the melatonin-treated plants displayed no observable differences in the Fq/Fm
values under well-watered conditions.

Figure 5. The effective efficiency of PSII (Fq/Fm) in tomato plants after 10 days of drought stress.
Fluorescence images of (Fq/Fm) (A) and the values of (Fq/Fm) (B). Scale bars represent 100 μm in
the effective efficiency of PSII. The values presented above are the average of six replicates ± S.D.
(n = 6). Significant differences among different treatments in the experiment were determined by
LSD 0.05 test and are indicated by different letters.

We examined the expression levels of several photosynthesis-related genes by qRT-
PCR analysis during the stress treatment. Under control conditions, the expression of these
genes was not different from that in the melatonin-treated plants. With the progression
of water stress, the relative expression levels of photosynthetic genes were gradually
downregulated. After 10 days of drought stress, the expression levels of SlPsb28, SlPetF,
SlPsbP, SlPsbQ, SlPetE, and SlPsbW were significantly reduced compared to normal plants
(Figure 6). We noticed that melatonin-treated plants exhibited high expression levels of
these genes compared to drought-treated tomato plants. The results imply that melatonin
application upregulates the expression of photosynthesis-related genes, thus retaining the
PSII process in plants.

The above studies show that melatonin is indeed synthesized and found in tomato
plant leaves, and its endogenous level depends upon the stress conditions and their dura-
tion. Endogenous melatonin levels were measured in the leaves to determine the result
of 10 days of drought stress on melatonin production (Figure 7A). In the control plants,
the leaf’s melatonin content was about 19 pg/g−1 FW. The application of exogenous
melatonin led to a significant difference in the melatonin level. Melatonin levels were sig-
nificantly induced after plants were exposed to drought-stress conditions. Under drought
stress, treatment with 100 μM melatonin increased endogenous melatonin levels by about
108 pg/g−1 FW. These findings reveal that melatonin is implicated in tomato plants’ re-
sponse to drought stress. Exogenous melatonin treatment might change endogenous
melatonin levels during stress to alleviate drought stress.
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Figure 6. Effects of melatonin on the expression levels of photosynthetic-machinery-associated genes
in tomato plants after drought stress. (A) SlPetE, (B) SlPetF, (C) SlPsbP, (D) SlPsbQ, (E) SlPsbW,
and (F) SlPsb28 in melatonin-supplemented and non-supplemented plants under control or stress
conditions. The values presented above are the average of six replicates ± S.D. (n = 6). Significant
differences among different treatments in the experiment were determined by LSD 0.05 test and are
indicated by different letters.
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Figure 7. Changes in melatonin content (A), soluble proteins (B), PPO (C), and antioxidant capacity
(D) in tomato leaves after melatonin treatment under 10 days of drought stress. The values presented
above are the average of six replicates ± S.D. (n = 6). Significant differences among different treatments
in the experiment were determined by LSD 0.05 test and are indicated by different letters.

The tomato plants’ soluble protein contents were also measured under drought stress
conditions. The soluble protein content was notably reduced in drought-stressed plants
compared to well-watered plants. The melatonin application maintained the soluble protein
content at higher levels than those in drought-treated plants (Figure 7B). Our outcome
suggests that melatonin addition ameliorates the drought-stress effect through adjustments
in PPO and soluble protein content in tomato plants. Drought stress effectively increased
the activity of PPO in tomato plants, as perceived in Figure 7, compared to well-watered
plants. The PPO activity decreased in melatonin-treated plants in comparison to drought-
stressed plants. The melatonin-treated drought-stressed plants showed the most significant
decrease in PPO activity compared to drought-treated plants (Figure 7C).

In this study, the total antioxidant capacity (TAC) was also analyzed in tomato plants
to determine the effects of melatonin application and its role in antioxidant system activa-
tion during drought stress. As tomato plants grew under well-watered conditions, their
TAC values were the same as those of melatonin-treated plants. The TAC values were
significantly reduced in the drought-treated plants compared to control tomato plants.
Importantly, plants treated with melatonin exhibited higher TAC activity in comparison to
drought-stressed plants (Figure 7D). This study indicates that melatonin application might
significantly activate the TAC in tomato plants to eliminate ROS during drought stress.
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Root parameters, including average diameter (AD), root activity (RA), root forks (RF),
projected area (PA), root crossings (RC), root volume (RV), root surface area (RSA), root
length (RL), root tips (RT), root numbers (RN), fresh root weight (FRW), and dry root weight
(DRW), were analyzed to determine the effect of drought stress on tomato plants (Table 1).
The current analysis indicated that the drought environment significantly affected tomato
plants’ root-growth-related parameters. The results indicated that RA, RF, PA, RC, RSA,
and RT were not improved by melatonin under control conditions. However, parameters
such as RL, RN, FRW, RV, and DRW were significantly enhanced in melatonin-treated
plants under control conditions. All root parameters were significantly decreased under
drought-stress conditions, and, importantly, the application of melatonin alleviated these
trends in melatonin-treated tomato plants.

Table 1. Effect of melatonin treatment on the root parameters of Micro-Tom plants under drought stress.

C C+Mel D D+Mel

RN 35 ± 0.05 b 40 ± 0.03 a 16 ± 0.01 d 26 ± 0.04 c

RL (cm) 38 ± 0.02 b 44 ± 0.07 a 21 ± 0.06 d 32 ± 0.03 c

RV (cm3) 0.4 ± 0.001 b 0.49 ± 0.002 a 0.09 ± 0.003 d 0.25 ± 0.006 c

RSA (cm2) 45 ± 0.3 a 46 ± 0.4 a 10 ± 0.1 c 22 ± 0.2 b

RC 181 ± 0.9 a 179 ± 0.6 a 42 ± 0.4 c 90 ± 0.8 b

RT 699 ± 6 a 696 ± 8 a 189 ± 3 c 380 ± 9 b

RF 598 ± 4 a 596 ± 9 a 150 ± 2 c 390 ± 5 b

AD (mm) 0.5 ± 0.002 a 0.47 ± 0.006 a 0.12 ± 0.009 c 0.35 ± 0.003 b

PA (cm2) 13 ± 0.07 a 12 ± 0.02 a 4.2 ± 0.01 c 7 ± 0.04 b

RA (mg g−1 FW) 35 ± 0.05 a 37 ± 0.09 a 14 ± 0.02 c 25 ± 0.01 b

FRW (g) 2.7 ± 0.001 b 3.2 ± 0.007 a 0.5 ± 0.003 d 1.52 ± 0.004 c

DRW (g) 0.29 ± 0.002 b 0.36 ± 0.001 a 0.09 ± 0.06 d 0.18 ± 0.05 c

RN: root numbers; RL: root length; RSA: root surface area; RC: root crossings; RT: root tips; RF: root forks; AD:
average diameter; PA: projected area; RA: root activity; FRW: fresh root weight; DRW: dry root weight. The values
are the average of six replicates ± S.D (n = 6). Significant differences among different treatments in the experiment
were determined by LSD 0.05 test and are indicated by different letters.

Plants develop antioxidant resistance mechanisms to remove accumulated ROS and
protect the plants from damage. Consequently, the activation of the antioxidants CAT,
SOD, APX, DHAR POD, and GR in tomato plants with and without the application of
melatonin was evaluated. The melatonin application did not change the activities of these
six antioxidants under control conditions in tomato plants. The antioxidants CAT, SOD,
APX, DHAR POD, and GR were induced under drought stress. Melatonin application
further enhanced the activities of the antioxidants CAT, SOD, APX, DHAR POD, and GR
compared to drought-treated plants (Figure 8). Our study indicates that melatonin ap-
plication enhances the activation of the antioxidant defense system to maintain ROS in
tomato plants.

The expression of transcripts related to the antioxidant pathway was measured under
the drought-stress conditions employed in our study to fill some gaps in the understanding
of the explicit role of melatonin in the activation of some stress-resistance-related genes
(SlCAT1, SlAPX, SlGR, SlDHAR1, SlPOD, and SOD) in a climate change environment
(Figure 8). The use of melatonin under well-watered conditions resulted in the same
expression of the transcripts in comparison to control tomato plants. Drought stress
significantly induced the transcript levels of these genes compared to well-watered plants.
Tomato plants treated with melatonin showed the highest expression of antioxidant genes
compared to drought-stressed plants (Figure 9).
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Figure 8. Effects of melatonin application on antioxidant defense enzyme activities. Catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), perox-
idase (POD), and superoxide dismutase (SOD) activities with or without melatonin in tomato leaves
after 10 days of drought stress. The blue color illustrates lower values, and the green color illus-
trates higher values of antioxidant enzymes in the heat map. Significant differences among different
treatments in the experiment were determined by LSD 0.05 test and are indicated by different letters.

To investigate the osmoprotectant accumulation response to drought stress, we ana-
lyzed the accumulation of proline, trehalose, GB, glucose, sucrose, fructose, and starch in
melatonin-treated and non-treated plants (Figure 10). The color range shows the osmopro-
tectant values, from pink (minimum) to brown (maximum). No apparent osmoprotectant
accumulation differences were found after melatonin application in normal water con-
ditions. After 10 days of drought, the accumulation of proline, trehalose, GB, glucose,
sucrose, and fructose was perceived in the plants compared to normal plants. On the other
hand, drought-treated plants had reduced starch content. Notably, melatonin-treated plants
presented a higher concentration of these osmoprotectants than drought-treated plants.

Figure 9. Cont.
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Figure 9. The expression levels of antioxidant-defense-related genes in tomato plants after 10 days of
drought-stress treatment. SlCAT1 (A), SlAPX (B), SlGR (C), SlDHAR1 (D), SlPOD (E), and SOD (F) gene
expression levels in tomato leaves with or without melatonin after 10 days of drought stress. The values
presented above are the average of six replicates ± S.D. (n = 6). Significant differences among different
treatments in the experiment were determined by LSD 0.05 test and are indicated by different letters.

Figure 10. The activities of important osmoprotectants in tomato plants. Osmoprotectants (proline,
trehalose, fructose, sucrose, starch, and GB) in melatonin-supplemented or non-supplemented tomato
leaves after 10 days of drought stress. The pink color illustrates lower values, and the brown color
illustrates higher values of osmoprotectants in the heat map. The values presented above are the
average of six replicates ± S.D. (n = 6).
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The transcript levels of osmoprotectant genes were analyzed to determine the role
of the osmoprotectant biosynthesis pathway in coping with drought-stress environments
(Figure 11). In control conditions, melatonin application did not affect these genes’ tran-
script levels in tomato plants. Drought stress upregulated the expression of osmoprotectant
genes compared to non-stressed tomato plants. Melatonin application further induced
the expression of osmoprotectant genes such as SlP5CR, SlP5CS, SlSPS, SlBADH, SlT6PS,
and SlSUS3 in tomato plants in the drought-stress phase.

Figure 11. The expression levels of osmoprotectant genes in tomato plants. SlP5CS (A), SlP5CR
(B), SlBADH (C), SlSPS (D), SlSUS3 (E), and SlT6PS (F) in tomato leaves with or without melatonin
after 10 days of drought stress. The values presented above are the average of six replicates ± S.D.
(n = 6). Significant differences among different treatments in the experiment were determined by
LSD 0.05 test and are indicated by different letters.
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The osmoprotectants’ key enzyme activities were measured to further understand
osmolyte accumulation in tomato plants. The color range shows the osmoprotectant values,
from magenta (minimum) to brown (maximum). The accumulation of these enzymes was
the same in melatonin-treated plants in well-watered conditions. The osmoprotectant en-
zymes were induced in drought-stressed plants compared to control plants. The application
of melatonin significantly enhanced the activities of the osmoprotectant enzymes SlP5CR,
SlP5CS, SlBADH, SlSPS, SlSUS3, and SlT6PS in the drought-stress environment (Figure 12).

Figure 12. The enzymatic activity of osmoprotectants in tomato plants. SlP5CS, SlP5CS, SlBADH,
SlSPS, SlSUS3, and SlT6PS were measured in melatonin-supplemented or non-supplemented tomato
leaves after 10 days of drought stress. The magenta color illustrates lower values, and the yellow
color illustrates higher values of osmoprotectants in the heat map. The values presented above are
the average of six replicates ± S.D. (n = 6).

4. Discussion

Dehydration stress critically restricts plant growth, decreases its water status, and re-
duces crop production. At the same time, melatonin treatment enhances plant resistance
to dehydration stress by alleviating stress effects [8,24]. This study provides strong evi-
dence that melatonin treatment improves drought tolerance in tomato plants by protecting
the photosynthetic apparatus, photosynthetic physiology, membrane stability, and root
system and enhancing the activity of the antioxidant defense system and osmoprotec-
tants. Furthermore, melatonin-treated plants presented higher endogenous melatonin
content under drought stress, implying that endogenous melatonin could be associated
with drought tolerance.

RWC is one indicator of the plant water level, and its adjustment is associated with
the adaptation to drought stress [10]. Drought stress significantly reduces RWC in tomato
plants, resulting in decreased water movement from the roots to the stem, decreased meso-
phyll turgidity, lower leaf water potential, or a decline in soil moisture [38]. In our research,
RWC was maintained in melatonin-treated tomato plants, which, overall, improved the per-
formance of these plants due to membrane protection, as supported by prior research [16].
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Melatonin has been shown to increase the cuticle’s thickness and ultimately prevent water
loss through/from plants. Another study also demonstrated that melatonin treatment
mediates tolerance to drought by maintaining the turgor and water ratio in plants [24].

MDA and electrolyte leakage are valuable indicators of cellular membrane damage
induced by drought stress [33]. In the current research, drought-treated tomato plants
showed a noticeable rise in electrolyte leakage. This outcome indicates that increased
leakage could be caused by damage to membrane stability in plants due to 10 days of
drought stress. Conversely, melatonin-treated plants showed decreased electrolyte leakage
under the drought-stress scenario. In melatonin-treated plants, lower electrolyte leakage
may be observed due to the protective mechanism’s activation. Our study is consistent with
previous research showing that drought-tolerant plants displayed an increased membrane
strength mechanism [39]. Our research also suggests that tolerance to drought stress
might be associated with low lipid peroxidation levels in plants. Furthermore, drought
stress causes ROS generation. This mainly consists of O2

− and H2O2, which function as
signal transducers to activate cellular responses to stress [40]. The H2O2 and O2− contents
accumulated in melatonin-treated plants were considerably lower than those in plants not
treated with melatonin. This outcome suggests that the enhanced drought resistance of
plants could be due to effective ROS elimination. Our findings are highly consistent with
previous research that demonstrated that lower H2O2 and O2

− contents are associated with
tomato plants’ drought tolerance [41].

In plants, photosynthesis is the basis of plant growth and employs light energy to
initiate the synthesis of organic compounds [10]. Drought is a major environmental stressor
that prevents photosynthesis from taking place. The primary cause of the reduced photo-
synthetic rate during water stress is the limited ambient CO2 distribution, mediated by
stomatal closure [42]. The maintenance of relative water content through melatonin could
function in mediating gas exchanges and thus biochemical processes because melatonin-
treated tomato plants had greater stomatal conductance, a higher photosynthetic rate,
and increased transpiration, allowing a better source of assimilation for leaf tissues. The ap-
plication of melatonin could also play a role in maintaining carboxylation efficacy in tomato
plants under drought stress. Previous studies revealed that plants treated with melatonin
maintained Pn, Tr, and Gs compared to untreated plants during drought stress [24,43].

To scrutinize the regulatory mechanism of melatonin for photosynthesis during
drought stress, we investigated photosynthetic gene expression in plants. In our study,
melatonin-treated plants showed higher gene expression of crucial photosynthetic genes
than non-treated tomato plants in drought stress. Ferredoxin (Fd) and Plastocyanin (Pc)
are essential components of the photosynthetic electron transport chain because of their
crucial role in electron transfer [44]. Consequently, our research suggests that the high
expression of these genes may have contributed to the improved electron transport rate
and PSII efficiency in melatonin-treated plants in the drought-stress treatment.

The use of chlorophyll fluorescence analysis to evaluate photosynthetic physiology
in drought-stressed plants is a quick, sensitive, and non-invasive method [13]. The PSII
photosynthetic machinery serves a critical function in the energy conversion process. Stud-
ies have shown that the drought-stress environment impairs the PSII reaction center in
plants [12]. Our research suggests that melatonin treatment increases energy dissipation
in tomato plants to improve the xanthophyll cycle. This process may increase the plant’s
ability to endure drought stress and ultimately reduce PSII machinery damage in plants.
The plants’ photosynthetic machinery functionality was observed under the drought-stress
scenario by measuring Fv/Fm. Fv/Fm indicates the maximum photochemical efficacy
of PSII and is utilized to reflect the level of injury to the photosynthetic apparatus in the
drought environment [45]. In our study, Fv/Fm significantly decreased in non-melatonin-
treated plants in the drought-stress environment. This could be due to the photosynthetic
machinery being damaged. A previous study documented that melatonin can improve the
efficiency of the electron transport rate in plants [46]. Similarly, the exogenous melatonin
treatment efficiently improved the PSII reaction center response to drought stress in our
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study. This process maintained the electron transport rate and the efficiency of photochem-
ical conversion in tolerant plants. Our research indicates that melatonin treatment may
protect against the drought-induced impairment of the photosynthetic machinery.

Polyphenol oxidase is the primary enzyme supporting plants’ defense system against
stress by converting phenols to quinines, and PPO activity is induced under environmental
stresses. A previous study revealed that plants under stress induce higher activities of
PPO, which makes them more susceptible to these stress conditions [47]. In the current
study, the PPO activity was significantly induced in drought-stressed plants compared
to melatonin-treated plants. Our research outcomes are consistent with earlier research
showing that melatonin application might alleviate oxidative stress damage in plants [48].

It is well recognized that the amount of soluble proteins in plants is a good indicator
of their physiological status, especially under environmental stresses [49]. During water
stress, the soluble protein content was considerably decreased compared to well-watered
plants. Melatonin-treated drought-stressed plants maintained a higher soluble protein
content than drought-treated plants. A previous study reported the same outcomes and
proposed that drought stress decreased the soluble protein content by suppressing protein
synthesis and triggering protein hydrolysis [50]. On the other hand, melatonin treatment
may decrease protein breakdown while promoting new protein synthesis. Our studies
suggest that exogenous melatonin may increase the generation of osmotic solutes, which
play important roles in increasing plant-cell osmosis regulation and the water-holding
capacity and controlling stomatal opening by removing ROS during drought stress.

Trehalose considerably improves and maintains the electron transport process in the
PSII apparatus [27]. According to our findings, significant trehalose accumulation main-
tained the function of PSII in melatonin-treated plants. The maintained PSII function may
be associated with the high electron transport rate, consistent with previous findings [51].
The plant’s ability to cope with drought stress depends on the effective regulation of elec-
trons. Trehalose has been shown in several recent studies to be effective for protective
mechanisms of the plant’s PSII machinery under stress conditions. Furthermore, treating
buds with GB solutions significantly reduced H2O2 production, enhanced soluble sugar
accumulation, and protected plant tissues from the impacts of environmental stress [52].
GB limits ROS formation and reduces lipid peroxidation in a stressful environment by
protecting the photosynthetic machinery [53]. In our study, melatonin-treated plants sig-
nificantly accumulated GB, the GB enzyme SlBADH, and key GB gene expression and
decreased H2O2 and MDA levels after drought stress. This outcome suggests that GB could
play an essential role in ROS scavenging and the activation of the antioxidant defense
system to protect tomato plants.

Plants also initiate proline accumulation as a stress response to drought stress con-
ditions. The activity of enzymes such as P5CR and P5CS is required to increase proline
biosynthesis in plants [54]. Our research indicated that the proline level, the activity of
the proline enzymes P5CR and P5CS, and the expression of the key proline genes SlP5CS
and SlP5CR were induced in melatonin-treated plants. This outcome suggests that proline
could have a role in stabilizing membrane structures, as evidenced by decreased electrolyte
leakage in melatonin-treated plants, to cope with drought stress. In plants, high proline
accumulation improves drought resistance [19,55]. A prior investigation indicated that
the proline function stabilizes membranes and protein structures in plants [56]. Our re-
search also observed significant sucrose accumulation in melatonin-treated plants under
the drought-stress treatment. This process in melatonin-treated tomato plants might play
a significant part in the increased energy observed in mitochondria under drought stress.
Previous research showed that sucrose accumulation in plants protected cell mechanisms
from the negative consequence of drought-stress treatment [57].

Climate-change-induced drought stress is frequently associated with elevated ROS
levels in plants. Drought stress induces an increase in ROS generation, which affects
plant growth, causes oxidative injury to the membrane, and, ultimately, plays a primary
role in reducing plant efficiency in the drought-stress environment [10]. Plants have
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evolved a complex antioxidant defense system that includes non-enzymatic and enzymatic
antioxidants to scavenge excess stress-generated ROS [17]. The important enzymatic
antioxidants comprise CAT, GR, POD, APX, SOD, and DHAR, which perform crucial
functions in protecting plants during drought stress [41]. In the current research, increased
activities of APX, CAT, GR, POD SOD, and DHAR antioxidants was detected in melatonin-
treated tomato plants under drought stress. This antioxidant defense system reduced drought-
induced oxidative stress before it became harmful. Importantly, the potential of tomato plants
to withstand 10 days of drought stress could be associated with the presence of the increased
activity of these antioxidant enzymes, including POD, SOD, CAT, GR, and APX [58].

Root system enhancement regulates the ability of plants to attain nutrients and water.
Root parameters directly affect plants’ capacity to absorb and transport available water
and nutrients [59]. Improved root growth and length could effectively help withstand the
damage caused by drought-stress conditions in plants. In addition, the root surface area
and fresh and dry weights can be employed as critical indicators to estimate the drought
tolerance of plants. Previous studies have shown that drought stress affects tomato plants’
root systems [60]. In our research, 10 days of drought-stress conditions affected the root
system, including the average root diameter, root forks, projected area, root crossings,
root volume, root surface area, root length, root tips, root numbers, fresh root weight,
and dry root weight in Micro-Tom tomato plants. Nevertheless, tomato plants treated with
melatonin showed protected roots in drought-stress scenarios. Previous studies reported
that plants treated with melatonin enhanced their root system compared to untreated
plants in the drought-stress phase [38,61]. Our study suggested that in Micro-Tom plants,
melatonin treatment improved these plants’ root systems in particular, which indicates the
stringent association between nutrient use and water withholding in drought stress.

In the current research, a 100 μM melatonin treatment activated mechanisms that
(1) maximally enhanced the ability to scavenge ROS in Micro-Tom tomato plants by initi-
ating antioxidant metabolism and antioxidant defense genes, as well as by accumulating
osmoprotectants that maintained the water status in leaves, which could lead to increased
plant growth in the drought-stress phase. (2) The photosynthetic apparatus was protected
to prevent ROS-induced oxidative stress damage by regulating photosynthetic activity,
CO2 assimilation, maximum PSII yield, and non-photochemical quenching. (3) Melatonin
treatment induced osmotic adjustment, maintained membrane stability, and retained the
water balance, improving light energy absorption by electron transport in the PSII sys-
tem. (4) The root system architecture was significantly enhanced, which could enable and
improve access to water. Our study is in line with previous studies that illustrated that
antioxidant metabolism, the protection of PSII, and the enhancement of the root system and
membrane stability is a crucial feature of plants that helps them to survive in drought-stress
environments [54,60,61].

5. Conclusions

Our research demonstrated that melatonin application helps alleviate the negative
effects of drought stress in Micro-Tom tomato plants. Our study highlighted that melatonin
application protected plants’ photosynthetic machinery and photosynthetic physiology.
Furthermore, our study revealed the feasibility of treating Micro-Tom plants with exoge-
nous melatonin, which improved the root system and decreased the sensitivity to drought
stress. The ability of these tomato plants to increase the length, diameter, volume, and,
importantly, the development of the root system is an imperative technological advance
in horticulture crops. In addition, osmoprotectants and their related genes were evidently
improved in melatonin-treated Micro-Tom tomato plants. In addition, melatonin-treated
plants had less membrane damage after 10 days of drought stress, probably via the initiation
of ROS scavenging by activating antioxidant enzymes and their related genes. This study
unlocks a new research aspect for developing horticulture plants with enhanced tolerance
to drought-stress environments. The overall intent is to minimize tomato plants’ yield
losses in climate change environments.
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Abbreviations

APX, ascorbate peroxidase; KH2PO4, potassium dihydrogen phosphate; PBS, phosphate-buffered
saline; HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); CAT, catalase; DHAR, dehy-
droascorbate; NBT, nitro blue tetrazolium; EDTA, ethylene diamine tetra-acetic acid reductase; GC-
MS, gas chromatography–mass spectrometry; HPLC, high-performance liquid chromatography; GR,
glutatione reductase; MDA, malondialdehyde; PPO, polyphenol peroxidase; POD, peroxidase; qRT-
PCR, quantitative real-time PCR; ROS, reactive oxygen species; RWC, relative water content; SOD,
superoxide dismutase; TAC, total antioxidant capacity; Na2CO3, sodium carbonate; NH2OH·HCl,
hydroxylamine hydrochloride; ACW, water-soluble antioxidant capacity; PCL, photochemiluminescence.
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Abstract: The rise in the world’s food demand with the increasing population threatens the existence
of civilization with two equally valuable concerns: increase in global food production and sustain-
ability in the ecosystem. Furthermore, biotic and abiotic stresses are adversely affecting agricultural
production. Among them, losses caused by insect pests and pathogens have been shown to be more
destructive to agricultural production. However, for winning the battle against the abundance of
insect pests and pathogens and their nature of resistance development, the team of researchers is
searching for an alternative way to minimize losses caused by them. Chitosan, a natural biopolymer,
coupled with a proper application method and effective dose could be an integral part of sustainable
alternatives in the safer agricultural sector. In this review, we have integrated the insight knowledge
of chitin-chitosan interaction, successful and efficient use of chitosan, recommended and practical
methods of use with well-defined doses, and last but not least the dual but contrast mode of action of
the chitosan in hosts and as well as in pathogens.

Keywords: chitosan; pathogen; sustainable; plant protection

1. Introduction

Global climatic changes are posing a threat to the security of the world’s food supply
by adversely affecting plant growth, development, and yield in multiple directions, such as
by causing abiotic stresses to plants and as well as encouraging and strengthening the biotic
populations by increasing their resistance against conventional chemical management
procedures. In this situation, the researchers are trying to identify some natural compounds
or their derivatives which can be effectively established themselves as an ideal one to
replace the chemicals against which the pathogens are growing resistance gradually. Chi-
tosan, a chemically and physically diverse compound and long-chain polymer of N-acetyl-
glucosamine and d-glucosamine derivative of chitin (second most prevalent polysaccharide
after cellulose), was first discovered in 1859 by Rouget [1]. Due to its potential for usage in
antiviral, antifungal, and antibacterial products, chitosan and its derivatives have gained
attention in recent years. Other than chitosan, some other chitin-related compounds and
chitin derivatives have also been identified as possible plant protection agents [2]. Chitosan,
an aminoglucopyranan made up of N-acetyl-D-glucosamine (GlcNAc) and glucosamine
(GlcN) residues, is currently being deemed essential due to its appealing features and
biological activities [3,4]. An amino group and two hydroxyl groups make up the three
reactive functional groups that make up chitosan.

According to Amine et al. 2021 chitin and its derivative chitosan are effective at
boosting plant defence against pathogens in monocotyledons and dicotyledons [5]. Cell
wall lignification, cytoplasmic acidification, membrane depolarization, changes in ion flux
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and protein phosphorylation, phytoalexin biosynthesis, production of reactive oxygen
species, jasmonic acid biosynthesis, and activation of chitinase and glucanase are all targets
of this increased plant defense [6].In addition to this, many dicot species have been observed
to produce callose, proteinase inhibitors, and phytoalexin in response to chitosan that also
have significant roles in plant defense [7]. In the current situation, the rising incidences of
resistance, residue, and resurgence (3Rs) have facilitated the increased use of naturalytes
in disease and pest control [8]. Consequently, chitosan, a byproduct of fungal and insect
chitin, may be used as an autocidal agent to kill invasive disease causing pathogen.

2. Structure and Formation of Chitin

Chitin, a β (1,4)-linked homopolymer of N-acetylglucosamine, is a simple polysaccha-
ride that is an important component of fungal cell wall [9]. It is an amino sugar biopolymer
that forms elaborate structures such as insect cuticles and peritrophic membranes when
combined with a range of proteins. This polymer is mostly used as a structural component,
and it is similar to cellulose and collagen in plants and vertebrates, respectively [10]. 75% of
the overall weight of shellfish including crab and shrimp generally discarded as waste
among which 20-58% is made up of chitin [11].

Broadly, chitin is defined as a β-(1–4) linked linear cationic heteropolymer consisting of
2-acetamide-2-deoxy-D-glucopyranose (N–acetyl–D–glucosamine, GlcNAc) and randomly
distributed units of 2-amino-2-deoxy-D-glucopyranose (D–glucosamine, GlcN) [12]. Due to
the presence of the acetoamide groups in the trans position, chitin exhibits two important
properties: a high degree of crystallinity and a lack of solubility in water and organic
solvents [13].

X-ray diffraction analysis revealed that chitin generally occurs in three different crys-
talline forms, termed α-, β-, and γ-chitin [10], which mainly differ from each other in the
degree of hydration, size of the unit cell, and the number of chitin chains per unit cell [14].
All the chains exhibit an anti-parallel orientation in the α form, whereas in the β form the
chains are arranged in a parallel manner and in the γ form sets of two parallel strands
alternate with single anti-parallel strands. All three crystalline forms are primarily found
in the chitinous structures of insects. The α form is most prevalent in chitinous cuticles,
whereas the β and γ forms are frequently found in cocoons [15,16].

Due to the properties such as biodegradability, biocompatibility, non-toxicity, phys-
iological inertness, and gel-forming properties, chitin has been found to have countless
applications in different industries, e.g., food, cosmetic, pharmaceutical, manufacturing
of synthetic materials, agriculture, and even electronics for the production of biosen-
sors [17,18].

In the first step, glycogen is converted by glycogen phosphorylase to glucose-1-P,
which is either fed into glycolysis or used for trehalose synthesis [19]. Additionally, the
enzyme trehalase can mobilise trehalose by hydrolyzing it to glucose. This is followed by
the enzymes hexokinase, phosphoglucomutase, and glucose-6-P isomerase converting glu-
cose to fructose-6-P. Finally, from fructose-6-P the chitin biosynthetic pathway branches off,
with the first enzyme catalyzing this branch being glutamine-fructose-6-phosphate amido-
transferase [10]. The reaction catalyzed by GFAT converts fructose-6-P into glucosamine-6-
phosphate by transferring the ammonia from the co-substrate l-glutamine and isomerizing
the resulting fructosimine-6-phosphate. Next, an acetyl group from coenzyme A is added
by glucosamine-6-P acetyltransferase to obtain N-acetylglucosamine (GlcNAc)-6-P [20]
(Figure 1), whose phosphate is then transferred from the C-6 to the C-1 position catalyzed
by phosphoacetylglucosamine mutase. The resulting GlcNAc-1-P, finally, is uridinylated
by UDP-GlcNAc pyrophosphorylase yielding UDP-GlcNAc which serves as a substrate for
the chitin synthase, transferring the sugar moiety of UDP-GlcNAc to the growing chitin
chain. Chitin is degraded by chitinases and N-acetylglucosaminidases yielding GlcNAc
which can be reused for chitin biosynthesis [21].
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Figure 1. Biochemical basis of chitin synthesis in fungi and insects.

Deacetylation and Hydrolysis of Chitin/Chitosan

Unfortunately, despite having so many advantages, there is very limited use of chitin
due to resistance to different physical and chemical agents because of its highly ordered
crystalline structure and its lack of solubility in water or any organic solvents. Chitosan,
an N-deacetylated derivative of chitin that is soluble in aqueous solutions of both organic
and inorganic acids, is frequently employed to get around this restriction [22]. This cationic
polymer resembles chitin and also consists of β-(1–4) linked N–acetyl–D–glucosamine and
the D–glucosamine residues [23]. Chitosan, which is produced industrially by hydrolyzing
the amino acetyl groups of chitins, is less frequent in nature than chitin. It is also naturally
present in the cell walls of filamentous fungi primarily belonging to the Zygomycetes
class [24]. Carboxymethyl-chitin (CM-chitin), as a water-soluble anionic polymer, is the
second most studied derivative of chitin after chitosan. Most of the chitin and chitosan
biological properties are directly related to their physicochemical characteristics. These
characteristics include degree of deacetylation, molecular mass, and the amount of moisture
content [25].

Enzymatic degradation of chitin can be achieved by two different paths:

1. Chitin can be degraded by first being solubilized by deacetylation (Figure 2). This
process is carried out by chitin deacetylases, and the derived substrate (chitosan) is
hydrolysed by chitosanases [18,26].

2. The chitinolytic process requires direct hydrolysis of the beta-1,4 glycosidic bonds
between the GlcNAc units by chitinases. Chitinases are produced by higher plants,
which use the enzymes to defend themselves against pathogenic attacks by degrading
chitin in the cell walls of fungi and bacteria [27]. Plant chitinases have molecular
weights ranging from 25 to 40 kD and can be acidic or basic. Endochitinases and
exochitinases are the two types of chitinases [28]. Chitinase genes from biocontrol
fungi such as Trichoderma have significantly higher antifungal activity than comparable
plant genes. These fungal genes encode for chitinolytic enzymes, which have higher
antifungal activity similar to chemical fungicides [29].
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Figure 2. Conversion of chitosan from chitin through deacetylation.

Despite having many significant similarities in the molecular structures of chitin and
chitosan, the physicochemical characteristics of both the biopolymers and the reactions
are often surprisingly distinct [18]. Both polymers have the same reactive hydroxyl and
amino groups in different molecular ratios, but the lower crystallinity of chitosan makes
it more accessible to reagents [12]. Perhaps the most important and crucial difference
between chitin and chitosan in terms of their applications is based on their degree of
deacetylation and their solubility. Unlike chitin, chitosan has a below pKa (pH~6.5) in most
acidic aqueous solutions such as acetic acid, formic acid, lactic acid, citric acid, and other
solvents such as dimethylsulfoxide and p-toluenesulfonic acid [30].

3. Successful Use of Chitin/Chitosan against Plant Pathogen with Special Reference of
Pathogenic Fungus

With changing times and increasing knowledge, producers have begun to identify
alternatives to toxic chemicals that are harmful not only to consumers but also to the envi-
ronment and ecosystems. In these circumstances, use of chitosan against plant pathogens
is receiving popularity and wider acceptance due to its eco-friendly nature and abundance
of its source [7]. The irony is that chitin and chitosan are obtained from the fungus or
the insect and this molecule has unique characteristics to cause damage to multiple plant
pathogens, even including fungi itself singly or in combination which make them an au-
tocidal component for fungi (Table 1). A combination of allicin (5% allicin ME 100–time
dilution liquid) + chitosan (100–time dilution liquid) showed 85.97% control effect against
powdery mildew which was significantly (p < 0.01) higher than allicin (76.70% of) and
chitosan (70.93%) alone [31]. Some recent research suggesting the use of chitin/chitosan
has been mentioned below.
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Table 1. Efficacy of chitosan and chitin derivatives against different microorganisms.

Sl.No Chitin Derivative Target Pathogen Remarks References

1

Chitosan
supplemented with 0.05%

boron
and 0.05%

Pseudomonas
syringae pv. actinidiae

Inhibition of the growth of
bacteriumin in vitro condition [32]

2 Chitin (Shrimp shell)
Aspergillus fumigatus,
Aspergillus flavus and

Aspergillus niger

In in vitro condition, highest
inhibition (19.5 mm) in case of

Aspergillus fumigatus
[33]

3 Chitin methanol extract
Aspergillus fumigatus,
Aspergillus flavus and

Aspergillus niger

Highest inhibition (16.5 mm) in
case of A. fumigatus [33]

4 Chitosan
Aspergillus fumigates,
Aspergillus flavus and

Aspergillus niger

Highest inhibition (14 mm) in case
of A. fumigatus [33]

5 Chitosan Alternaria solani Complete inhibition in in vitro
condition at 5.0 g/lit [1]

6
Chitin (CT),

6-amino-chitin (NCT) and
3,6-diamino-chitin (DNCT)

F. oxysporum f. sp. cucumerium,
B. cinerea, C. lagenarium, P. asparagi,
F. oxysporum f. niveum, and G. zeae

In in vitro condition, DNCT
showed Highest inhibition zone

(11.4–20.4 mm) > NCT > CT
[34]

7 Chitosan Aspergillus flavus, Rhizoctonia solani
and Alterneria alterneta

Growth inhibition was highest in
case of Aspergillus flavus

(10.66 mm.)
[35]

8 Chitosan-polyacrylic acid
nanoparticles

Aspergillus flavus,
Fusarium oxysporum, Fusarium

solani, Aspergillus terreus,
Alternaria tenuis,

Aspergillus niger and
Sclerotium rolfsii

Inhibition percentage was highest
in case of Aspergillus flavus

(60%),
[36]

9 Chitosan F. proliferatum and F. verticillioides

Reduce deoxynivalenol (DON)
and fumonisin (FBs) production
on irradiated maize and wheat
grains and growth rates of both

the pathogens decreased.

[37]

10 Chitosan Colletotrichum capsici
7.67% post-emergence seedling

mortality where Seeds were
treated with 1% chitosan.

[38]

11 Chitosan

Fusarium oxysporum
radicisycopersici, F. oxysporum

lycopersici, F. solani, Rhizoctonia
solani, Sclerotium rolfsii,

Macrophomina phaseolinae,
Pythium sp. and Phytophthora sp.

In 5 g/lit concentration, 100%
inhibition can occur against every

tested pathogen
[39]

12 Chitosan Fusarium oxysporum f. sp.
radicislycopersici

16.60% and 42.8% reduction of
disease severity in application of

chitosan 1 g/lit and
T. harzianum + Chitosan 1.0 g/lit

[40]

4. Application of Chitosan

After discovering chitosan’s antipathogenic activity, especially its antifungal activity,
the second major concern of researchers was how to use chitosan effectively. The appropri-
ate way of application is directly proportional to the rate of success and higher efficiency.
On the other hand, application methods should be easy and cheap in nature.
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4.1. Seed Treatment

Use of chitosan in various dose dependent manners has been proved to be very ef-
fective against different pathogens (Table 2). Chitosan not only creates a barrier between
pathogens and healthy embryos, but it also helps retain moisture which increases germi-
nation rate and also affects plant vitality. effectively combats pathogens and also induces
defense in seedlings grown from treated seeds [41].

Table 2. Chitosan seed treatment in different crops and their efficacy.

Sl. No Crop Name Respective Dose Efficiency on Target Pathogen Reference

1 Fenugreek 2.0 g/lit
In pot and field studies, seeds treated with chitosan

greatly reduced root rot disease severity of
Fusarium solani

[1]

2 Potato 4.0 g/lit of acetic
acid-distilled water solution

Reduced dry rot severity observed in case of F. oxysporum
(60.0%)and F. sambucinum (48.2%) by chitosan treatment. [42]

3 Chilli 1%
100% mycelium growth inhibition and the lowest (7.67%)
post-emergence seedling mortality was observed against

Colletotrichum capsici
[38]

5 Cucumber 500 ppm
500 ppm chitosan seed treatment showed 100% disease

resistance against damping off caused by
Phytophthora capsici

[43]

4.2. Chitosan Used for Soil Amendment

The use of chitosan as a soil conditioner or soil treatment has enormous direct or
indirect effects on plant pathogens. There are many experiments performed by researchers
who noted different activities of chitosan against different pathogens.Corsee et al. (2015)
demonstrated a new concept of chitosan-induced plant defense mechanism, in which kiwi
plant immunity was enhanced by applying chitosan to the growth medium by acting as
a trigger to increase the activity of guaiacol peroxidase. (G-POD), ascorbate peroxidase
(APX), phenylalanine ammonia lyase (PAL) and polyphenol oxidase (PPO) that regulate
plant defense [44]. Moreover, adding chitosan to soil promotes the growth and abundance
of beneficial microorganisms such as Pseudomonas fluorescens, actinomycetes, mycorrhizal
fungi and rhizobia [45,46]. Both chitin and chitosan are taken up by soil at different rates,
and chitosan acts as chitin when parasitic on tomato fields [47] and neither chitosan nor
chitin showed phytotoxicity to the host.

4.3. Chitosan Used as Foliar Spray

Foliar sprays are known for their ease of use and direct contact with infected pathogens
and the symptoms they cause. They also create a protective barrier between pathogen and
host, kill contact-associated pathogens, impede fungal sporulation, and most importantly
help the host to induce defense mechanisms [40,48]. Some of the examples has been cited
below in Table 3.

Table 3. Foliar spray of chitosan and their efficacy.

Sl.No Crop Effective Dose Pathogen Activity Reference

1 Tomato 0.5 g/lit Rhizoctonia solani 58.8% disease reduction in Pre-emergence
damping off after 10 days [40]

2 Cucumber 0.05–0.1% Colletotrichum sp. Disease control and reduction of lesion than
the untreated one [49]

3 Tea 0.01% Exobasidium vexans 67.73% less disease incidence than control [50]
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Table 3. Cont.

Sl.No Crop Effective Dose Pathogen Activity Reference

4 Turmeric 0.1% Pythium aphanidermatum Reduced disease severity and increased
chitinase activity. [51]

5 Grape 0.8% Plasmopara vitccola 81% disease reduction [52]

4.4. Chitosan Used as Post Harvest Fruit Treatment

Chitosan shows a dual mode of action in post-harvest disease control where it reduces
the growth of decay-causing fungi and foodborne pathogens and induces resistance re-
sponses in the host tissues (Table 4). Chitosan coating forms a semipermeable film on the
surface of fruit and vegetables, thereby delaying the rate of respiration, decreasing weight
loss, maintaining the overall quality, and prolonging the shelf life.

Table 4. Postharvest disease control by chitosan effect in different crops.

Sl.No Crop Effective Dose Pathogen Activity Reference

1 Pomegranate 0.1–10 g/lit of chitosan Botrytis sp., Penicillium
sp. and Pilidiella granati Reduced rot incidence by 18–66% [53]

2 Jujube fruit. 20 mg/ml Penicillium expansum More than 80% inhibition of
incidence one day after treatment. [54]

3 Kiwi fruit 5 gm/lit
Gray mold

(B. cinerea) and blue mold
(P. expansum)

Disease Incidence was 46%
(gray mold) and 65% (blue mold)
comparing to untreated control.

[55]

4 Peach Chitosan and
oligochitosan 5 g/lit

Brown rot
(Monilinia fruiticola)

Disease incidence drastically
reduced and in both the cases only

20% DI occurred.
[56]

5 Rose Apple 2% Penecillium expansum Disease incidence was only 14%
which was 24% less than control [57]

4.5. Effect of Chitosan in Plant Disease Control

In combating infectious diseases, chitosan exhibits different mechanisms of action
against various pathogens (Figure 3). Some of them are directly related to inhibiting
pathogen growth and multiplication, while others are involved in activating or enhancing
plant defenses to combat pathogens and achieve sustainable yields. Thus, it is possible to
produce visible positive changes in the host by improving yield-related parameters and to
enhance the plant’s own defenses so that the host can resist attack by plant pathogens, is
the dual nature of chitosan’s action. On the other hand, chitosan adversely affects or causes
negative changes in pathogen growth and fertility.
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Figure 3. Methods of use of chitosan and their impact on host and pathogen both directly and
indirectly in inducing defence mechanism or direct killing.

1. Indirect treatment of disease by activating defenses and improving plant health

Different methods of chitosan treatment enhance plant defenses by producing various
defense enzymes, proteins and phytorexins. Sidia et al. In 2018, mentioned broader ideas
regarding the defense-related activities of seed treatments with chitosan nanoparticles
(CNP) [58]. CNP treatment expressed high levels of pathogenesis-related proteins PR1
and PR5. Seedlings treated with chitosan nanoparticles increased maximal phenylala-
nine ammonia lyase (PAL), polyphenol oxidase (PPO) and peroxidase (POX) activities by
1.08-fold, 1.10-fold and 1.10-fold, respectively. with normal chitosan treatment. It induced
both systemic and permanent tolerance and showed significant protection against downy
mildew. Treatment with chitosan also increased plant vigor, recording 89% seed germina-
tion. All this leads to a lower downy mildew incidence in the treated plants. H. 18.1% and
19.6% for CNP and chitosan treatment, respectively. Zen et al. (2010) also noted increases
in peroxidase (POD) and superoxide dismutase (SOD) activities, as well as increases in
glutathione (GSH) and hydrogen peroxide (H2O2) levels following post-harvest treatment
of fruit with the application of chitosan on Navel Orange (Citrus sinensis L. Osbeck)[59].
Peroxidase and poly-phenol oxidase are responsible for eliciting plant defence. Peroxidase
activity and peroxidase gene expression both were increased by chitosan treatment in many
folds comparable to the control [56,60]. Chitosan significantly increases polyphenol oxidase
activity by catalysing the phenolic substances responsible for lignin synthesis, that gives
strength to the host cell wall and promotes prevention of pathogen entry [61,62]. Catalase
enzyme responsible for degradation of H2O into H2O2 and O2 increased by the chitosan
treatment in peach indicates that it plays a distinct responsibility in increasing defense,
controlling aging and senescence [56]. In contrast, chitosan treatment can cause some
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visible impact on plants. Seed germination rate, i.e., 94.45% was increased by application
of 5% chitosan by creating a semi-permeable membrane on the seed surface that helps
maintain seed moisture and improve germination [63]. A combination of seed treatment
and foliar application also helps increase plant height and yield [38]. With more vigorous
disposition and improved yield parameters, these seeds help plants maintain yields and
fend off attack by pathogens.

2. Direct method of pathogen control.

a. Chitosan mediated detrimental changes in plant pathogen
Chitin of fungal cell wall hydrolyses by chitinase enzyme and decomposes in the

fungal cell wall. The presence of the chitins generally helps in inducing the activation of
pathogenesis related (PR) protein. Activation of this PR protein helps in two ways. First,
it catalyzes the hydrolysis process, and second, it activates the phenylalanine ammonia-
lyase enzyme involved in triggering and controlling defense mechanisms through the
phenylpropanoid pathway [64]. Chitosan concentrations can cause rapid potassium efflux,
leading to a decrease in H+-ATPase that accumulates protons inside the cell, causing nega-
tive changes in H+/K+ exchange transport across the membrane of Rhizopus stolonifera [65].
Chitosan’s mechanism of action has been brilliantly explained by various researchers.
With combined treatment (1% seed treatment + 0.5% foliar application) with chitosan, the
investigator recorded the lowest DI (10.08%) at his 90 DAT (days after treatment) [38].
Chitosan application significantly reduced the release of zoospores from the sporangia of
Phytophthora capsici and also restricted the movement of the zoospores and transformed
them into round cystospores [43]. Chitosan affects germination and hyphal morphol-
ogy of economically important post-harvest fungal pathogens (e.g., Rhizopus stolonifer and
Botrytis cinerea) [66,67]. This polymer also hampers the growth of different plant pathogenic
and mycoparasitic fungi including Alternaria spp., Colletotrichium spp., or Trichoderma spp.).
Chitosan was recently found to permeabilize the plasma membrane of N.crass and flow
cytometry was performed. This triggers intracellular production of reactive oxygen species
(ROS) and cell death [68]. RNAseq data and gene ontology (GO) analysis revealed oxi-
doreductase activity, plasma membrane, and transport as the main categories induced by
chitosan [69]. Chitosan also enhances oxidative metabolism, respiration, and GO trans-
port functions in the plasma membrane of the model yeast Saccharomyces cerevisiae, and
the stress response and cell wall integrity genes were also identified to be induced by
chitosan [70].

b. Molecular mechanism of chitosan on sensitive and tolerant fungi
Chitosan generally exhibits different modes of action in host plants and fungi. In fungi,

plasma membrane fluidity generally determines the susceptibility of fungi to chitosan.
High plasma membrane fluidity is caused by the presence of polyunsaturated fatty acids
(FFAs) such as linolenic acid and is observed in chitosan-sensitive fungi such as Neurospora
crassa [71]. Lopez-Moya et al. (2019) described that the opposite mechanism of action can
be observed in the plasma membrane of chitosan-resistant fungi with low fluidity and
saturated FFAs [72]. This fluidity effect is the single key factor that triggers ROS production
in fungal cells, leading to cell death [73]. In addition, genes encoding lipase class III,
monosaccharide transport, and glutathione transferase play a role in targeting chitosan in
fungi, ensuring plasma membrane repair and buffering of ROS, leading to chitosan damage
to cells and modulates the antifungal activity of fungi [69]. In chitosan-resistant fungi,
chitosan is degraded by the action of chitin deactylase or chitosanase [18]. Chitosan has
been shown to be self-defeating against pathogens and, conversely, to support biocontrol
mechanism fungi [74].

A summary of the chitosan mode of action can be visualized by Figure 4.

65



Life 2022, 12, 1908

I

Figure 4. A summary of the chitosan mode of action.

5. Conclusions

Since the discovery of chitosan, researchers have conducted extensive research to
understand its new properties, new application methods and its efficacy. Study of chitosan
has repeatedly demonstrated its versatile properties for combating plant diseases through
its broad-spectrum anti phytopathogenic activity and by inducing the plant’s own defense
activity. For this reason, in this era in chitosan is being highlighted as a legitimate alternative
to chemicals and greatly ensuring food and environmental safety.
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6. Future Aspect

Although extensive research has been conducted, further research is needed to identify
the exact mechanism of action of chitosan in combating pathogens. Studies of the efficacy
of chitosan to combat viral and prokaryotic plant pathogenic diseases need to be more
comprehensive. The persistence of induced defense in the host, gene expression after
chitosan application and inherited changes in defense are all awaiting exploitation and
staining by researchers.

Author Contributions: Conceptualization, D.D. and I.S.; methodology, C.M.; software, M.S.K.;
validation, S.R., R.L. and D.D.; formal analysis, I.S.; investigation, D.D. and I.S.; resources, D.D. and
I.S.; data curation, D.D., M.S.K. and C.M.; writing—original draft preparation, D.D., I.S. and C.M.;
writing—review and editing, R.L. and M.S.K.; visualization, D.D.; supervision, R.L. and M.S.K. All
authors have read and agreed to the published version of the manuscript.

Funding: The research has no funding from any sources.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ghule, M.R.; Ramteke, P.K.; Ramteke, S.D.; Kodre, P.S.; Langote, A.; Gaikwad, A.V.; Holkar, S.K.; Jambhekar, H. Impact of chitosan
seed treatment of fenugreek for management of root rot disease caused by Fusarium solani under in vitro and in vivo conditions.
3 Biotech 2021, 11, 290. [CrossRef] [PubMed]

2. Sun, R.; Liu, C.; Zhang, H.; Wang, Q. Benzoylurea Chitin Synthesis Inhibitors. J. Agric. Food Chem. 2015, 63, 6847–6865. [CrossRef]
[PubMed]

3. Jayakumar, R.; Prabaharan, M.; Kumar, P.T.S.; Nair, S.V.; Tamura, H. Biomaterials based on chitin and chitosan in wound dressing
applications. Biotechnol. Adv. 2011, 29, 322–337. [CrossRef]

4. Prasad, R.; Chandrika, K.; Godbole, V. A novel chitosan biopolymer based Trichoderma delivery system: Storage stability,
persistence and bio efficacy against seed and soil borne diseases of oilseed crops. Microbiol. Res. 2020, 237, 126487. [CrossRef]
[PubMed]

5. Amine, R.; Tarek, C.; Hassane, E.; Noureddine, E.H.; Khadija, O. Chemical Proprieties of Biopolymers (Chitin/Chitosan) and their
Synergic Effects with Endophytic Bacillus Species: Unlimited Applications in Agriculture. Molecules 2021, 26, 1117. [CrossRef]

6. Kean, T.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. Rev. 2010, 62, 3–11. [CrossRef]
7. Hassan, O.; Chang, T. Chitosan for Eco-friendly Control of Plant Disease. Asian J. Plant Pathol. 2017, 11, 53–70. [CrossRef]
8. Jones, M.; Kujundzic, M.; John, S.; Bismarck, A. Crab vs. Mushroom: A Review of Crustacean and Fungal Chitin in Wound

Treatment. Mar. Drugs 2020, 18, 64. [CrossRef]
9. Chen, J.-K.; Shen, C.-R.; Liu, C.-L. N-Acetylglucosamine: Production and Applications. Mar. Drugs 2010, 8, 2493–2516. [CrossRef]
10. Merzendorfer, H. The cellular basis of chitin synthesis in fungi and insects: Common principles and differences. Eur. J. Cell Biol.

2011, 90, 759–769. [CrossRef]
11. Wang, S.L.; Chang, W.T. Purification and characterization of two bifunctional chitinases/lysozymes extracellularly produced by

Pseudomonas aeruginosa K-187 in a shrimp and crab shell powder medium. Appl. Environ. Microbiol. 1997, 63, 380–386. [CrossRef]
12. Mourya, V.; Inamdar, N.N. Chitosan-modifications and applications: Opportunities galore. React. Funct. Polym. 2008, 68,

1013–1051. [CrossRef]
13. Synowiecki, J.; Al-Khateeb, N.A. Production, Properties, and Some New Applications of Chitin and Its Derivatives. Crit. Rev.

Food Sci. Nutr. 2003, 43, 145–171. [CrossRef]
14. Kramer, K.J.; Koga, D. Insect chitin: Physical state, synthesis, degradation and metabolic regulation. Insect Biochem. 1986, 16,

851–877. [CrossRef]
15. Merzendorfer, H.; Zimoch, L. Chitin metabolism in insects: Structure, function and regulation of chitin synthases and chitinases.

J. Exp. Biol. 2003, 206, 4393–4412. [CrossRef]
16. Hu, X.; Chen, L.; Xiang, X.; Yang, R.; Yu, S.; Wu, X. Proteomic analysis of peritrophic membrane (PM) from the midgut of

fifth-instar larvae, Bombyx mori. Mol. Biol. Rep. 2012, 39, 3427–3434. [CrossRef]
17. Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603–632. [CrossRef]
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Abstract: Cicer arietinum L. is the third greatest widely planted imperative pulse crop worldwide,
and it belongs to the Leguminosae family. Drought is the utmost common abiotic factor on plants,
distressing their water status and limiting their growth and development. Chickpea genotypes have
the natural ability to fight drought stress using certain strategies viz., escape, avoidance and tolerance.
Assorted breeding methods, including hybridization, mutation, and marker-aided breeding, genome
sequencing along with omics approaches, could be used to improve the chickpea germplasm lines(s)
against drought stress. Root features, for instance depth and root biomass, have been recognized
as the greatest beneficial morphological factors for managing terminal drought tolerance in the
chickpea. Marker-aided selection, for example, is a genomics-assisted breeding (GAB) strategy that
can considerably increase crop breeding accuracy and competence. These breeding technologies,
notably marker-assisted breeding, omics, and plant physiology knowledge, underlined the impor-
tance of chickpea breeding and can be used in future crop improvement programmes to generate
drought-tolerant cultivars(s).

Keywords: abiotic stress; candidate genes; drought tolerance; crop improvement; climate change

1. Introduction

Chickpea is a diploid annual crop that is extremely self-pollinated [1]. After the faba
bean and field pea, it is the world’s third most significant pules crop [2]. It is a popular
cool-season legume crop with a 738-megabyte genome size [3]. With an annual production
of 10.13 million tonnes from a land area of 9.44 million hectares and a productivity of
1073 kg ha−1, India is the greatest producer of chickpeas in the world [4]. Chickpeas are
grown in 52 countries, together with Africa, Asia, Australia, and South Europe [5]. Mexico,
Turkey, Canada, Iran, Australia, Tanzania, Ethiopia, Spain, and Burma are also notable
producers of chickpea. Its seeds come in two varieties. The ‘desi’ chickpea is hardy in
character, while the Kabuli chickpea has a delicate seed coat and appears to have evolved
from the desi varieties [6,7]. In semi-arid zones, chickpea is cultivated in the form of a dry
weather crop [8]; however, in cold climatic zones, it is grown as a rainfed crop [9,10]. In
actuality, about 90% of the chickpea crop is cultivated in a rainfed environment [11–13].
Without irrigation, the crop is affected [14] at vegetative as well as reproductive phases.
After illnesses, drought is the second most significant constraint to the yield of chickpea
crop [15]. Drought has been reported as a factor of 40–50 percent yield reduction in
chickpea [11,12,16–18].

The chickpea is also termed as the “poor man’s meat” [19], since it is important for
supplying protein sources [20]. Nutritionists have also highlighted its importance due to
high nutritional contents in it [21]. Chickpea is high in lysine and arginine [22], but low in
methionine and cystine [23]. In general, the Kabuli type contains more protein than the
desi kinds. It contains more calcium and phosphorus than most other pulse crops [24,25].
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Chickpea seeds comprise 23% protein, 64% total carbohydrates (47% starch, 6% soluble
sugar), 5% fat, 6% crude fibre, and 2% ash on average, as well as micronutrients, for
example phosphorus, calcium, magnesium, iron, and zinc [26]. Recently, Singh et al. [21]
also reported chickpea as good source of Fe and Zn. Consequently, Samineni et al. [27]
examined the effects of drought stress on nutritional parameters of chickpea and observed
significant differences in the nutritional contents due to stress.

Chickpea is mostly cultivated in the post-rainy season [28], using soil moisture that
has been retained from the previous rainy season [29]. As a result, the crop is frequently
subjected to severe heat and drought pressure [12,13,22]. Drought, among other abiotic
factors, has a significant impact on chickpea output [30]. Drought and heat stress have been
reported to have reduced chickpea yields by about 50% due to the damaging effects of the
membrane and reduced photosynthesis [31].

The four climatic elements that are changing will have an impact on how much water
plants consume [32]. These elements include rising CO2 concentrations and temperatures,
more erratic precipitation, and changes in humidity. Due to the increased variability in
precipitation during the growing season and more so in soils with low water holding
capacity, these climate changes may result in an increase in the atmospheric water demand
by crops and an increase in the potential for limitations in the availability of water in the
soil. In the long run, breeding cultivars with high water use efficiency (WUE) is a more
realistic and cost-effective strategy for raising yields in drought-prone locations. WUE
promotes modest water absorption while maintaining elevated WUE, which is a crucial
component of breeding programmes because of its yields in drought-prone areas. Any
WUE is impacted by changes above the soil surface because they have an impact on the
soil water balance by the evaporation and penetration of soil water. The majority of the
chickpea crop is grown on residual moisture; however, additional irrigation can increase
yields. At some sites in India, irrigation during the pre-flowering stage and at the beginning
of the pod fill led to an increase in yield. Chickpeas’ reproductive cycle was prolonged by
irrigation, which also increased plant biomass and increased the number of pods per plant.

The greatest sustained surface winds of tropical storms range from 39 to 73 mph, and
they are fast rotating storm systems with an organized centre over warm tropical oceans.
These storms have a wide range in size and can cause a variety of dangers for the impacted
areas, including tornadoes, catastrophic winds, coastal floods, and inland flooding. The
effects of tropical cyclones on drought have been extensively studied, but less research has
been conducted on how smaller tropical storms affect the severity of drought. According
to research, rainfall is not necessarily inversely correlated with the strength of a tropical
cyclone; therefore, tropical storms can sometimes provide more rain than expected. The
question of whether tropical storms can help to lessen and mitigate drought conditions is
now being researched. Water deficit and surplus are related to drought and tropical storms
(TS), respectively. When it comes to monitoring dryness, soil moisture is a crucial element
of the hydrological cycle, since it reflects the water that TS rainfall has penetrated or stored.
Soil moisture data can be used to determine whether TS can alleviate extremely severe
drought situations [33]. The authors calculated the frequency of TS afflicted places in the
US, including the ratio of droughts that TS exacerbated and alleviated, and the regions
where TS have a significant impact on the offset of drought. Based on a high-resolution
data set, the findings demonstrate extensive spatial information about the offset of drought
conditions and offer potential guidance for future drought and TS mitigation.

Drought has a substantial influence on crop growth and photosynthesis, both of which
are directly related to production [34,35]. Drought researchers must assess growth as well
as physiological responses such as chlorophyll index [36], relative water content [37], mem-
brane stability index, and biomass when determining the influence of drought on various
crop metrics. The quantitative character of attributes and the prevalence of linkage between
desired and undesired genes make developing drought-tolerant agricultural variants dif-
ficult [38]. Many experiments on the effects of drought on numerous chickpea features,
such as root attributes, shoot biomass, and early maturity, have been conducted [39]. In this
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crop, various experiments have been performed successfully and published with specific
conclusions on different aspects, such as morphological, physiological, biochemical, and
molecular characteristics [40–42].

Advances genomics has made it possible to tag genes [43] associated to agronomic
qualities, as well as the tolerance/resistance to abiotic and biotic challenges [44]. It is playing
a significant role in the transfer of labelled genes through molecular breeding [45,46],
quickly and accurately. In chickpeas, microsatellite and sequence-tagged microsatellite site
markers have been found to be more beneficial [47,48]. As stress resistance/tolerance is
governed by numerous genes [49], quantitative trait loci (QTL) mapping has proven to be
effective in identifying and tagging the genes [50] involved for disease resistance/tolerance
in plants. Foreground, recombinant and background selection are all examples of marker-
assisted backcrossing. Linkage disequilibrium (LD) and association mapping are also
determined using markers [51].

Next-generation sequencing (NGS) is a segment of revolutionary biology being a
frontier area in crop science and produces correct data, with the results of significant
throughput [52] and reduction in the need for fragment-cloning processes, which were the
initial requirement for Sanger sequencing. NGS is used for the identification and mapping
of mutations in targeted genotype [53,54]. Aside from whole genome sequencing (WGS),
NGS also provides a platform for whole transcriptome shotgun sequencing, which is also
termed as RNA sequencing (RNA-seq) [55,56] and whole-exome sequencing [57], which
exhibits for functional variations [58], targeted or candidate gene sequencing [59].In the
examination of large numbers of samples, RNA-seq enables a more precise and sensitive
measurement of gene expression levels than microarrays [60].

Transcriptomics is the technology used to study the transcriptome of an organism [61].
Transcriptome is the complete set of genes [62] expressed under specific conditions by the
genome of the targeted organism. MicroRNA (miRNA), transfer RNA (tRNA), messenger
RNA (mRNA), ribosomal RNA (rRNA) and other non-coding RNA are all found in the tran-
scriptome (ncRNA). Transcriptomics of chickpea [63] has provided insight into mechanisms
of drought tolerance/avoidance, as well as pathogenesis-related and developmental pro-
cesses [64]. Transcriptomics may undoubtedly have a greater impact on chickpea breeding
in the future, including the use of microarrays.

Proteomics is the study of whole protein complement in a cell, tissue or organ-
ism in detail [65]. Mass spectrometry and protein microarrays can be used to analyse
the proteome [66].

Role of various genes of plants under drought stress conditions have been recognized
clearly [67]. Drought responsive mechanisms are activated in response to drought stress,
which is a regular occurrence in plants. Morphological and structural changes [68], drought-
resistant gene expression, hormonal and other biochemical changes are among these
pathways [69]. Environmental stresses have the ability to change the developmental
behaviour of plants. These alterations in plant growth and development [70,71] mostly
resulted in lower yields [72]. We attempted to review the status and progress based on the
existing literature on drought stress tests conducted in the chickpea.

2. Drought in Chickpea

Chickpea productivity has been found to be around 995 kg ha−1 on a global scale,
which is quite low [73]. Drought, terminal heat [74], excessive salt, and cold are abiotic
variables [75], whereas Ascochyta blight, Fusarium wilt, and Helicoverpa are biotic factors
that have been recognised as key drivers of yield reduction in chickpea [76]. Drought stress
was identified as a major cause in around 50% of chickpea output losses worldwide.

Several factors are responsible for complexity of drought stress (Table 1), including
severity of drought, stage of crop, and duration of drought stress [77]. Two types of
drought stresses, i.e., terminal and intermittent, have been reported with their impacts on
crop plants [78]. During terminal drought, soil water availability diminishes over time,
potentially leading to severe drought stress later in crop development. Intermittent drought

73



Life 2022, 12, 1846

is defined as a series of short episodes of insufficient rain or irrigation that occur at different
times during the growing season [79]. Due to its limited cultivation on marginal terrain,
chickpea is suffering from terminal drought stress. Intermittent and terminal drought stress
is caused by breaks in rainfall combined with less moisture in terminal growth stages [80].
Apart from morpho-physiological factors various genes and proteins are also responsible
for drought tolerance in chickpea crop (Table 2).

Table 1. Relevance of various physiological traits contributing to drought adaptation in chickpea.

Physiological Traits Related with References

Early phenology (early
flowering, early podding)

Drought escape/conservative
water-use strategy [81–83]

Crop growth rate High water harvest [47]

Shoot biomass
High shoot biomass at maturity
contribute to a higher grain yield
under drought

[84]

Pod abortion and seed filling High seed/grain yield could help in drought and heat stress tolerance [85]

Biomass partitioning Greater biomass partitioning to grain helps in drought and heat stress tolerance [46,47,86]

Pod number; high pod number Grain yield and contributes to heat, drought tolerance [87]

Pod production Number of pods/plants is more
affected at early stage than late stage under drought stress [88]

Specific leaf area SLA has a positive effect on grain
yield at reproductive stage [89]

Cell membrane stability Related to drought, heat, and cold
tolerance [30,90–92]

Canopy temperature
depression

Cooler canopy contributes to
drought avoidance and has a positive association with seed yield under drought
stress, and it also contributes to heat stress tolerance

[93–95]

Canopy conductance Associated to both heat and drought stress tolerance [96]

Carbon isotope
Discrimination Transpiration efficiency [97]

Recycling of CO2 inside the pod Maintain seed filling [98]

Antioxidants enzymes,
proline, anthocyanin
content, trehalose, sucrose, and
nonreducing sugars

Increase in antioxidant enzymes,
proline, trehalose and anthocyanin content during vegetative stage causes drought
and cold stress tolerance

[99]

Relative water content Increase in relative water content
causes drought stress tolerance [100,101]

Chlorophyll content;
carotenoid content

Higher chlorophyll content and
carotenoid content helps in heat
stress tolerance

[55,96]

(Na+ and K+) ion uptake (Na+ and K+) ion uptake cause
drought tolerance [102]

Chlorophyll a fluorescence
FO, FM, PSII, ETR, FV/FM

Enable preventing PSII
photochemistry from damage and helps in both drought and heat stress tolerance [102,103]

Plant transpiration rate Low plant transpiration rate helps in conserving soil water [104,105]

Transpiration efficiency It decides ultimate yield [106,107]

Early vigour Associated to both heat and drought stress tolerance [108]

Pollen traits (pollen viability, fertility,
and pollentube germination)

High pollen viability and fertility
under heat stress are associated to heat stress tolerance [109]

Abscisic acid (ABA)
Under drought increase in ABA
causes closure of stomata, thus
reducing assimilate production that leads to the inhibition of seed set

[108]

Root architectural trait prolific root
system, root branch, root density root
depth, root area, and root volume

Prolific root system is associated to grain yield [47]

Deep rooting helps in using
conserved soil moisture from subsoil
and helps in avoiding terminal
drought stress

[108]

Due to the overabundance of wheat in irrigated areas in India, chickpea growth is
primarily limited to rainfed areas. Crops in rainfed areas are experiencing water shortages,
particularly during the sowing and terminal growth periods.

Soil and plant management are important for minimizing water stress. For this
purpose, various experiments have been conducted with the applications of different
agents. Gypsum can enhance overall plant growth, since it is a moderately soluble source
of the crucial plant nutrients, calcium and sulphur. Gypsum supplements can also enhance
the physical and chemical characteristics of soils, hence lowering nutrient concentrations
in surface water runoff and reducing soil erosion losses. The most often used addition
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for reclaiming sodic soil is gypsum, which can also be found in synthetic soils used in
nursery, greenhouse, and landscaping applications. Gypsum can be used for a variety of
purposes in agriculture and horticulture, which could be advantageous to users. There are
currently no recognized standards that outline the broad best management practices for
using gypsum in agricultural applications.

Table 2. List of some genes conferring adaptation to drought and other abiotic stresses in chickpea.

Treatment Traits Gene References

Drought Abiotic stress response CarERF116 [110]

Drought Biotic and abiotic stresses Aquaporins gene family (CaAQPs) [111]

Drought Drought stress response DEGs [112]

Drought, heat and cold stress Process of plant development CarLEA4 [113]

Drought and heat stress Root traits, plat morphology,
transpiration, and yield traits Marker–trait association [47]

Drought tolerance is a complex phenomenon that involves defence mechanisms as
well as stress-induced signal responses [114,115]. Drought stress triggers a number of
physiological, biochemical, and molecular responses (Figure 1) that can be classified into
six categories: drought escape [116], avoidance [117], tolerance [118], resistance [119],
abandonment [120], and drought adaptation [12,121]. Some chickpea genotypes have been
identified as drought sensitive [122] and others as drought tolerant [123,124]. Plant breeders
apply different ways of selection and development of drought tolerant crop genotypes.
Different strategies are important to protect plants from harmful effects of drought.

 

Figure 1. Diagrammatic representation of effects of drought stress on chickpea.

Drought escape is the capacity of the plant to complete its life cycle before experiencing
a major water deficit. Drought escape causes early flowering and maturity, as well as better
yield potential, allowing plants to finish reproduction before drought strikes [125]. Crop
longevity is governed in part by genotype and in part by the environment, and it impacts
the crop’s ability to withstand climatic conditions such as drought. To achieve large seed
yields, it is necessary to match the plant growth time to soil moisture availability. The
genotypes with early maturity have the capacity to escape the terminal drought stress,
whereas the genotypes with late maturity generally needs well-watered environments.
The length of the growing phase and yield potential are positively associated with each
other. In this consequence, the development of shorter duration crop is important for
the reliable management of drought stress in the chickpea. The timing of flowering is a
key feature of a plant’s response to extreme drought and high temperatures [126]. Early
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maturity lets the crop circumvent the passé of stress, hence short duration cultivars may
be produced to minimise production loss from terminal dryness. However, under ideal
growth conditions, the yield is often associated with crop duration, and any decrease in
crop interval underneath the optimal will tax yield [29,52].

Drought escape is a critical strategy for preventing chickpea crop from drought [12].
Water supply is harmonised with phenological development in drought escape. Early
maturity aids in escaping terminal dryness and is a key feature in germplasm screening.
However, growers are frequently incapable to reorganize for early planting owing to
climatic factors [52].

Drought avoidance is explained as a plant’s aptitude to retain a high tissue water
potential contempt in a lack of soil moisture [125]. Processes involved in the enhancement
of water intake, its storage in plant cells, and limiting water loss are associated with
drought avoidance. Other mechanisms, including deep rooting, increased level of hydraulic
conductance, reduced level of epidermal conductance, radiation absorption and reduced
leaf area have also been reported to be linked with drought avoidance in plants. Deep
rooting promotes water intake, which is helpful in reducing water losses. In the chickpea,
the stomata remains closed during the day to minimise water loss during drought, and as a
result, the carbon assimilation is impeded, lowering production [126,127].

Root biomass plays major role in absorbing water [128], as it is advantageous even in
the condition of less moisture in the soil. It means there is a linkage between the root system
and water stress tolerance [129,130], thus, in the current scenario, breeders are focused
in the development of cultivars with larger root systems [131]. From integrating large
root features, cultivars have been developed by chickpea breeders with increased drought
tolerance [43,132]. Because root size is governed by intrinsic genetic variables [133,134] and
modified by multiple environmental signals, such as nutrition and moisture accessibility in
the soil, it is a complicated feature [135]. During the vegetative growth stage, susceptible
genotypes absorb more water than tolerant genotypes, whereas tolerant genotypes absorb
more water during the reproductive stage [136]. The intake of water during the vegetative
as well as reproductive stages of plants has a direct relation with seed yield [137]. The
importance of roots, rather than just root growth, is determined by their temporal water
intake [138]. The best method for screening the germplasm for water usage competence
(WUE) is carbon isotope discernment (13C), and this method has also been adopted in the
chickpea [139,140].

One of the important impacts of drought stress is stomatal closure. Drought stress
reduces the stomatal conductance and transpiration rate. This declines the CO2 fixation
and photosynthesis due to the reduction in the internal CO2 concentration of the leaf (Ci).
All of these factors have their role on the reduction in yield due to the reduced rate of
photosynthesis [141].

The reduced rate of photosynthesis is directly related to extreme drought stress, and
it is a result of the decreased chlorophyll content. Because of the lowered chlorophyll
content, continuous poor moisture availability reduces light collecting capacity, triggering
the generation of reactive oxygen species due to excessive energy absorption [142]. This
is also a cause of damaged photosynthetic machinery. The principal cause of chlorophyll
depletion is reactive oxygen species [143]. Reduction in photosynthetic activities under
drought stress, have been experimented in chickpea genotypes [55] and this reduction was
found to be linked to reduced ATP synthesis [144,145]. The yield reduction in chickpea
genotypes due to the flower and pod drop under heat and drought stress circumstances
was also noticed [146,147].

The leaf surface is also an imperative characteristic of plants in relation to drought
stress. As tiny leaf surfaces lose less water [148], waxy leaves have high water preservation
potential. Waxy leaves have the ability of a reflectance of irradiation and the reduction of
water loss. This helps in the reduction of leaf temperature and provides tolerance against
drought condition. The preservation of water in leaves with a reduced leaf temperature
are directly related to the drought tolerant behaviour of plants. Drought stress raises leaf
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temperature in a variable manner, as tolerance genotypes have lower leaf temperatures
than sensitive genotypes [149]. One drought tolerant chickpea variety ‘Gokce’ has been
developed by ICARDA through the gene pyramiding method, which can be survived
under severe drought conditions. This variety possess some other important features, such
as early maturity, resistance to Ascochyta blight, increased seed size, and suitability for
mechanised harvesting [150].

The drought tolerance refers to a plant’s ability to maintain its metabolism in a water
shortage [35] condition with low tissue water potential [58]. Two types of traits are responsi-
ble for the drought tolerance in plants, i.e., constitutive characters and acquired behaviours.
The constitutive traits affect the yield at mild to moderate levels of drought stress, whereas
the acquired traits affect the yield at severe levels of drought stress. Drought tolerance
features are largely concerned with cellular structural protection against the effects of
cellular dehydration. Due to a reduction in the plant tissue water content, dehydrins and
late embryogenesis of abundant (LEA) proteins accumulate [151]. These proteins act as
chaperones [152].

In recent years, the role of reactive oxygen species (ROS) in stress signalling has been
widely researched and evaluated [153,154]. The extreme creation of ROS causes oxidative
damage and, lastly, cell death [155]. The role of ROS as a signalling molecule or in the
oxidative damage depends upon the equilibrium between production and the scavenging
of them [156]. The scavenging of ROS under drought stress depends upon the action of
antioxidants in the cell [157,158].

Pushpavalli et al. [159] emphasised the need of selecting chickpea genotypes that
can withstand various shocks rather than simply one. High temperature stress, in ad-
dition to drought stress, is a new threat to chickpea production [33,160]. According to
Kalra et al. [161], a temperature increase of 18 ◦C above a particular threshold causes a
significant loss in chickpea output. Furthermore, it is predicted that a global temperature
increase of 2–38 ◦C, along with erratic rainfall patterns, would pose a threat to chickpea
yield. In agriculture, the yield is the most important parameter for crops, and a reduction
in yield cannot be compromised at any level. There is a strong association between drought
tolerance with yield in a crop [122,162]. This is because yield-related traits of crops have
been found to be sensitive under drought stress [163].

3. Antioxidant Defence

Plants have multi-level systems of antioxidant defence [124] with main function to
maintain homeostasis inside the cell. This system counteracts ROS and protects the cell from
oxidative damage. In the absence of the sufficient quantity of an antioxidant to neutralize
ROS, reactions such as biomolecule oxidation, lipid peroxidation, and protein damage, as
well as nucleic acid (DNA, RNA) oxidation and apoptosis activation, may occur [90].

The antioxidant defence system has both enzymatic and non-enzymatic components.
The enzymatic component involves superoxide dismutase, catalase, peroxidase, ascorbate
peroxidase, and glutathione reductase. However, the non-enzymatic component involves
cysteine, reduced glutathione, and ascorbic acid [164,165].

In plants, ascorbate peroxidase is an important antioxidant enzyme, and glutathione
reductase is important for sustaining the reduced glutathione pool during stress [166]. In
various plants, two glutathione reductase corresponding to deoxyribonucleic acids have
been recognized, one producing cytosolic isoforms and the other encoding glutathione
reductase proteins, which dually embattle chloroplasts and mitochondria [127]. Superoxide
dismutase is a key enzyme that catalyses the detachment of two superoxide molecules into
O2 and H2O2 [167]. The drought tolerance of a particular plant species can be linked to
increased antioxidant enzyme activity [168].

Proline appears to play a variety of activities under stress situations as a multifunc-
tional amino acid, including stabilizing proteins, membranes, and subcellular structures
as well as defending cellular functioning by scavenging reactive oxygen species (ROS).
The functional diversification of proline metabolism is more complicated as a result of the
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compartmentalization of proline production and degradation in the cytosol, chloroplast,
and mitochondria. When the electron transport chain is saturated under stressful circum-
stances, the increased rate of proline production in the chloroplast can help to stabilize
the redox balance and maintain cellular homeostasis by dissipating the excess reducing
potential. Proline is one of the most widely dispersed suitable solutes and a key component
of plant stress resistance that increases in plants under adverse environmental conditions.
Proline serves as a superb osmolyte and also has important functions as a metal chelator,
antioxidant defence molecule, and stress signalling molecule. By regulating mitochondrial
activity, affecting cell growth, inducing certain gene expression, and stabilising membranes,
it promotes stress tolerance by reducing electrolyte leakage, bringing ROS concentrations
back into normal levels, and promoting stress recovery.

One of the elements driving drought resistance in the chickpea is proline build up in
different plant sections due to the increased activity of proline synthesising enzymes [169].
Drought tolerant genotypes of chickpea had higher proline contents than sensitive geno-
types [130]. Earlier, an increase in the leaf proline concentration under water-deprived
conditions indicates an efficient osmotic regulating system in the chickpea. To modify the
osmotic potential, proline, glycine betaine, and soluble carbohydrates are accumulated in
response to drought stress [170].

4. Plant Growth Regulators

Plant growth regulators, basically known as phytohormones, can be administered
externally or synthesised inside the plant [171]. Auxins, cytokinins, gibberellins, ethylene,
and abscisic acid have all been referred to as plant growth regulators. However, in recent
studies, brassinosteroids (BRs) and various compounds of jasmonic acid, cytokinin, salicylic
acid, strigolactones, and some peptides have been identified as plant hormones. The
concentrations of Auxins, gibberellins, and cytokinin are negatively related to drought, but
abscisic acid and ethylene have a positive association [172]. Drought stress inhibits the
formation of endogenous auxins, which is frequently accompanied by a rise in the levels of
abscisic acid and ethylene [173].

Abscisic acid and cytokinin are thought to play opposing functions in drought stress.
Under water stress, an upsurge in abscisic acid and a diminution in cytokinin levels favour
stomatal closure and minimise water loss by transpiration [174]. Abscisic acid affects the
relative growth rates of different plant parts, such as the root-to-shoot dry weight ratio,
leaf area development inhibition, and the generation of prolific and deeper roots. It can
influence the rate of transpiration by closing the stomata, and it may be implicated in
the machinery providing drought tolerance in plants. Under drought conditions, ABA
formation inhibits the lateral root growth [175].

Ethylene is a growth inhibitory hormone that acts as a part in both inhibiting and
stimulating growth in response to environmental factors. The plants can maximise growth
and resist abiotic challenges such as drought to avoid this adversity, and this response also
requires ethylene synthesis [134].

Plant growth and development are known to be affected by polyamines. There
has been an increasing interest in the role of polyamines in the plant defence against
environmental stressors, and substantial research energies have been conducted in the last
twenty years. The overexpression of the apple spermidine synthase gene, for example,
results in high amounts of spermidine synthase, which enhances abiotic stress resistance,
for instance, drought tolerance [176].

5. Role of Conventional Breeding

Breeders commonly employ traditional breeding techniques such as introduction,
selection, hybridization, and mutation [106]. Hybridization is used to blend the desired
characteristics from different parents into a single cultivar [85]. Any hybridization pro-
gram’s success hinges on the selection of proper parents. Single, multiple, and three-way
crosses [107] have all been employed for the hybridisations in the chickpea crop [177].
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Among the different branches of breeding technology, the mutation breeding has been
found as a powerful strategy [178] for the creation of genetic variability in crops [179]. It is
considered under advanced breeding technologies [180]. According to Kumar et al. [181],
fifteen chickpea varieties have been developed through mutation breeding and most of
them are under the cultivation chain. The first chickpea variety developed in the year
1984 through mutation breeding in India was Kiran (RSG-2), which was the mutant form
of RSG-10. This variety possess higher numbers of pods, early maturity, high yield, and
tolerance to salinity stress [182].

The evaluation of different genotypes of a plant species in response to the drought
controlled condition is needed [183]. In different studies, the phenopsis has been used as
a non-automated control-guided drought screening method [145,184,185] to examine the
performance of several Arabidopsis ecotypes [186]. In this regard, the ERECTA gene [147]
responsible for the growth and development of the plant as well as the stomatal develop-
ment, the ESKIMO1 gene [187], governs the plant water relation in Arabidopsis, which have
been examined well. Similarly, some biosynthesis genes in the chickpea [188] have been
well studied using controlled drought.

New cultivars, landraces, wild relatives, or a new crop species for the region could all
be introduced. By using this technique, it is feasible to find a desirable genotype with a
higher yield and better environmental tolerance, while also increasing the genetic variety.
Through the international exchange of the germplasm and the inclusion of the crop of
wild relatives and landraces, significant progress has been made in recent decades in
enhancing the genetic diversity of the cultivated chickpea. Landraces are an important
resource of novel genes in crop breeding. Landraces may possess genes for resistance
against various biotic as well as abiotic stresses. For the identification of drought tolerant
chickpea landraces, a field study was conducted by Kumar et al. [189]. The experiment
included 37 chickpea landraces collected from ICARDA. Based on various morphological
as well as physiological parameters, two landraces viz.,IG5856 (Jordan) and IG5904 (Iraq),
were identified as drought tolerant.

6. Role of Molecular Breeding

Genetic Diversity

Complex abiotic stress such as drought requires a large group of genetic resources [190]
to study the genetics of these stresses authentically. To fulfil the objective of molecular
breeding in crop improvement, it is important to characterize the plant genetic resources.
In molecular breeding, the characterization of plant genetic resources depends on the avail-
ability of DNA-based markers [191]. The molecular markers may be hybridization-based
or PCR-based, depending on the technique of the detection of nucleotide variation [192].
The restriction fragment length of polymorphism (RFLP)is one of the molecular mark-
ers based on hybridization. Random-amplified polymorphic DNA (RAPD), amplified
fragment length polymorphism (AFLP), simple sequence repeats (SSR) or microsatel-
lite, sequence-tagged sites (STS), and cleaved amplified polymorphic sequence (CAPS)
are all PCR-dependent molecular markers [158]. In the advanced category, single nu-
cleotide polymorphism (SNP), single feature polymorphism (SFP), and diversity array
technology (DArT) have been included [193]. In the field of crop improvement, molec-
ular markers are categorized into dominant and co-dominant. The multi-locus markers
(RAPD, ISSR, AFLP, etc.) come under the dominant category, while the single locus mark-
ers (SSR, STS, etc.) come under the co-dominant. This categorization of markers is basically
based on their efficiency to discriminate homozygous and heterozygous genotypes. Dom-
inant markers cannot differentiate homozygous and heterozygous genotypes. However,
co-dominant markers have the ability to differentiate them.

In comparison to molecular markers, i.e., the hybridisation-based RFLP, the PCR-based
RAPD and ISSR, SSR, and biochemical markers, i.e., isozyme, have a low polymorphic
ability, which could be related to the decreased polymorphism in structural genes in the
chickpea genome [194].
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In some of the previous studies, the RAPD markers were utilised to detect genetic
relationships amongst Cicer species [195]. The non-reproducibility nature of this dominant
character is the main reason of the limited applicability of it [196]. However, the sequence
characterised the amplified region (SCAR) markers developed with the use of RAPD
markers, which are more suitable for the detection of the desired gene in crops, including
the chickpea [197]. Amplification fragment length polymorphisms (AFLPs) were also
reported to be uncommon in Cicer arietinum [198]. However, the availability of some
reports on use of these markers in chickpea for diversity analysis [199] and the screening of
abiotic as well as biotic resistant genotypes [200] proved their importance.

Microsatellite and STMS (sequence-tagged microsatellite site) markers are numerous,
scattered throughout the genome, and highly polymorphic [198]. STMS raises the likelihood
of finding polymorphism by a factor of ten. As a result, any genetic enhancement initiative
should begin with a study of genetic variability. These markers become an important part
of molecular breeding in the chickpea [201].

More than 3000 microsatellites [202,203], 15,000 DArT arrays [204,205], and SNPs [206]
markers have been developed in the last few years in the chickpea. Because of a few
of the specific characteristics, including co-dominance, abundance, repeatability, higher
polymorphism and large genome coverage, SSR markers have proven their efficiency in
the field of molecular breeding [207]. Subsequently, the data obtained after the use of SSR
markers for molecular characterization or fingerprinting can be used to determine the
genotypic identity of an individual. The applications of ISSR markers for the genotypic
identification of chickpea genotypes in association with the seed germination and flowering
time reported recently by Yadav et al. [208]. In this sequence, SNPs/InDels were also used
recently for the gene identification and analysis in chickpea [209]. Basu et al. [210] identified
SNPs linked with seed yield and Rajkumar et al. [211] identified SNPs linked with seed
size and seed weight in the chickpea.

7. QTLs and Their Relevance with Drought Tolerance in Chickpea

A crucial requirement for identifying and integrating genes in linkage maps for marker–
aided selection (MAS) is the knowledge of the agronomic trait inheritance [212]. The
marker-assisted selection [54] and mapping of QTL (Quantitative Trait Loci) have been
proposed to improve chickpea productivity [213]. Linkage map construction [214] and
attribute mapping [215] were both conducted with available markers in the chickpea. Many
research groups have focused their studies on abiotic stresses [216,217]. After completion
of the sequencing of the desi and kabuli chickpea genomes [218], a genome-wide physical
map was also generated. Furthermore, QTL studies have also been carried out in the
chickpea (Table 3) to better understand the genetics of drought tolerance [217,219] and salt
tolerance [220]. Varshney et al. [221] identified ‘QTL-hotspot’ regions that contain QTLs
for a number of drought-related characteristics in the chickpea. They also reported the
linkage between QTL hotspots and SSR markers. In the marker-assisted selection, the
chickpea genotype ICC-4958 is used as a control for root studies under drought condition
due to the large root character. This character makes this genotype suitable to use as a
parent for transferring drought tolerance QTL-hotspot regions into the desired genotype.
Recently, Muriuki et al. [222] also evaluated the root traits of some chickpea genotypes
under drought stress and found that some of the desi genotypes (ICC4958, ICCV 00108,
ICCV 92944 and ICCV 92318) performed fine.
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Table 3. List of QTLs identified for drought tolerance in chickpea.

Mapping
Approach

Numbers of
QTLs

Markers Used Statistical Method Used References

Biparental 15 QTLs SSR [151]

Biparental 93 QTLs SSR
Composite interval
mapping-epistatic
mapping (ICIM-EPI)

[213]

Biparental and backcross QTL-hotspot SSR, AFLP [13]

Biparental QTL-hotspot SSR Composite interval
Mapping [214]

GWAS 312 significant
model MTAs

DArT,
SNP Mixed linear [58]

Biparental 164 main-effect
QTLs

SNP,
CAPS

Composite interval
mapping [215]

Biparental QTL-hotspot_
a(15genes) SNP ICIM-ADD mapping

method [216]

Biparental 3 candidates
Genes SNP [217]

Biparental 12 QTLs SNP [218]

Biparental 21 QTLs SNP Composite interval
mapping [223]

GWAS Several MTAs SNP [224,225]

The advanced genomics involves a genome-wide association study (GWAS) that
helps researchers in the screening of a wide range of genotypes [226,227] with different
phenotypic or agronomic characters, and it also helps in the identification of the variability
present among them. GWAS also helps in the identification of the association between
the marker and a specific trait of interest [28,228]. The majority of these connotation
investigations used either GWAS or candidate gene sequencing. Recently, the GWAS-based
association mapping for the drought tolerance in the chickpea and for salinity tolerance
have been performed. Apart from these, other examples of the association mapping in the
chickpea are also available, i.e., for iron and zinc concentration in seeds [229] and Fusarium
wilt resistance [230,231].

In some of the earlier studies, a combined analysis of the GWAS and sequencing
of candidate gene [223] has been found to be more suitable in crop improvement. The
GWAS study on two sets of chickpea genotypes with a different degree of their response
in drought conditions helped in the discrimination of these genotypes on the basis of the
single nucleotide polymorphisms generated.

Scientific efforts made on the improvement of the chickpea crop made it possible to
generate not only a bi-parental plant population but also multi-parent populations [224].
The need of a multi-parental population was due to issues such as narrow genetic vari-
ability and limited efficiency of the bi-parental population [225] during the multiple trait
analysis [232]. Multi-parent advanced generation inter-cross (MAGIC) populations for
the chickpea are being established [233] to create diverse patterns of recombination [234].
The purpose of creating multi-parent populations is to advance the precision of QTL map-
ping [235] and discover specific loci regulating to the trait of interest [236]. ICRISAT and
ICARDA played a major role in the development of a few MAGIC populations in the
chickpea. One example of the MAGIC population developed at ICRISAT is the results of
crossing eight varieties and advance breeding lines (ICC 4958, ICCV 10, JAKI 9218, JG 11,
JG 130, JG 16, ICCV 97105, and ICCV 00108) with eight different founder parents [6,237].
Similar to this one, the MAGIC population developed at ICARDA was the result of cross-
ing 12 different parents [238]. These plant populations accelerate the detection, isolation,
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and transfer of critical candidate genes to help in the development of chickpea varieties
with superior agronomic traits [237]. One more approach (target-induced local lesions in
genome -TILLING) [239] was adopted in the validation of the drought responsive gene
in chickpea [58]. The selection and further use of agronomically superior genotypes of
chickpea for the development of new varieties are the basic objectives of breeders involved
in the chickpea crop improvement [240].

8. Attempts to Develop Drought Tolerant Varieties

One of the drought tolerant high yielding Ethiopian chickpea varieties,‘Geletu’, was
developed and released in the year 2019 through the marker-assisted back-crossing after
multi-location trials. During the development of this variety, the‘QTL-hotspot’ linked to
drought tolerance was introgressed into an Indian chickpea cultivar JG11 from ICC4958
(gldc.cgiar.org). Recurrent selection is a crucial breeding technique used to increase crop
plant populations. It is a productive method used in plant breeding to enhance the quantita-
tive traits through repeated crossing and selection. Among the genomics-assisted selection
methods, the marker-assisted back crossing has been found better for the introgression of
the targeted region of the genome into a desired genotype. Consequently, the introgression
of the ‘QTL hotspot’ region for the development of the drought-tolerant chickpea through
molecular breeding has been found effective. Similar to this, numerous drought tolerance
characters were introgressed into three elite Indian chickpea varieties: Pusa 372, Pusa 362,
and DCP 92-3from ICC 4958. Recently, drought tolerant root traits have been introgressed
into Kenyan chickpea varieties using the marker-assisted backcrossing approach [241].

Initially, the Pusa 372, chickpea variety was released as a drought tolerant variety
for cultivation in the central, north-east, and north-west plains zones. However, under
drought conditions, this variety’s output has decreased in recent years. To enhance drought
tolerance in this variety, the MABC approach was adopted to introgress the ‘QTL-hotspot’
region from ICC 4958 into ‘Pusa 372′. Recently, the Pusa 372 was released with improved
drought tolerance under the name ‘Pusa 10216′. This improved chickpea variety is the
example of the first enhanced drought tolerant chickpea variety developed through the
MABC approach. ICRISAT in collaboration with other research institutes in India is in the
process of the development and release of drought tolerant chickpea varieties, i.e., IPC
L4-14 and BGM 4005.Both of these varieties were developed by transferring a ‘QTL-hotspot’
from ICC4958 into DCP92-3 and Pusa362, respectively (https://www.icrisat.org/new-
climate-resilient-disease-resistant-chickpea-varieties-coming-farmers-way/, accessed on
20 October 2022).

9. Whole-Genome Re-Sequencing

Whole-genome sequencing is the most thorough NGS technology [242], allowing
for the complete genome sequencing and identification of variations in both exonic and
non-coding areas, as well as the structural variant detection. Due to a paucity of genetic
knowledge, the chickpea was formerly referred to as an orphan crop well adopted to
suboptimal growing environments [243] However, researchers published the first draft
genomes of the desi and kabuli chickpeas in 2013. The chickpea genome sequencing was
based on advances in high-throughput sequencing and next-generation approaches. The
BAC end genetic map and DArT markers were used to offer information on SSR and SNP
molecular markers [244]. Both the kabuli and desi chickpea genomes have been updated,
as well as a comparative examination of the two varieties. The QTLs associated to drought
tolerance were reported by Jaganathan et al. [243]. The drought-responsive genomic areas
were identified and employed in breeding approaches such as the marker-assisted gene
interrogation and genetic gain to improve production in harsh climatic circumstances.

After publication of the draft genome sequence of the chickpea, the sequencing-based
technique for the improvement of this crop has open multiple windows [244]. Furthermore,
re-sequencing of a large number of chickpea assents collected from 45 nations enabled
the identification of various candidate genes with their associations to a large number of
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agronomical characters [245]. The results of these experiments revealed the origin and
migration routes of chickpea in the world. Re-sequencing data helped in the identification
of 50,590 SNPs, and this data was used to develop the ‘Axiom®CicerSNP Array’ [246].
This SNP platform is being employed in the character mapping and identification of QTLs.
Recently, Rajkumar et al. [247] reported the re-sequencing of large and small seed chickpea
genotypes and 266 SNPs associated with seed size and seed weight. The findings of the
study may help in the selection and categorization of chickpea genotypes on the basis of
the size and weight of their seeds.

Next generation sequencing technology [248] has made possible the development of
new markers for the improvement of the chickpea [249]. One of the important concepts,
‘The 3000 Chickpea Genome Sequencing Initiative’ [250], is an important step in the field
of chickpea improvement. This initiative is helpful in the identification of variations in
genomic sequences (rare alleles, markers) and their role in the determination of various
agronomic characteristics, including yield and resistance/tolerance, against biotic and
abiotic stresses. A thorough map of variation in 3171 farmed and 195 wild accessions
was recently published in a project to give publicly accessible tools for chickpea genomics
research and breeding [250]. This study also demonstrated the variations among the
cultivated and wild progenitors of chickpea.

10. Pangenome and Super-Pangenome

The availability of the whole genome sequences of multiple individuals makes it feasi-
ble to compare them for the identification of diversity among them [251]. This approach
may be termed as a comparative genomics [252] analysis, which allows for the identi-
fication of bio-markers linked with taxonomic as well as morphological and functional
characteristics [253]. In this sequence, the pangenome concept was arisen, which allows for
the accurate and efficient comparison of the genomes of a wide range of individuals [254].
A recently proposed revolutionary approach known as super-pangenome, allows the con-
struction of the pangenomes of many species within a specified genus [255]. These concepts
facilitate the identification of novel variations among individuals from different sources.
These advanced technologies have their importance in crop breeding due to their accuracy
and efficiency. The construction of pangenomes has their advantages in the identification
of signature genomic areas relevant to crop domestication and evolution. Chickpea lan-
draces and varieties have been sequenced to build the pangenome. These pangenome
may be coupled with phenotypic traits and alleles associated with various characteristics
and may also help in the identification of abiotic stress tolerance [256]. Pangenomes also
provide a platform for the accurate identification of target genes for genome editing using
CRISPR-clustered, regularly interspaced, short palindromic repeat technology [257].

11. Omics Approaches

Complex genetic traits, including drought tolerance, need advanced tools for their
dissection, along with crop improvement [258]. Multiple omics approaches have revolution-
ized the identification of genes [259] as well as the metabolic database [260].Investigations
have been carried out on transcriptomic analysis with the applications of the NGS technol-
ogy in chickpea [261]. Multiple examples on transcriptomics’ evaluation in the chickpea are
available as developing seeds [262], development and function [263], tissue specificity [264],
and salinity tolerance [265] as well as root transcriptomics for drought tolerance. About
20,162 ESTs in the chickpea under salt and drought stress circumstances have been reported
(Table 4). Recently, Kaashyap et al. [266] performed a comparative flower transcriptomic
analysis to analyse the reproductive success under the salinity stress in the chickpea.
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Table 4. Advanced technologies adopted to identify drought responsive differentially expressed
genes/ESTs in chickpea.

Differentially Expressed Genes/ESTs Technique/Platform Used References

1562 genes, 2592 genes Illumina HiSeq 3000 [267]

1624 differentially expressed genes Illumina platform [103]

20,162 ESTs - [266]

53 ESTs cDNA library [268]

3062 unigenes Suppression subtraction hybridization [258]

44,639 differentially expressed sequences Roche/454 and Illumina/Solexa [269,270]

7532 unitags and 880 unitags SuperSAGE [267]

4053 and 1330 Illumina HiSeq 2000 platform [271,272]

261 (shoot) and 169 (root) Illumina TrueSeq RNA [273]

15,947 differentially expressed genes Illumina HiSeq 2000 [274]

The RNA-Seq technique has also been used to analyse differential regulation of genes
under drought stress in the chickpea [112]. Kumar et al. [113] analysed the gene expres-
sion of polyethylene glycol-stimulated drought stress in the chickpea, and thousands of
differentially expressed genes (DEGs) were identified. Earlier, DEGs were detected in the
kabuli chickpea under drought conditions [275]. Using RNA-Seq technique, it was used
for the development of an inclusive C. arietinum Gene Expression Atlas (CaGEA) based on
a drought tolerant ICC 4958 cultivar [269]. The findings of this study also validated the
‘QTL hotspot’ for drought tolerance in the chickpea.

The regulation of metabolic activities plays a major role in maintaining the osmotic
potential of the cell under drought stress [276]. With the applications of the metabolomics
method, many important metabolites were identified with a different regulation pattern
during a drought [277] as well as in the salinity [278] in the chickpea. Similar to this, in
an earlier investigation conducted on Arabidopsis thaliana, various genes were identified
with their similar contributions under both salinity and drought stresses. The production
of similar metabolites under both abiotic stresses indicates a common tolerance mechanism
for drought as well as in the salinity in plants.

The proteomics’ analysis has also been performed in the chickpea for the identification
of changes at a protein level under abiotic stresses. Earlier, a comparative proteomics
analysis was conducted on one chickpea cultivar (JG-62), and novel dehydration-responsive
proteins were detected [279]. In this sequence, Jaiswal et al. [280] reported the role of
Sad1/UNC-84 in dehydration signalling. Recently, Vessal et al. [281] analysed the proteomic
responses of drought sensitive and tolerant chickpea cultivars and identified changes in
terms of the requirement of relative leaf water content for tolerant and susceptible cultivars.
Drought responsive root proteins were also analysed recently by Gupta et al. [282].

Phenomics is an emerging tool in plant research, and is used to describe the use
of genomics in phenotyping [283]. Phenomics studies for different phenotypic traits as
well as seed yield have been conducted for the drought tolerance in chickpea [32]. The
drought tolerance in chickpea is determined through phenotyping, and for this purpose,
high-throughput screening technologies [32,44,284] have been adopted.

12. Role of Candidate Genes

A contender or candidate gene is thought to be linked to a specific disease or pheno-
typic character [285], and the biological function(s) of that has been derived either directly
or indirectly from other investigations, including, for instance, the genome-wide association
studies [286], the traditional map-based positional cloning technique, and the more recent
next-generation sequencing (NGS) method [287]. Candidate gene studies are low-cost and
rapid to conduct, and they focus on finding genes that have already been linked to the
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disease and hence have a prior knowledge of gene function [288]. Few of the important
candidate genes detected in chickpea for the abiotic stress tolerance are Snf-1-related ki-
nase (AKIN), DREB2A, dehydrin (DHN), CAP2, and Myb transcription factor (MYB) [289],
Table 5. Despite the fact that multiple genes have been linked to drought resistance, the
association study based on candidate gene sequencing has received little attention.

Table 5. List of various genes/transcription factors and their roles in response to drought and other
abiotic stresses in chickpea.

S.No. Gene/Transcription Factor Function References

1 DREB Dehydration responsive element binding proteins [290]

2 Dehydrin (DHN) Response to water stress [291,292]

3 STPK Drought stress [293]

4 CAD Response to abiotic stress [294]

5 AMADH Wound healing, abiotic stress responsive [295,296]

6 TCS Abiotic stresses tolerance [297]

7 EREBP Ethylene responsive [298]

8 LEA Gene Response to water stress [299]

9 AKIN Positive regulator of drought tolerance [300]

10 Myb transcription factor Stress [301]

11 ASR Abscisic acid stress and ripening gene [302]

12 SuSy Sucrose synthase [303]

13 CAP2 Promoter of DREB2A [297]

14 ERECTA Transpiration efficiency regulator [298]

15 SPS Sucrose phosphate synthase [300]

16 CAMTA Salinity and drought tolerance [304]

17 CarNAC4 Salt and Drought tolerance [305]

18 CaNAC Drought tolerance [306]

19 CarERF Drought stress [109]

20 CaSWEET Abiotic stress tolerance [307]

13. Transcription Factors and Their Role in Drought Tolerance in Chickpea

Transcription factors induce the cis-elements in the promoter provinces of different
stress-responsive genes to accelerate the countenance of various downstream genes, which
have their part in the stress tolerance [308] of plants. According to Riechmann et al. [309],
nearly 1500 transcription factors have been reported in the Arabidopsis thaliana genome,
which have their part in stress-responsive gene expression.

14. Dehydration Responsive Element Binding Proteins (DREBs)

DREBs (dehydration responsive element binding proteins) are key plant transcription
factors [12]. They are responsible for the regulation of many stresses’ responsive genes.
One of the transcription factors, AtDREB1a, was identified from Arabidopsis thaliana [310],
with its role under abiotic stress. Recently, Das et al. [290] reported a better performance of
AtDREB1a transgenic chickpea lines under water stress conditions.

15. Dehydrin (DHN)

Dehydrin (DHN) are stress-responsive proteins that are found when the temperature is
low or when the body is dehydrated [311]. Protein dehydrin protects the embryo and seed
tissues under water scarcity [312]. A better performance of transgenic plants overexpressing
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DHN than wild-type plants [313] have been identified. The role of the DHN gene in the
Pusa1103 and Pusa362 genotypes of the chickpea has been found to be linked with the
drought tolerance. Furthermore, in comparison to other genotypes, these genotypes were
recognised as drought tolerant due to their better response [291].

16. Serine/Threonine Protein Kinase (STPK) Gene

Serine/threonine protein kinase (STPK), tyrosine protein kinase (TPK), and histidine
protein kinase (HPK) are the three types of eukaryotic protein kinases [314]. In Arabidopsis,
chickpea, and rice, the STPK family gene AtSnRK2.8 is reported with an enhanced degree
of drought tolerance [293].

17. Cinnamyl Alcohol Dehydrogenase (CAD)

CAD is thought to be important in plant defence against a variety of biotic and abiotic
stressors. When employing primers developed for the contig exhibiting match with the
CAD gene of Arabidopsis thaliana, a homologue form of this gene was recovered from eight
chickpea genotypes [294].

18. Ethylene-Responsive Element Binding Protein (EREBP) Gene

Ethylene-responsive element binding factors (ERFs) are a new type of transcription
factor that are only found in plants. The ERF domain, a highly conserved DNA binding
domain, is the protein family’s distinguishing trait. Primers for the chickpea were con-
structed using a contig sequence that was found to be identical to the Arabidopsis thaliana
ethylene-responsive transcription factor. The amplification of eight chickpea genotypes
yielded amplicons of around 400 bp. In plants, the AP2/EREBP genes have a variety of
roles in developmental processes and stress responses [315].

19. Amino-Aldehyde Dehydrogenase (AMADH)

In some crops, an AMADH gene has been reported with its association to osmotic
stress tolerance [316] by detoxifying hazardous aminoaldehydes; this gene has a function
in physiological as well as metabolic responses under abiotic stresses [295]. On the basis of
functional characterisation of the AMADH gene in Arabidopsis [317], the role of this gene
should be examined in the chickpea.

20. ERECTA Gene

The ERECTA gene has a part in leaf organogenesis, lowering the density of the stomata
on the leaf underside and thereby lowering evapotranspiration. It can also control the tran-
spiration by the alteration of the leaf epidermal cell expansion, proliferation of mesophyll
cells, and cell–cell interactions. The ERECTA gene has been demonstrated to regulate the
growth and development of the organ and flower in Arabidopsis via encouraging cell prolif-
eration [318]. Complementation tests on the wilting mutant Arabidopsis plants confirmed
the involvement of the ERECTA gene to the water usage competence [319]. Pioneer Hi-Bred
International, Inc. has patented the ZmERECTA genes from maize, which were implicated
in the drought tolerance in crop plants.

21. Late-Embryogenesis Abundant (LEA) Proteins

The attainment of dehydration tolerance and the behaviour of plants to drought
have been linked to late-embryogenesis abundant (LEA) proteins. Increased LEA and
Dehydrin expression in genotypes during the vegetative, flowering, and podding stages
could represent an adaptation to assist the plant survival by supplying the energy for
growth and survival [29]. Leaf age inhibited arLEA4 expression, which changed during
seed and pod development, including during germination. Drought, salt, heat, cold, ABA,
IAA, GA3, and MeJA all significantly increased the CarLEA4 expression. CarLEA4 is a LEA
assembly 4 protein that may participate in a variety of plant developmental processes as
well as abiotic stress responses [299].
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22. Myeloblastosis (MYB) Gene

Plants have a big transcription factor (TF) family, called the myeloblastosis (MYB)
gene [320]. It plays a role in the secondary metabolism regulation, hormonal and climatic
condition response, cell differentiation, and resistance to drought and other abiotic stimuli.
Under drought stress, arrays of MYB-transcription factors are involved in the generation
of epicuticular waxes [321]. These waxes seal the plant’s aerial component and reduce
water loss through the leaf surfaces [322]. In an experiment, the root tissue of ICC 4958
(drought tolerant), ICC 1882 (drought sensitive), JG 11 (elite), and JG 11+ (introgression line)
were employed to recognize the role of the 1R-MYB gene in the machinery of the drought
tolerance in the chickpea. The findings of this experiment were suggested to conduct more
experiments on this aspect in the chickpea. Recently, Caballo et al. [301] observed that
CaRAX1/2a codes a MYB transcription factor that is exactly articulated in the meristem
of chickpea. These results disclosed that the single flower gene (SFL) encodes for MYB,
which works as a central factor responsible for the regulation of the numbers of flowers in
chickpea inflorescence.

23. S-Adenosylmethionine Synthetase Gene

S-adenosylmethionine (SAM) is a precursor in the production of polyamines and
ethylene [323]. In plants, the action of 1- aminocyclopropane-1-carboxylate (ACC) synthase
and ACO (ACC oxidase) is responsible for ethylene biosynthesis, while the activity of SAM
decarboxylase is responsible for spermidine and spermine production. The exogenous
polyamine administration or overexpression of polyamine production genes has been
demonstrated to improve abiotic stress tolerance. Primers were developed using a contig
sequence that was comparable to the S-adenosylmethionine synthetase 1 (SAM1) gene
of Arabidopsis thaliana for the isolation of the S-adenosylmethionine synthetase 1 gene
homologue in the chickpea. The PCR amplification revealed amplicons of roughly 300 bp
in eight chickpea genotypes [324].

Expression of SAM gene in pigeon pea (Cajanus cajan L.) was evaluated under drought,
heavy metal (CdCl2), and cold stresses. The enhanced up-regulation of SAM gene in the
leaves were recorded after three days [325].

24. Abscisic Acid Stress and Ripening Gene

Among many other genes, the abscisic acid stress and ripening (ASR) gene plays a
critical role in controlling various plant stresses. The ASR gene has been reported in plants,
and is induced by abscisic acid and different abiotic stresses during the process of fruit
ripening [268]. Reports on ASR genes with their responses in different plant species under
drought, salt, and cold stresses [326] confirm their role. Transgenic Arabidopsis demon-
strated the over-expression of the ASR gene in response to drought and salt stresses [302].
Genotypes of rice also presented the association of the ASR gene expression [327]. Similarly,
Cortés et al. [328] reported the potential significance of the ASR1 gene in the common bean.
In a recent study conducted on the chickpea under drought stress, increased ASR gene
expression was observed. The increased expression may have helped the drought-tolerant
chickpea genotypes function better under stress. This hypothetical ASR protein could have
boosted the activity of the ASR gene as a transcription factor mediating drought responses
in chickpeas.

25. ABRE-Binding Protein (AREB)

Various genes that are activated by abscisic acid (ABA) have been discovered to
be drought stress-inducible. Such ABA-regulated genes have conserved cis-elements in
their promoter regions known as ABA responsive elements (ABREs), which use bZIP-type
AREB/ABF transcription factors to regulate the gene expression. ABA and water stress
upregulate the expression of the AREB/ABF gene. Expression of AREB gene under drought
stress has been reported by Yoshida et al. [329] in Arabidopsis thanliana.
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26. Sucrose Synthase (SuSy) Gene

Sucrose synthase (SuSy) is a crucial enzyme that hydrolyzes sucrose directly to
provide substrates for plant metabolism. It is also used as a bio-marker for plant sink
strength [330]. Plant sink strength improvement could contribute to increased plant growth
and yield [331]). In an experiment, cultivars and treatments had a strong and positive
association between the seed dry weight at maturity and peak sucrose synthase movement.
Sucrose synthase is a decent physiological indication to employ in chickpea breeding for
larger seeds.

Sucrose synthase activity has a major role in chickpea seed growth. The supremacy of
the sink, as measured by the sucrose synthase movement most of the time, hinges upon
genetic features of a genotype along with the accessibility of water obtainable at seed
filling [332]. In both the large-seeded kabuli and the small-seeded desi varieties, the water
shortage reduced the enzyme action and seed size, but the higher enzyme action in the large-
seeded kabuli, pre-dominantly at the late seed filling stage, seemed to persuade a better
remobilization of the integrates from the pod wall and seed coat. The cotyledons’ greater
sucrose synthase action is taken into account. The strong association between sucrose
synthase activity during rapid seed filling and final seed dry weight accumulation, and
therefore seed size, advises that the sink strength is an important element of the seed size
in chickpea. The tight link between the sucrose synthase activity during rapid seed filling
and final seed dry weight build up, and thus seed size, implies that the sink strength is a
key factor in the chickpea seed growth. Higher cotyledon sucrose synthase activity is vital
in breeding for better seed size in chickpeas, regardless of the growth environment [303].

27. CAP2 Gene

The AP2 subgroup of proteins has two copies of the DNA-binding domain (BD),
detached by an insertion province [333]. CAP2 is a C-Repeat binding factor (CBF) that mud-
dles to the DRE/CRT (dehydration responsive element/C-repeat element)(CCGAC) found
in the promoters of abiotic-stress responsive genes. Dehydration, excessive salinity, and
exogenous ABA treatment all enhanced CAP2 gene expression. The incidence of roughly
60-amino-acid long AP2/ERF DNA-binding realms in these transcription regulators allows
them to connect directly with GC-rich cis-acting elements (GCC box/C-repeat) in the pro-
moter of their target genes. Ectopic expression of CAP2 in tobacco resulted in increased
drought, salinity, and heat tolerance, as well as improved transgenic plant growth [334].
The enhanced accumulation of the CaZF transcript was caused by the transient expression
of CAP2 in chickpea leaves. CAP2 activates the CaZF promoter through interacting with
C-repeat elements (CRTs) in CaZF promoter, according to the gel mobility shift and tran-
sient promoter-reporter tests. The CAP2 protein interacts with the CaZF promoter in vivo,
according to a chromatin immunoprecipitation (ChIP) test [335].

28. Sucrose Phosphate Synthase (SPS) Gene

The sucrose phosphate synthase (SPS) gene has an important function in the sucrose
production in different plant species. It regulates sucrose metabolism in drought sensitive
and tolerant genotypes [300]. Sucrose biosynthesis and sucrose degradation determines
the level of sucrose in a genotype, and an optimum level of it is important for growth and
development under environmental stress in plants [336]. Some reports are available on the
unchanged or decreased level of the SPS activity in maize, potato, soybean, and some other
crops, however, some reports advocate the increment in the SPS activity in rice, wheat
crops, and Arabidopsis [336]. The significance of the SPS gene has been studied in chickpea
under a low temperature by Sharma et al. [300].

29. Genome Editing Options

The genome editing approach, specially CRISPR-Cas9, has proved their efficiency in
the development of climate resilient cultivars of different crops [337]. Two genes, namely
RVE7 and 4CL, have been identified in the chickpea and their association with drought
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tolerance.The CRISPR/Cas9-mediated editing of the chickpea protoplast was reported for
the first time by Badhan et al. [338], where they reported knock-outs of 4CL andRVE7 genes,
which are associated with drought tolerance mechanisms. This report laid down a founda-
tion for future genome editing options in the chickpea [339]. Genome editing approaches
with the applications of CRISPR-Cas9 (Figure 2) may be helpful in the development of
abiotic stress tolerance in chickpea genotypes including drought.

Figure 2. Diagrammatic representation of scopes of CRISPR/Cas9 applications and possibilities in
chickpea improvement.

30. Conclusions

As previously stated, the changes in the plant shape and internal biochemical char-
acteristics during drought stress have been extensively characterised in previous studies.
Plant drought stress techniques can help us better use scientific means to improve plant
tolerance to water shortage environments and increase crop yields, allowing us to play a
larger role. As a result, by thoroughly examining and summarising the mechanisms of the
chickpea plant response to drought, this study provides essential background knowledge
and theoretical framework for selective breeding, cross breeding, and molecular breeding of
the chickpea in the future. Drought tolerant land races/germplasm lines may be employed
in classical as well as molecular breeding programmes to breed drought tolerant cultivars
in future by using the available scientific data.
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Abstract: Agriculture in southern Algeria faces several challenges that hinder its development,
including drought, high temperatures and the excessive salinity of soil and groundwater. The
introduction of crops resistant to these factors is one of the solutions chosen to address these abiotic
constraints. This research aimed to evaluate the behavior of quinoa (Chenopodium Quinoa Willd.)
grown in the Ouargla region of southeastern Algeria. Five varieties of quinoa (Santa maria, Giza1,
Amarilla Sacaca, Blanca de Junin and Kancolla) were tested at two sites that differed in terms of soil
salinity (9.95 mS/cm and 0.85 mS/cm) during 2019 and 2020. A complete random block experimental
design with four repetitions was used for the agronomic tests. Our results clearly show that higher
grain yields were obtained at the high salinity site (site 1) compared to the low salinity site (site 2).
However, plant height, grain yield per plant and harvest index differed between varieties and sites.
In contrast, stem diameter was not greatly affected by salinity. The varieties that seem to be best
adapted to the growing conditions of the Ouargla region are, in descending order: Santa Maria,
Giza1, Amarilla Sacaca and Blanca de Junin. When testing quinoa in new environments, it is critical to
adapt the cropping cycle of varieties to avoid very high temperatures. The choice to switch to winter
cultivation instead of spring cultivation can be an essential criterion for success. The biogeographical
approach conducted in this research opens up new perspectives for the adaptation and cultivation of
quinoa outside its region of origin to satisfy the food security of the people of North Africa.

Keywords: adaptation; Chenopodium quinoa Willd.; genotypes; salinity; Sahara; Algeria

1. Introduction

Chenopodium quinoa Willd., a plant native to the Andean highlands, was first domesti-
cated around Lake Titicaca, which lies at an altitude of 3800 m along the Peruvian-Bolivian
border [1]. The domestication of quinoa began about 7000 years ago [2], and the process is
considered to be ongoing today as the crop continues to be adapted to new environments.
For centuries, quinoa was a staple food for the people of the Andes [3–5]. Today, its use is
mainly based on human consumption of the grains, such as with cereals.

Quinoa is an optional halophyte plant [6]. A dicotyledonous herbaceous belonging
to the Amaranthaceae, the fruit is a tiny achene whose seed color varies between white,
yellow, purple and black [7]. Quinoa is one of the most nutritious food crops currently
known in the world. The seeds contain high-quality proteins, as they possess all nine
essential amino acids, including lysine, methionine and threonine, which are rare and often
a limiting factor in cereals and legumes [8,9].

Worldwide, there are over 6000 accessions of quinoa grown by farmers [10]. The
genetic diversity of the quinoa species can be classified into five major ecotypes [11]
(highlands, inter-Andean valley, salares (salt lakes), yungas (subtropical forests) and coastal
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lowlands) according to their adaptation to the specific agro-ecological conditions of the main
production areas [2,12,13]. The high genetic diversity of the species offers opportunities
to take advantage of its hardiness and promote its wide adaptation [14]. The needs of the
crop vary considerably depending on the local variety or cultivar [15].

The hardiness of the species allows quinoa to thrive in a wide range of climatic
conditions, including desert-like, hot, dry, cold and temperate and rainy, and hot with high
humidity [1,16–18]. Several scientific studies have confirmed that thanks to physiological
mechanisms, quinoa can tolerate very dry conditions and drought [19].

The ideal average temperature for quinoa development and growth is around 15 ◦C to
20 ◦C, but some varieties can also withstand extreme temperatures of −8 ◦C to +38 ◦C [20].

Periods of temperature sensitivity have been recorded, mainly when seed germination
occurs at cold temperatures (frost) and when flowering occurs at high temperatures [21,22].
There are varieties adapted to short days or long days, and there are others insensitive to
photoperiod [23,24]. Depending on the photoperiod sensitivity of each variety, the duration
of growth can be modified according to the length of days and temperatures [25,26].
Photoperiod sensitivity is a key factor in the adaptation of this crop to new latitudes [24],
and should be considered along with the analysis of the distribution of daily temperatures
during the crop development cycle.

Quinoa has exceptional nutritional properties, with a high protein content compared
to cereals, combined with a good balance and sufficient content of all essential amino
acids [27–30]. Quinoa thus represents an opportunity for farmers exposed to an increasingly
drier climate [31]. It is also one solution for the rehabilitation of salt-affected land, as quinoa
is considered one of the most promising food crops for sustainable agriculture in regions
affected by soil and water salinization [32]. This is why its status as a facultative halophyte
makes it an alternative cash crop for land and water unsuitable for conventional crops in
arid and semi-arid regions [33,34]. Quinoa has the ability to grow and complete its life
cycle under high salinity levels that are almost similar to those found in seawater [35–37].

Quinoa is a viable alternative in areas limited by climate change and soil salinization.
These constraints affect the conditions under which crops can grow and influence the
nutritional quality of the grains. Soil and water salinity is ubiquitous, with about one
billion hectares affected worldwide in 2021 [38]. Against this backdrop, quinoa appears
to be a hardy crop with interesting agronomic and physiological traits. It can grow under
different stress conditions such as soil salinity and acidity, and can under certain conditions
tolerate episodes of drought and frost [1,39]. This ability of quinoa to grow under extreme
stress conditions has encouraged researchers to take it out of the Andes and attempt
to adapt it to other parts of the world [20]. Today, various studies are investigating its
adaptation in Europe [40], but also and above all in marginal arid and semi-arid zones [41].

Given that the Earth’s population will reach nine billion within the next few decades,
global food security is becoming an increasingly urgent concern. Today, 870 million people
already suffer from hunger in underdeveloped countries [7], and two billion people are
estimated to be undernourished [42].

Faced with these challenges, the hardiness of quinoa, linked to the species’ very
high genetic diversity, and it’s incredible nutritional richness mean that it is increasingly
appreciated by producers and researchers. Today the plant is cultivated or under testing in
over 125 countries [43] and its cultivation continues to develop rapidly [41,44–46].

The spatial and temporal expansion of quinoa around the world went through several
stages [47] over time. During phase 1 (before the 1900s), quinoa was limited to the Andean
countries (Colombia, Ecuador, Peru, Bolivia, Argentina and Chile). It was considered a
local food crop and a staple food for Andean populations [46,48,49]. In phase 2 (between
1901 and 1969), quinoa was imported into Africa as an experiment. The first known trial
outside the Andes took place in 1935 in Kenya, and other trials on quinoa’s response
to nutrient deficiencies and tolerance to abiotic stresses (salinity and temperature) were
conducted between 1950 and 1968 [47,50]. In phase 3 (between 1970 and 1989), quinoa
was introduced into northern continents, North America (Colorado (USA) [50,51]), Europe
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(England, Denmark and the Netherlands [1,50,52]), and Asia (India and China [46,50,53]).
During this period, quinoa was also tested in Brazil and Cuba [20,50]. At the end of the
1980s, quinoa was present in 11 countries outside the Andes. During phase 4 (between
1990 and 2012), quinoa spread to 30 new countries, propelled by the project “American
and European Test of Quinoa” between 1996 and 1998 [1,47], which gave birth to the first
variety (Atlas) and cultivars (Carmen) in Europe [1,46]. In 2012, quinoa appeared in a few
countries in the Mediterranean region [47,50]. In phase 5 (between 2013 and 2018), following
the declaration of the International Year of Quinoa in 2013, it was tested in 76 countries:
31 in Africa, 24 in Asia, and 15 in Europe [46]. An FAO regional project entitled “Technical
Assistance for Strengthening the Food System Associated with Quinoa”, was also launched
in 2013–2015, implementing the distribution of quinoa accessions among national research
institutions in eight countries of North Africa and the Middle East (Algeria, Egypt, Iraq,
Iran, Lebanon, Mauritania, Sudan and Yemen) [41] to evaluate these genotypes under
semi-arid and arid conditions.

Algeria is one of the countries that has benefited from the expansion of quinoa thanks
to the scientific and technical expertise provided by the FAO to assess the behavior of
this crop when it was first introduced into the country in 2013–2014. During this first
experiment, eight trial sites were chosen to represent the different agro-ecological regions of
the country. These were Baïnem (Algiers), Setif, Tiaret, Relizane, Guelma, Biskra, El Oued
and Adrar. International cooperation under the aegis of FAO made it possible to evaluate
16 quinoa genotypes (Q21, Q12, Q29, Q18, Q26, Q22, Q27, Giza1, Giza2, Sajama, Santamaria,
Amarilla Marangani, Amarille Sacaca, Blanca de Junin, Kancolla and Salcedo Inea) under arid
and semi-arid conditions in order to characterize the phenological development of plants
and determine the yield components according to the selected varieties and sites. The
first trials were carried out in the autumn of 2014 at seven sites, namely Baïnem (Algiers),
Setif, Tiaret, Biskra, El Oued, Adrar and Relizane, and trials were conducted at the other
two sites, Guelma and Relizane, the following spring of 2015 (Figure 1). The yield of
these trials ranged from 0 to 2.62 t/ha. Despite the various experimental trials carried
out on these experimental stations, some with good agronomic results, the cultivation
of quinoa has remained at an elementary stage and has not yet met the conditions to be
generalized, or better known, across Algeria. New research is currently being carried out
on the morphological characterization of certain varieties of quinoa, as well as the effect
of saline stress on the physiological performance of these plants. This article presents the
first results of the most recent research conducted in Algeria in the arid region of Ouargla.
The primary objective of the introduction of quinoa in Algeria is to find alternative species
in order to continue to exploit marginal lands affected by salinity, drought and very high
temperatures. The aim is to determine whether quinoa is hardy enough to cope with the
current and future challenges of the Saharan agrosystem and withstand desert conditions
that continue to deteriorate.

To gain a better mastery of quinoa cultivation techniques in Algeria, multiple studies
in the different agro-ecological regions of the country are required. The present study was
conducted during 2019 and 2020 to assess the behavior of quinoa and its growth under
Saharan conditions.
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Figure 1. Location of the first quinoa cultivation trials in Algeria. Own elaboration adapted from a
personal communication from the Technical Institute for the Development of Saharan Agriculture (ITDAS).

2. Materials and Methods

2.1. General Presentation of Agriculture in Algeria

Algeria is the largest country in Africa—since the splitting of Sudan—with an area of
2,381,741 km2. Due to its vast surface area and distinctive geographical position, extending
from the shores of the Mediterranean to the Sahara, the country has a wide range of
climates. The northern part, which extends from the Mediterranean coast and includes the
Tell Atlas, has a Mediterranean climate, while the rest of the country has a predominantly
desert (Saharan) climate (Table 1). Between these two major climatic types, there are many
transitional climates in the space between the Tell Atlas and the Saharan Atlas mountain
chains, including a semi-arid climate, which corresponds to a Mediterranean climate with
a persistent drought over a large part of the year [54]. As a whole, and despite its northern
facade and 1200 km long Mediterranean coastline, Algeria is much more semi-arid and arid
than humid, with a dominant climate that is hot and dry for most of the year. The desert
part (Sahara) covers more than 89% of the country, or about 2 million km2, while the utilized
agricultural area (UAA) covers 8.5 million ha, representing about 19.7% of the country’s
surface, of which 15% is irrigated. The ratio of hectares per capita is also the lowest in the
Maghreb region; it is estimated at 0.19 ha/inhabitant, compared to 0.27 ha/inhabitant for
Morocco and 0.45 ha/inhabitant for Tunisia [55].

In Algeria, field crops, particularly cereals, occupy more than half of the UAA and are
mainly found in semi-arid areas, highlands and sub-humid areas (Figure 2). Arboriculture
occupies just over 10% of the UAA and is represented by olive, date palm and other fruit
trees. Vegetable crops cover about 5% of the UAA [56].
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Table 1. Table of bioclimatic zones in Algeria.

Bioclimatic Zones Annual Rainfall (mm) Percentage of Total Area (%)

Humid 900–1800 0.4

Sub-humid 600–900 1.42

Semi-arid 300–600 4.12

Arid 300–100 4.78

Saharan <100 89.5
Own elaboration adapted from the Commissariat for the development of agriculture in the Saharan regions (CDARS/Ministry
of Agriculture and Rural Development, 2017) [54].

Figure 2. Distribution of bioclimatic zones in Algeria according to Emberger’s Q2 measurement [54].
Own elaboration adapted from the Commissariat for the development of agriculture in the Sa-haran regions
(CDARS from the study on the improvement of livestock conditions in Saharan rangelands (CDARS/Ministry
of Agriculture and Rural Development, 2017).

The agriculture of the oases in the south is organized around gardens planted with
date palms, associated with market gardening and fruit trees, irrigated by traditional
techniques (submersion, seguia (Open-air water supply pipes for irrigation, usually made
of earth) and foggaras (Underground pipe (draining gallery), to bring water from upstream
to downstream, for agricultural and other needs, located in the region of Touat, Gourara
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and Tidikelt)). The extension of agriculture in the south outside the oases is progressing
in the form of modern land development schemes created under the Law on Access to
Agricultural Land Ownership of 1983 (APFA). Most are near traditional palm groves [57].
These are mainly oriented towards pivot cereal farming and date palms irrigated by drip
systems (Figure 3).

Figure 3. Agricultural regions in Algeria [58]. Own production adapted from the Ministry of Agriculture
and Rural Development (MADR, 2007).
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2.2. Challenges and Constraints of Saharan Agriculture

The Algerian Sahara is a huge biogeographical entity covering 2,000,000 km2. This
natural area faces climatic, soil and anthropogenic challenges, with consequences for the
degradation of Saharan agriculture and existing cropping systems, and consequently on
the food and nutrition security of the population. The rainfall regime of the Sahara is
characterized by low rainfall of about 150 mm per year north of the Sahara, but less than
50 mm in most other Saharan regions along with very high temperatures (over 40 ◦C),
which accentuate the effects of drought [59,60]. Winds also are an aggravating factor, and
they are challenging due to the transport of sand that they cause. They are relatively
frequent and their speeds are important from April to July, which causes the siroco (or
sand wind) responsible for silting phenomena with the formation and displacement of
dunes [60]. All of these negative conditions make it impossible to grow crops without
irrigation in the Saharan zone.

Other constraining aspects of the Saharan climate include both the very high daily
thermal amplitude and the annual thermal amplitude. The very low temperatures recorded
during the first three months of the year cause frosts and are a limiting factor to be taken
into account for crop cycles [59]. Sahara soils are generally composed of sandy mineral
substrates, devoid of organic matter, with a coarse texture, low water retention capacity,
and limited depth. The Saharan waters are generally chlorinated, chlorinated-sulphated, or
sulphated-chlorinated. The chlorine concentration of irrigation water is generally greater
than 10 mEq/L [59]. The quality of irrigation water is most often poor because of this
primary salinity of geological waters. This is further increased by poor water resource
management, which is called secondary salinization [61]. The salinity of the waters is
probably one of the main reasons for the low yields obtained in certain irrigated areas of
Algeria. The magnesium concentration of irrigation water also is sometimes high. Finally,
it appears that these waters have a high ion concentration, which gives them a high risk of
salinization and generates risks of toxicity by Na and Cl ions [59].

2.3. Study Sites

The wilaya of Ouargla is located northeast of the northern Sahara. It covers an area of
163,233 km2. It is characterized by an arid climate, with an average monthly temperature
of 42.8 ◦C in July and a minimum average of 4 ◦C in January. The average annual rainfall is
50 mm. The texture of the soil is usually sandy or sandy-silty.

The trials conducted for this research were conducted during the winter period of the
2019/2020 campaign to compare two different sites in the Ouargla region, both in open
fields and under irrigation. The first site (1) is located in the experimental farm of the
Faculty of Natural Sciences and Life of Kasdi Merbah University in the municipality of
Ouargla (31◦56′20.82′′ N latitude, 5◦17′33.71′′ E longitude, altitude 246 m). The second
site (2) is located at the Technical Institute for the Development of Saharan Agriculture,
which is in the municipality of Hassi Ben Abdellah (ITDAS), with coordinates 32◦0′25.59′′
N latitude, 5◦27′48.63′′ E longitude, altitude 446 m (Figure 4).

Groundwater is the main source of irrigation water used by farmers in the region. The
first site is irrigated by the Mio-Pliocene aquifer with an EC = 3.03 mS/cm and a pH = 7.71,
while the second site is irrigated by the Intercalary continental (CI) aquifer or the Albian
(EC = 2.45 mS/cm and pH = 7.87).

The soil is sandy in texture with an alkaline pH (pH = 7.89 and 7.54) for both sites,
but they differ in terms of EC; the first site has highly saline soil, while the second site has
low salinity.

The same experimental set-up was adopted in both sites, consisting of a randomized
complete block design with four replications. Each treatment (genotype) was represented
only once in each block and the distribution of treatments was randomized. The area of
each elementary plot was 10 m2. Each plot comprised five rows spaced 40 cm apart; the
inter-plant spacing was 20 cm. Measurements were carried out on the plants in the middle
row of each plot. The trials were carried out in the open field and under drip irrigation,
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with an organic fertilization of 40 t/ha. Sowing was done on 17 and 26 October 2019 for
sites 1 and 2, respectively.

Figure 4. Location map of study sites.

The Ouargla region is characterized by a Saharan climate, with very low rainfall,
high temperatures, and high evaporation (Table 2). The annual average maximum and
minimum temperatures measured in our study were 31.2 ◦C and 16.5 ◦C, respectively; the
highest temperature recorded was 48.2 ◦C during the month of July and the lowest −1 ◦C
in January. Rainfall is rare and irregular, and the total annual rainfall is 13.21 mm.
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Table 2. Climate data for the study area (October–April) during the crop cycle of the 2019/2020 crop year.

Month Max Temperature (◦C) Min Temperature (◦C) Relative Humidity (%)

October 2019 31 17.2 35.8

November 2019 23.3 9.3 37.3

December 2019 21.1 7.1 46.1

January 2020 19 3.2 46.1

February 2020 23.4 6.7 35.5

March 2020 25.8 11.3 33.3

April 2020 30.7 16.4 29

Data source: National Meteorological Office (O.N.M) Ouargla.

2.4. Plant Material Used

The plant material used in this study included five genotypes of quinoa (Chenopodium
quinoa Willd.). These were Santa Maria, Giza1, Amarilla Sacaca, Blanca de Junin and Kancolla,
which were provided by ITDAS and whose seeds were produced in the FAO trial plots.
Table 3 shows some characteristics of the seeds used.

Table 3. Characteristics of quinoa genotypes used.

Genotypes Origin Institution Seed Color

Santa Maria Cultivar of Bolivia ITDAS White and brown

Giza1 Cultivar of Egypt ITDAS Beige

Amarilla Sacaca (Q102) Variety from Peru ITDAS Orange

Kancolla (Q104) Variety from Peru ITDAS Yellow, brown and beige

Q103 Variety from Peru ITDAS Yellow, brown and beige

2.5. Morphological and Agronomic Measurements

The choice of indicators for characterization and monitoring of plant development
was made using the book “Descriptors for Quinoa (Chenopodium quinoa Willd.) and its Wild
Relatives” (Bioversity International, FAO, PROINPA, INIAF and IFAD). The indicators
selected to be measured at harvest (physiological maturity) were: plant height (PHT), stem
diameter (SD), grain yield per plant (GYP), harvest index (HI) calculated as the ratio of
GYP to total shoot dry matter, and the number of days from sowing to maturity.

Considering the BBCH Method applied to quinoa, a field is at stage when 50% of the
plant has the corresponding development level [62,63]. For harvesting, a growth stage
above 95 was considered as physiological maturity and for plant measuring.

2.6. Statistical Analyses

For morphological and agronomic measurements, an analysis of variance (ANOVA)
was conducted using XL-STAT software (2014), and parameter means were compared using
a Tukey’s test (p ≤ 0.05).

3. Results

3.1. Number of Days of Genotype Growth

The statistical analysis revealed a significant difference in the number of days until
grain maturity between the varieties studied, and this in the two study sites (site 1 p < 0.02
and site 2 p < 0.03) (Figure 5). Genotype Q102 had the longest maturity time at both sites,
with 162 and 164 days for sites 1 and 2, respectively, while the shortest maturity time was
136 days for Giza1 in site 1 and 152 days for Q104 in site 2. All of the varieties reached
maturity proportionally earlier under the conditions of the first site compared to those of
the second site.
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Figure 5. Total duration of the growth cycle of quinoa varieties at both sites. Means with different
letters showed statistical difference (p ≤ 0.02 for site 1 and p ≤ 0.03 for site 2).

This difference can be explained by the difference between the date of sowing and the
altitude. Temperatures decrease at higher altitudes, which lengthens the growing cycle for
the same photoperiod.

3.2. Plant Height

The plant height of the quinoa varieties showed a significant difference in each of the
two sites (site 1 p < 0.01 and site 2 p < 0.02). Genotype Q102 recorded the greatest height,
with an average of 55.73 and 50.97 cm in sites 1 and 2, respectively (Figure 6).
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Figure 6. Plant height (cm) at both study sites. Means with different letters showed statistical difference
(p ≤ 0.01 for site 1 and p ≤ 0.02 for site 2).

The lowest height was noted for genotype Q104, with an average of 27.01 cm in site 1,
and for Santa Maria with an average of 22.31 cm in site 2.

We observed that the height of the quinoa plant for all of the varieties studied,
with the exception of Q104, was always higher under the saline conditions of site 1
(EC = 9.95 mS/cm) than under the non-saline conditions of site 2 (EC = 0.85 mS/cm).
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3.3. Stem Diameter

For stem diameter, differences between genotypes were not significant at the chosen
threshold at each of the two sites (p < 0.08 and p < 0.83). Locality variation and salinity
did not significantly affect stem diameter, which varied between 4.66 mm and 6.71 mm
(Figure 7). Genotypes Q102 and Q104 showed the highest diameters on site 1 (6.71 mm)
and site 2 (5.67 mm), respectively. This criterion is a possible selection criterion for good
stability of large panicle plants, and it gives them a resistance factor when the plants are
exposed to wind. In the Saharan region of Ouargla in Algeria, the fields in the desert are
very exposed to climatic phenomenons. The wind velocity is one of them and the resistance
of quinoa through the diameter of the stems is of importance for crop adaptation.

 

 

a
a

a

a

a

0

1

2

3

4

5

6

7

8

Santa
Maria

Giza Q104 Q103 Q102

Site 1

a
a

a a
a

0

1

2

3

4

5

6

7

8

Santa
Maria

Giza Q104 Q103 Q102

Site 2

Figure 7. Stem diameter (mm) at both study sites. Means with different letters showed statistical difference
(p ≤ 0.08 for site 1 and p ≤ 0.83 for site 2).
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3.4. Grain Yield

The study of grain yield presented in Figure 8 showed a significant difference (p < 0.01)
in site 1. The highest yields are recorded for the Bolivian variety Santa Maria (12.47 g/plant),
followed by the Peruvian Q102 (10.24 g/plant), and then by the varieties Giza1 and Q103.
The variety with the lowest grain yield was Q104 (4.06 g/plant).
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Figure 8. Seed/plant yield (g) at the two study sites. Means with different letters showed statistical
difference (p ≤ 0.01 for site 1 and p ≤ 0.78 for site 2).

In contrast, the statistical differences were not significant (p < 0.78) for site 2. Santa Maria
scored the lowest yield, with an average of 1.13 g/plant, and the highest yield was obtained in
the variety Q102, with an average of 2.67 g/plant, and in Giza1 (2.08 g/plant) (Figure 8).

3.5. Harvest Index

Bhargava et al. [64] and Bertero et al. [65] reported that differences are generally
significant in the quinoa harvest index by variety and locality, which is consistent with
our results. The harvest index (Figure 9) varied considerably between the two sites. The
highest indices were recorded in site 1, where Giza1 and Q103 had the highest indexes
(0.82 and 0.80), with non-significant differences (p < 0.43) between the genotypes.
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Figure 9. Harvest index at the two study sites. Means with different letters showed statistical difference
(p ≤ 0.43 for site 1 and p ≤ 0.42 for site 2). No significant differences.

The values of the harvest indexes of site 2 were lower compared to those of site 1,
varying between 0.64 and 0.31, with the most important again observed at the level of
genotypes Giza1 and Q104 (0.64 and 0.61).

4. Discussion

The results of this research clearly show the capacity of quinoa to adapt and tolerate
the extreme agro-climatic factors of the Ouargla region (southern Algeria), which is charac-
terized by its aridity, drought and soil salinity. The ripening time of all varieties was shorter
at site 1 compared to site 2.

The estimate of the total growth duration of the five varieties studied in southern
Algeria was between 136 and 164 days. The total growth time of all varieties was short at
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site 1 (136–162 days) compared to site 2 (152–164 days) and this variation may be due to
differences in temperatures, which are always strongly influenced by altitude.

Jacobsen and Stolen [26] reported that the total growth duration in South America
was between 110 and 190 days, while in northern Europe the total duration was somewhat
shorter (109–182 days) [66]. In northern India, Bhargava et al. [64] reported a total duration
of between 109 and 163 days. In the latter cases, it was a spring crop (sowing in November
for harvest in February), while in our case, we tested quinoa as a winter crop (sowing in
September and harvest in March).

In addition, the differences between the temperature requirements of the varieties
justify the contrast between their number of days of ripening. These results are similar to
those provided by Szilagyi and Jornsgard [67] and Tan and Temel [68], who reported that
quinoa genotypes require different daylight hours and temperatures, while their maturation
phases are also different in Romania and Turkey. In site 2, where sowing was late, the
duration of growth was also longer compared to site 1, contrary to results reported by
Tan and Temel [69], who conducted experiments in the provinces of Erzurum and Iÿdÿr
in Eastern Anatolia, where quinoa was then a summer crop (April–September). Quinoa
genotypes reached maturity earlier under Erzurum’s conditions, where sowing was late,
compared to Iÿdÿr’s conditions, where quinoa matured later when planted earlier.

The highest plant height was that of the late-ripening Peruvian variety Q102 in both
study sites. These results corroborate those of Tan and Temel [69], who revealed in their
trials in Turkey that late-ripening varieties, such as Oro de Valle and Mint Vanilla, grew
higher than those that matured early, such as Q-52 and Moqu Arrochilla. These authors
pointed to both genetic differences between varieties and variations in the environment as
reasons for their results.

Our results revealed that plant heights differed between varieties within the same
site, and this is explained by intrinsic genetic differences. Similar results were found in
different geographic regions (Pulvento et al. [70], Bhargava et al. [64], Tan et al. [68]). These
authors observed differences in plant heights between varieties in different regions, namely
southern Italy in a Mediterranean region with a sub-humid climate (summer crop-sowing
in May), in Eastern Turkey (Anatolia province) as a summer crop (sowing in April) and in
northern India as a spring crop (sowing mid-November).

With the exception of Q104, the plant height of all of the varieties studied was greater
under the saline conditions of site 1 (EC = 9.95 mS/cm) than the non-saline conditions
of site 2 (EC = 0.85 mS/cm). This result is not in line with those of Hirich et al. [71] and
Hirich et al. [72], according to which the salt tolerance threshold is equal to 9 mS/cm, which
normally should lead to increased stress on plants, and, as a consequence, reduced growth.
These authors showed in their trials that the increase in salinity (EC = 8 dS/m) negatively
affected plant height and led to a severe reduction of 73% compared to EC = 1 dS/m.

The Santa Maria, Q102 and Giza 1 genotypes can be considered to be high-yielding
varieties. This reflects a greater adaptability of these quinoa varieties to the agro-climatic
conditions of southern Algeria. The differences observed in grain yield between varieties
can probably be explained by the intrinsic performance of the varieties and their tolerance
to salinity. It was noted that variability was not related to geographical origin. This is
illustrated by the Peruvian varieties, of which Q104 had the lowest yields. However, high
and medium grain yields were found for varieties Q102 and Q103, which corroborates the
results of Bhargava et al. [64] in their trials in India where they found strong significant
differences in yield between Bolivian varieties. This variation is very marked when ana-
lyzing the harvest index between the two sites, which can be explained by the late sowing
in site 2. This led to a proportional increase in temperatures during flowering that was
especially detrimental to the late-ripening variety, with the corollary of a decrease in yield
and harvest index [73].
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5. Perspectives

Quinoa is a crop that has attracted attention in recent decades and has been the subject
of extensive research recently carried out in all regions of the world. This research has
confirmed that quinoa can tolerate various abiotic stresses, including salinity, and that it
is an example of an alternative crop in regions that are characterized by a harsh climate,
with excessive heat, severe drought and high salinity [71,72,74,75]. Our research is among
the first studies in Algeria that can be compared with previous studies conducted on the
adaptation of the quinoa species around the world. Due to the increasing problems of
salinity in the world, especially in arid areas, and the need for new alternative crops that are
more adapted to difficult conditions (saline, drought, high temperature), the results of this
research validate the potential of quinoa to be introduced into the cropping systems of the
Ouargla area, which are based on phoeniciculture and various associated crops including
alfalfa and barley, but also potatoes, fodder corn and cereal cultivation under pivot with
durum wheat and soft wheat. Unfortunately, salinity is becoming a major constraint
affecting cereal production in the arid zone of Algeria. This constraint is responsible for the
drop in yield and is becoming a major evaluation criterion for agricultural development
in these regions [76]. Production is approximately 3.6 t/ha [77], the thresholds for a 100%
reduction in yields have now been reached, and there will be no more cereal production in
48 to 70 years due to the constant increase in salinity [76].

Nevertheless, after the introduction of quinoa in the Algerian Sahara, the results
of this research and of other demonstration trials at research stations in the drylands of
Algeria corroborate studies conducted in Morocco and Egypt on the suitability of quinoa
for adaptation in drylands. This study indicates that quinoa could be proposed for crop
diversification, integrating it into existing cropping systems, as an under-crop in palm
groves (fodder crop) and in rotation with field crops (wheat and maize), in order to enrich
current cropping systems with alternative species and increase their sustainability in
this region.

Like all of the lower Sahara, the Ouargla region is characterized by a desert climate,
with large thermal amplitudes between the minima and maxima, and very low rainfall of
about 50 mm per year [60]. It has already been pointed out that very high temperatures
present an important constraint for the choice of crops [22]. In our case, high (maximum)
temperatures, especially in summer, can exceed 50 ◦C (July), and the average monthly
minimum temperature is 4.5 ◦C in winter (January). The seasonal distribution of low and
high temperatures is an essential criterion to properly position the cultivation cycle with
an optimal sowing date that avoids the risk of frosts for seedlings and allows plants to
develop until flowering before the onset of very high temperatures.

Quinoa is a hardy halophyte plant that can adapt to different geographical areas and
abiotic stresses, including drought, frost and heat stress [6,23,71,78]. Quinoa can tolerate
a wide range of temperatures (−8 ◦C to 35 ◦C) depending on genotypic characteristics
and the phenological stage [79]. Despite its adaptation outside its geographical area and
its resistance to various abiotic stresses including heat stress, high temperatures during
the germination and flowering phase significantly affect the plant and the grain yield
in particular. In this context, several studies have focused on the tolerance of quinoa to
heat stress (Pulvento et al. [70]; Peterson and Murphy [80]; Yang et al. [81]; Lesjak and
Calderini. [82]; Alvar-Beltrán et al. [83]). These studies analyzed the effect of heat stress on
different stages of quinoa development including germination and flowering. Lesjak and
Calderini [82] in Chile reported a decrease in seed yield when the flowering temperature
reached 34 ◦C. In Italy, it has been shown that the Titicaca variety responded negatively to
high temperatures, with a decrease in seed yields to half when the flowering period occurs,
around July [70]. Other studies have shown that higher temperatures (20 ◦C to 25 ◦C) may
promote quinoa growth compared to lower temperatures (8 ◦C to 18 ◦C) [81]. In addition,
based on tests conducted in Burkina Faso and in the Sahelian, MENA and Mediterranean
regions, Alvar-Beltrán et al. [83] found that high temperatures (between 34 ◦C and 38 ◦C) on
cv. Titicaca causes seed yield losses (25% reduction). For this reason, 38 ◦C was considered
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the maximum temperature threshold at flowering. The same authors also found that at
temperatures above 34 ◦C, there was a decrease of over 50% for seed germination.

As quinoa has been introduced in Algeria only recently, farmers’ knowledge and
know-how regarding this plant remain very limited. This work therefore proposes a new
approach to the optimal period for growing quinoa in the region of Ouargla and Oued
Righ to avoid extreme heat. Based on meteorological data (monthly mean temperature-
MMT) provided by CRU-TS4.03 [84] downscaled with World Clim2.1 [85], over a period
of 28 years (1990–2018) we produced 12 maps to assess the monthly climate risk of high
temperatures in the two Saharan regions of Ouargla and Oued Righ using ArcGis10.9
software (ESRI-France: 92195 Meudon, France).

Based on previous studies, it appeared essential to represent the distribution of the
maximum average temperature over the entire year in the study area (Ouargla and Oued
Righ region) in order to identify the appropriate period for quinoa cultivation in these
regions outside the risk periods (Figure 10).

Figure 10. Mean monthly temperatures in two regions in southeastern Algeria (1990–2018).

This figure shows the automatically generated monthly average temperature classes.
The first blue class groups MMTs below 34 ◦C, which are very adequate for the growth of
quinoa and are very close to the ideal temperature (optimal between 15 ◦C and
20 ◦C) [12,21,66,83,86,87], and correspond to the October-May period for the northern
part of the Oued Righ region, and October–April for the Ouargla region. In the second
yellow class, the MMTs vary between 34 ◦C and 38 ◦C, which are the limit temperatures
according to Mamedi et al. [87]. The highest seed germination percentages are between
0 ◦C and 35 ◦C, which can regress to 40 ◦C, thus Alvar-Beltrán et al. [83] reported that most
seed yield losses (25% reduction) occurred between temperature levels of 34 ◦C and 38 ◦C.
For this reason, 38 ◦C was considered the maximum temperature threshold at flowering,
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which corresponds to the period of September and May for the region of Ouargla and the
south of Oued Righ.

In the brown and red third class, MMTs are above 38 ◦C, the critical MMT threshold to
avoid the coincidence with the period of flowering and germination, and they correspond
to the period from June to August for the northern part of the region of Ouargla and Oued
Righ, and to September for the southern part.

To avoid high temperatures during the flowering period in the region of Ouargla
and Oued Righ in southeast Algeria, we suggest the September–May growing period. It
is preferable to sow in September for long-cycle varieties and in October for short-cycle
varieties in order for flowering to occur between the months of December–January, when
MMTs are adequate (below 30 ◦C), and also to avoid the frequent, high-speed winds
(ranging from 19 to 28 m/s) that occur between March and June.

These high MMTs to be avoided for the cultivation of quinoa give us a first indication
for the positioning of the cultivation cycle according to the seasons. However, more detailed
work on a daily scale is still necessary to better take into account the real risk incurred by
quinoa plants.

6. Conclusions

A great variability between genotypes with the same geographical origin was observed,
in particular between Peruvian varieties. Q102 showed very high yields and morphological
traits at above-average values, whereas values for Q103 were low, as well as for most traits
of Q104. This confirms that the variability was not only related to the geographical origin
of the varieties but to genetic factors intrinsic to each variety tested.

All of the varieties selected for the trials in this study performed well on the site where
saline levels were very high. It can be concluded that the cultivation of quinoa is possible
in the environments affected, even strongly, by salinity. The development of the quinoa
plant under these conditions manifests acceptable morphological and agronomic traits.
This study shows that varieties Q102, Giza1, Santa Maria and Q103 seem to be best adapted
to conditions in southern Algeria. The limitations mentioned in the discussion encourage
us to extend the evaluation of this crop in other agro-ecological conditions to better assess
its adaptation potential in the arid zones of Algeria.
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Abstract: Populus is a genus of globally significant plantation trees used widely in industrial and
agricultural production. Poplars are easily damaged by Micromelalopha troglodyta and Hyphantria
cunea, resulting in decreasing quality. Bt toxin-encoded by the Cry gene has been widely adopted in
poplar breeding because of its strong insect resistance. There is still no comprehensive and sufficient
information about the effects of Cry1Ah1-modified (CM) poplars on the ecological environment.
Here, we sampled the rhizosphere soils of field-grown CM and non-transgenic (NT) poplars and
applied 16S rRNA and internal transcribed spacer amplicon Illumina MiSeq sequencing to determine
the bacterial community associated with the CM and NT poplars. Based on the high-throughput
sequencing of samples, we found that the predominant taxa included Proteobacteria (about 40% of
the total bacteria), Acidobacteria (about 20% of the total bacteria), and Actinobacteria (about 20% of the
total bacteria) collected from the natural rhizosphere of NT and CM poplars. In addition, studies on
the microbial diversity of poplar showed that Cry1Ah1 expression has no significant influence on
rhizosphere soil alkaline nitrogen, but significantly affects soil phosphorus, soil microbial biomass
nitrogen, and carbon. The results exhibited a similar bacterial community structure between CM
varieties affected by the expression of Cry1Ah1 and non-transgenic poplars. In addition, Cry1Ah1
expression revealed no significant influence on the composition of rhizosphere microbiomes. These
results broadly reflect the effect of the Bt toxin-encoded by Cry1Ah1 on the ecology and environment
and provide a clear path for researchers to continue research in this field in the future.

Keywords: Bt toxins; Cry1Ah1 transgenic poplar; ecology; environment; rhizosphere

1. Introduction

Poplar (Populus) is a genus of globally important plantation trees used widely in
industrial and agricultural production [1]. However, with the deterioration of the global
environment, characterized by increasing salt, drought, pest, and disease stresses, the global
production of poplar is becoming challenging. One approach to address this challenge is
genetic modification. The manipulation of critical genes has been applied to alter poplar
characteristics in transgenic lines, resulting in improved traits for better growth in adverse
environments [2–4].

Insecticide resistance based on Bacillus thuringiensis (Bt) has allowed the development
of a variety of insect resistance proteins for commercial genetically modified (GM) crops [5].
In addition, Bt toxin-encoded Cry genes have been widely applied in commercial GM
crops, improving plant resistance to insect pests [6,7]. Despite the benefits of Bt-modified
plants, a significant potential disadvantage is their effect on soil chemical properties and
the structure and diversity of rhizosphere microorganisms, including bacteria and fungi [6].
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Therefore, rhizosphere microorganisms associated with Bt-modified plants are highly
interesting [8–10]. However, regarding the complexity of field conditions and the lack of a
unified approach to microorganism analysis, studies exploring the influence of Bt-modified
plants on soil microorganisms sometimes produce conflicting results [11–14]. For example,
one study showed that soil microorganisms are not adversely affected by the cultivation of
Bt-modified cotton plants [15].

In contrast, another study suggested that exogenous gene products expressed by
Bt-modified transgenic crops may interact with soil microorganisms and affect their activi-
ties and functions [16]. Bt-modified plants have been found to alter bacterial population
diversity compared with non-transgenic (NT) plants [17] and may enhance the population
size of soil microbial communities [18,19]. Compared with NT rice, Bt-modified rice has
been found to have a short-term effect on rhizosphere microbial community function [20].
Thus, there are some differences among studies on the impact of Bt-modified plant varieties
on the soil microbial community. Further research is needed to evaluate the safety of
Bt-modified crop plants. Since the commercialization of GM plants, the global planting
area of GM crops has been overgrown, and new varieties of GM plants have been emerging
continually [21]. GM plants have provided great economic and environmental benefits
worldwide, such as increased plant yield and reduced chemical fertilizer and pesticide
application. However, the potential impacts of GM plants on the ecological environment
have raised concerns [22]. Soil microorganisms are essential to the soil ecosystem and
involve various biochemical processes, including organic matter accumulation, mineraliza-
tion, nutrient transformation, and circulation [23]. In addition, GM plants communicate
with soil microorganisms during the growth process; therefore, research on the potential
effects of GM plants on the soil microbial community is of great significance in evaluating
their potential risks [24–26]. The study aimed to identify the effects of Cry1Ah1-modified
(CM) poplar plantation on soil chemical properties and the diversity and structure of the
soil microorganism community after three years of growth under field conditions. We
applied high-throughput sequencing of 16S rRNA and internal transcribed spacer 1 (ITS1)
to evaluate the diversity and composition differences in rhizosphere microorganisms be-
tween NT and CM varieties. The results contribute to our knowledge of how CM varieties
affect rhizosphere soil microbial community function and provide reference information
for evaluating the safety of CM varieties.

2. Materials and Methods

2.1. Plant Material and Experimental Field Design

In the previous study, the Cry1Ah1 gene was cloned into the destination vector pH35GS.
CM poplars, ’Nanlin 895’ (Populus deltoides × Populus euramericana), were regenerated by
inoculating poplar leaf discs with Agrobacterium tumefaciens strain LBA4404, including
recombinant plasmid pH35GS-Cry1Ah1 [2]. To study the effects of CM poplars on a natural
soil ecosystem, we designed a field test in Sihong, Jiangsu Province (118◦68 N, 33◦72 E).
To identify the influence of CM varieties on the rhizosphere soil microbiome, we planted
NT poplars in the experimental field. Three-year-old NT and CM varieties marked as
A5-0, A4-6, Z1-3, A5-23, and A3-4 were selected, and six plots were established with four
replicates per clone (Figure S1). An additional 3 m wide isolation zone was established
between communities, with about 676 m2 (26 m × 26 m). The poplars were cultivated by
cutting in March 2017 with permission from the State Forestry Administration. Moreover,
the topography, physiognomy, soil, air temperature, vegetation, cultivation management,
and other natural conditions were consistent. In addition, the experimental field was
managed conventionally without chemical fertilizers or pesticides. The experimental field
also confirmed similar soil characteristics and microenvironment.

There are four poplars in each small line area, including NT and CM varieties (lines
A5-0, A4-6, Z1-3, A5-23, and A3-4) (Figure S1). The weeds and leaves were removed
from the soil surface and a soil extractor was used to take out a soil column about 50 cm
(diameter 8 cm) around every poplar rhizosphere. The fine roots in the 10–30 cm soil
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column were carefully taken out and the soil within 3 mm of fine roots was considered
the rhizosphere soil. The rhizosphere soil of every four poplar trees in the small area was
collected and mixed into one sample. The rhizosphere soil samples were taken out from
the entire experimental field through this sampling method, and there were six duplicate
rhizosphere soil samples for NT and each CM variety. All rhizosphere soil samples were
passed through a 10-mesh sieve, mixed thoroughly, added to sterile centrifuge tubes, and
then placed in a liquid nitrogen tank for transport to the laboratory.

2.2. Identification of Cry1Ah1 Expression Level and Insecticidal Activity

The fully expanded poplar leaves were collected from NT and CM varieties, and the
collected samples were placed in a liquid nitrogen tank for transport to the laboratory.
All the collected leaves, including NT and CM varieties, were assayed to detect Cry1Ah1
expression levels using an ELISA kit (EnviroLogix, Portland, ME, USA). In addition, pupae
of Micromelalopha troglodyta were collected from poplars cultivated in the field and
hatched in a culture room at 27 ± 2 ◦C and 74% humidity with a 14 h light/10 h dark
photoperiod. The eggs were collected from female adults and instar larvae were fed with
NT and CM varieties. Larval mortality of M. troglodyta was counted on the 6th and 12th
days. Three independent biological samples were performed.

2.3. Determination of Rhizosphere Soil Physical and Chemical Indices

Fumigation with chloroform was used to obtain the microbial biomass of nitrogen
(MBN), microbial biomass of carbon (MBC), and microbial biomass of phosphorus (MBP)
from the soil in the rhizosphere [12,27–29]. The rhizosphere soil samples treated with
chloroform fumigation and non-chloroform fumigation were extracted with K2SO4 so-
lution. The rhizosphere MBC, MBN, and MBP were measured using a Vario TOC cube
analyzer (Elementar, Langenselbold, Germany). Briefly, fresh rhizosphere soil samples
were dissolved in chloroform and the mixtures were boiled for 5 min in a vacuum. Then,
0.5 mol/L K2SO4 was added to the mixtures and subjected to fumigation in the dark at
25 ◦C for 24 h. The resulting mixture was then filtered with a quantitative filter paper.
Simultaneously, the control groups were performed similarly, except that the rhizosphere
soil samples were added to the reaction mixture for detection.

The rhizosphere soil alkaline nitrogen was determined using the Conway method
(i.e., the alkali hydrolysis diffusion method). Briefly, 10 mL of NaOH was used to dissolve
air-dried soil samples set in the outer chamber of a diffusion dish and 2 mL of boric acid
(an indicator solution) was placed in the inner chamber. After incubation at 40 ◦C for 24 h,
NH3 in the inner chamber absorption solution was titrated with 0.005 mol/L H2SO4 as a
standard solution. Simultaneously, the control groups were performed similarly, except
that the rhizosphere soil samples were added to the reaction mixture for detection.

The rhizosphere soil phosphorus was identified by molybdenum–antimony colorime-
try. Briefly, air-dried soil samples were mixed with 0.5 mol/L NaHCO3 and activated
carbon, shaken for 30 min, and filtered immediately with phosphate-free filter paper. Then,
1–5 mL of filtrate was extracted and the absorbance value was determined. Soil pH was
also measured using the glass electrode method. Finally, the rhizosphere soil samples were
mixed with 2.5× water volume and the suspension pH was determined using a PP-25
Professional Meter electrode (Sartorius, Germany). Simultaneously, the control groups were
performed similarly, except that the rhizosphere soil samples were added to the reaction
mixture for detection.

2.4. Rhizosphere Soil DNA Extraction and High-Throughput Sequencing

Using the Fast DNA Spin kit for soil (MP Biomedicals, Santa Ana, CA, USA), 36 independent
rhizosphere soil samples were obtained from the NT poplars and five CM varieties (lines A5-0,
A4-6, Z1-3, A5-23, and A3-4). Triplicate DNA extractions from each replicate of rhizosphere soil
samples were mixed and composited into one DNA sample to overcome the heterogeneity. The
quality and integrity of the DNA were determined by electrophoresis on 0.8% agarose gel and
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the extracted DNA samples were diluted 10-fold and stored at −80 ◦C for further molecular
analyses. Using the extracted genomic DNA as a template, the V3-V4 region (515f/907r) of the
16S rRNA gene and ITS1 region (1737f/2043r) of the ITS1 rRNA gene were amplified to identify
the composition and diversity of the microbiological community [30,31]. We then performed high-
throughput sequencing using the Illumina novaseq platform. The raw data were filtered using
the Trimmatic software to obtain high-quality clean paired-end reads, spliced using the FLASH
software. The minimum overlap length was set to 10 bp and the maximum mismatch ratio of the
splicing sequence was 0.1. After filtering, influential splicing segment clean tags were obtained. All
clean tags were clustered using the VSEARCH software (https://github.com/torognes/vsearch,
accessed on 12 April 2021). The clean tags were denoised in amplicon sequence variants (ASVs)
and chimeras were filtered with UNOISE3. Taxonomic assignment of ASVs was performed in
QIIME 2 v2018.2 [32] (https://qiime2.org, accessed on 12 April 2021) using the QIIME 2 feature
classifier plugin [33].

All data analyses were performed using SPSS 19.0 software (IBM, Armonk, NY, USA).
Differences in the physical and chemical properties between NT and CM varieties were
evaluated using one-way analysis of variance (ANOVA) and Tukey’s post hoc comparison.
The alpha diversity analyses were performed using the Chao1. It showed species indices to
determine the community diversity of rhizosphere bacteria and the phylogenetic diversity
(PD) whole-tree and Shannon indices to determine community richness and evenness [34].
According to ASVs’ clustering results, alpha diversity was calculated in Mothur v.1.30.1
with rarefaction analysis after subsampling the libraries to an exact size [35]. UniFrac was
conducted with beta diversity analysis and phylogenetic analysis. Bray–Curtis distances
between NT and CM varieties were calculated and visualized with principal component
analysis (PCA).

3. Results

3.1. Effects of CM Varieties on M. Troglodyta

The Bt-Cry1A ELISA kit was used to identify the Cry1Ah1 expression level in NT and
CM varieties. The results showed that Cry1Ah1 was expressed in CM varieties, and lines
A4-6 and A5-0 had a higher Cry1Ah1 expression level. Conversely, line A3-4 had a lower
Cry1Ah1 expression level (Table S1). In addition, the insecticidal activities of CM varieties
were identified, and the results showed that the CM varieties had higher insecticidal activity
to M. troglodyta than NT poplars (Figure S2). Significantly, lines A4-6 and A5-0 with higher
Cry1Ah1 expression levels exhibited relatively more substantial insecticidal activity than
M. troglodyta.

3.2. Effects of CM Poplars on Rhizosphere Soil Chemistry Patterns

During the first three years of poplar establishment, the mean soil pH ranged from
7.73 to 8.23 in rhizosphere soil (Figure 1A). Moreover, there was no significant change
in rhizosphere soil pH between NT and CM varieties by the sampling date. For the CM
varieties (lines A5-0, A4-6, Z1-3, A5-23, and A3-4), rhizosphere soil alkaline nitrogen ranged
from 64.54 to 83.15 mg/kg, with similar values observed for NT poplars, and no significant
difference between NT and CM varieties (Figure 1B). However, the CM varieties had
significantly lower rhizosphere soil available phosphorus in the field-grown stage than
NT poplars (Figure 1C). The rhizosphere MBC contents of NT poplars ranged from 160
to 172 mg/kg and differed significantly from those of the CM varieties (Figure 1D). In
addition, CM varieties had significantly lower MBN and MBP contents than NT poplars
(Figure 1E,F).
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Figure 1. Evaluation of rhizosphere soil physical and chemical properties in non-transgenic (NT)
and Cry1Ah1-modified (CM) poplar varieties. Analysis of rhizosphere soil pH (A), rhizosphere soil
alkaline nitrogen (B), rhizosphere soil phosphorus (C), rhizosphere microbial biomass carbon (D),
rhizosphere microbial biomass nitrogen (E), and rhizosphere microbial biomass phosphorus (F) in
NT and CM poplar varieties. Data were analyzed using one-way analysis of variance (ANOVA) and
Tukey’s post hoc comparison. *** p < 0.001.

3.3. Data Quality Control and ASVs’ Analysis

Using the Illumina hiseq, an average of 53,567 and 68,783 16S rDNA tags and 33,750
and 87,922 ITS1 tags were generated from the rhizosphere microbiome. Chimeras and short
tag sequences were removed to obtain high-quality clean tags comprising an average of
33,390 and 86,787 16S rDNA tags and 21,523 and 22,555 ITS1 tags (Table S2). Moreover,
clean tag distributions of rhizosphere bacteria were visualized. The results showed that
clean tags ranged from 200 to 440 bp and clean tags with lengths of 420 to 440 bp occupied
the largest proportion (Figure S3A). In contrast, clean tag distributions of rhizosphere fungi
ranged from 200 to 360 bp and clean tags with lengths of 200 to 260 bp occupied the largest
proportion (Figure S3B). Using Qiime ver. 2.0 and Vsearch 2.7.1, the chimeric and organelle
sequences were removed to produce 10,787 rhizosphere bacterial community sequencing
ASVs and 7732 fungal community sequencing ASVs (Table S3).

3.4. Rhizosphere Bacterial Diversity

To construct alpha rarefaction curves and evaluate the putative differences in the
alpha diversity, the mothur was applied to perform ASV rarefaction analysis based on ASV
clustering results. The sample rarefaction curves of rhizosphere bacteria illustrated that
most NT and CM varieties saturate around 6500–7000 ASVs, suggesting slight differences
in the diversity of the rhizosphere bacterial community between NT and CM varieties
(Figure 2A). The Shannon–Wiener curves were also constructed to evaluate the rhizosphere
bacterial diversity. The results showed that the Shannon curves are flat when the number
of reads reaches 10,000, illustrating that the amount of sequencing data is sufficient to
reflect the vast majority of rhizosphere bacterial information in the 36 samples. In addition,
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Shannon curves of the 36 samples fitted together (Figure 2B) suggested that rhizosphere
bacterial communities in different sequencing depths share similar diversity.

 
Figure 2. Based on the results of ASV clustering, the rarefaction of ASV has been analyzed.
(A), Differences in the diversity of the rhizosphere bacterial community between NT and CM varieties
have been shown. (B), The diversity of the rhizosphere bacteria from NT and CM has been compared
by Shannon-Wiener curves.

The alpha diversity analysis was used to reflect the richness and diversity of rhi-
zosphere bacteria. The Chao1 indexes in NT poplars had highly similar results in CM
varieties, including A5-23, Z1-3, and A3-4. At the same time, the Cry1Ah1 expression might
increase the community richness of rhizosphere bacteria, for which the analysis of Chao1
showed no dominant difference between NT and CM varieties (Figure 3A and Table S4).
Moreover, the observed species in NT poplars had no dominant differences compared with
CM varieties, except for line A4-6 (Figure 3B and Table S4). The PD whole tree in NT and
CM varieties shared similar features with the observed species (Figure 3C and Table S4).
There are no significant differences in the analysis of the Shannon curves (Figure 3C,D and
Table S4), which suggests that the community diversity of rhizosphere bacteria was similar
between NT and CM varieties. Based on the alpha diversity, we concluded that Cry1Ah1
expression slightly influences the rhizosphere bacterial richness, but does not affect the
community diversity of rhizosphere bacteria.

Figure 3. Cont.

132



Life 2022, 12, 1830

 
Figure 3. The analysis of the taxonomic distinctiveness of rhizosphere bacteria has been presented
based on the alpha diversity as (A) the Chao1 index, (B) the observed species index, (C) the phy-
logenetic diversity (PD) whole-tree index, and (D) the Shannon index. Data were analyzed using
one-way ANOVA and Tukey’s post hoc comparison. Significant differences (p < 0.05) are indicated in
lowercase letters. The NT, A5-23, Z1-3, A3-4, A5-0, and A4-6 lines were represented by orange, green,
fusica, yellow, juniper, and violet rectangles, respectively.

A Bray–Curtis dissimilarity matrix was calculated on normalized and square-root-
transformed read abundance data to compare the composition of rhizosphere bacterial
members between NT and CM varieties. Based on weighted UniFrac, beta diversity analysis
with PCA was applied to analyze the bacterial community structures among NT, A5-0,
A4-6, Z1-3, and A5-23, and A5-0, A4-6, Z1-3, A5-23, A3-4, and NT overlapped each other
and could not be separated (Figure 4), which indicated that the community structures of
NT and CM varieties were similar. The Cry1Ah1 expression did not affect the bacterial
community structures.

3.5. The Higher Cry1Ah1 Expression Level May Have Marginal Effects on Rhizosphere Bacteria of
Field-Grown Poplars

We investigated the taxonomic distinctiveness of poplar rhizosphere bacteria to deter-
mine the effect of Cry1Ah1 expression on the rhizosphere bacteria. In addition, the DeSeq2
was used to select the putative statistically differential rhizosphere bacteria. The relative
abundances of NT and CM varieties of rhizosphere bacteria at the phylum, class, order,
family, and genus levels were identified. At the phylum level, Firmicutes, Myxococcota, Ni-
trospirota, Sva0485, Fibrobacterota, Latescibacterota, Desulfobacterota, and Proteobacteria,
considered the dominant bacteria, were found in the rhizosphere bacterial community (Fig-
ure 5A). The DeSeq2 analysis found that the dominant bacteria share similar abundances
between NT and CM varieties. In contrast, the relative abundances of Cyanobacteria and
Methylomirabilota showed a significant difference between NT and line A3-4 (Figure 6A).
Moreover, Methylomirabilota, Proteobacteria, Zixibacteria, MBNT15, Dadabacteria, Ther-
moplasmatota, Cyanobacteria, Chloroflexi, Bacteroidota, Acidobacteriota, Firmicutes, and
Myxococcota were present at different abundances between NT and line A4-6 (Figure 6B).
In addition, a few rhizosphere bacteria abundances were the difference between NT and
A5-0, A5-23, or Z1-3 (Figure 6C–E). According to the above evidence, Cry1Ah1 expression
does not influence most rhizosphere bacteria abundances and only changes a small part of
rhizosphere bacteria abundances.

133



Life 2022, 12, 1830

 
Figure 4. Principal component analysis (PCA) of rhizosphere bacterial communities at the ASVs
level. ASVs were defined at a 97% sequence similarity cut-off in mothur. The differences and
distances among NT, A5-0, A4-6, Z1-3, A5-23, and A3-4 can be visualized based on an analysis of
ASVs’ composition.

 
Figure 5. The overall composition of rhizosphere bacterial communities and the relative abundances
of rhizosphere bacteria at the phylum or class level between NT and CM varieties. Phylum-level (A)
and class-level (B) taxonomic analysis of bacterial distribution in rhizosphere soil samples of the NT
and CM varieties based on 16S amplicon data.
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Figure 6. The DeSeq2 analysis for the selection of statistically differential rhizosphere bacteria at the
phylum level between NT and lines A3-4 (A), A4-6 (B), A5-0 (C), A5-23 (D), and Z1-3 (E).

At the class level, the rhizosphere bacterial community composition of NT and CM
varieties was similar (Figure 5B). The relative abundances of rhizosphere bacteria had no
significant difference between NT and line A3-4, except for Cyanobacteria and Methy-
lomirabilia (Figure 7A).

In native fields, Alphaproteobacteria, Deltaproteobacteria, Betaproteobacteria, Sub-
group6, Blastocatellia, and Thermoleophilia accounted for approximately 60% of the total
rhizosphere bacteria and were present at similar relative abundances in NT and CM vari-
eties (Figure 5B). In addition, rhizosphere bacteria with lower relative abundances, such as
Actinobacteria, Gemmatimonadetes, Nitrospira, Holophagae, and Acidimicrobiia, were
significantly different between NT and line A4-6 (Figure 7B). Compared with NT, the
relative abundances of rhizosphere bacteria in lines A5-0, A5-23, and Z1-3 were similar and
only small parts of rhizosphere bacteria abundances displayed differences (Figure 7C–E).
At the species level, a minor part of rhizosphere bacteria abundances from NT was slightly
lower or higher than the CM varieties, indicating that the CM varieties had little influence
on rhizosphere bacteria with lower relative abundances (Figure 8). We investigated the
taxonomic distinctiveness of poplar rhizosphere soil fungi to determine whether Cry1Ah1
expression affected rhizosphere fungus communities. The Chao1 analysis showed that
the community richness of rhizosphere fungi in CM varieties shares a similar community
richness to NT, except for line A5-0 (Figure S4A). In addition, no significant difference
was present in the observed species, PD whole tree, and Shannon between NT and CM
varieties. However, the observed species and PD whole tree in line A5-23 had no slight
difference in line Z1-3 (Figure S4B–D). The alpha diversity showed that Cry1Ah1 expression
may slightly improve the fungal community richness, but does not influence the diver-
sity of rhizosphere fungi. PCA was used to evaluate the fungal community structures
among NT and CM varieties based on the Bray–Curtis dissimilarity matrix. The results

135



Life 2022, 12, 1830

showed that NT and CM varieties are gathered together and the Cry1Ah1 expression does
not affect the fungal community structures (Figure S5). The dominant fungal phyla in
poplar rhizosphere soils included Ascomycota, Basidiomycota, and Mortierellomycota
(Figure S6A); the sequence load of the six dominant phyla, represented by high sequence
numbers, represented more than approximately 80% of the total sequence, whereas that of
low-abundance phyla comprised less than 20% of the entire sequence (Figure S6A). Except
for Ascomycota, there was no significant difference among rhizosphere fungi between
NT and CM varieties (Table 1). Based on the analysis of rhizosphere fungal abundance in
NT and CM varieties, we concluded that Cry1Ah1 expression has no significant influence
on the relative abundances of most rhizosphere fungi and only affects a few rhizosphere
fungal abundances. We filtered extremely rare ASVs from the dataset to determine relative
abundances at the class, order, family, and genus levels.

 

Figure 7. The DeSeq2 analysis for the selection of statistically differential rhizosphere bacteria at a
class level between NT and lines A3-4 (A), A4-6 (B), A5-0 (C), A5-23 (D), and Z1-3 (E).

Figure 8. Cont.
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Figure 8. The DeSeq2 analysis for the selection of statistically differential rhizosphere bacteria at the
species level between NT and lines A3-4 (A), A4-6 (B), A5-0 (C), A5-23 (D), and Z1-3 (E).

Table 1. The relative abundances of rhizosphere fungi at the phylum level between NT and CM
varieties. Data were analyzed using the Kruskal–Wallis comparison. “p < 0.05” indicates a significant
difference between NT and CM varieties.

ASV
Test-

Statistic
p FDR P

Bonferroni

P
A5-0 Mean NT Mean

A5-23

Mean
A4-6 Mean A3-4 Mean Z1-3 Mean

p__Ascomycota 13.56156156 0.018647881 0.354309737 0.354309737 0.38735852 0.61138326 0.61042142 0.243904621 0.484990829 0.392447323

p__Basidiomycota 10.16216216 0.070768701 0.391712711 1 0.227967163 0.135322999 0.253847358 0.417125218 0.331415246 0.198798819

p__Chlorophyta 10.15615616 0.070929628 0.391712711 1 0.01805686 0.011899969 0.006559522 0.009774974 0.01853778 0.021434483

p__Chytridiomycota 9.092451776 0.105432904 0.391712711 1 0.001884535 0.003696372 0.001263812 0.000542433 0.000810853 0.002152955

p__Cercozoa 8.697065259 0.121774576 0.391712711 1 0.045888695 0.017676598 0.006710509 0.007348007 0.007040442 0.00904241

p__unidentified 8.156156156 0.147836947 0.391712711 1 0.159939382 0.07572809 0.076952758 0.25286315 0.111400036 0.232972084

p__Entomophthoromycota 7.806407963 0.167232549 0.391712711 1 0.000117434 0.000849998 0.000995392 6.15 × 10−5 6.15 × 10−5 3.36 × 10−5

p__Rozellomycota 7.579196217 0.181002706 0.391712711 1 0.000380262 0.001314141 0.000665459 0.000687827 0.00061513 0.001101642

p__Mortierellomycota 7.507507508 0.185548126 0.391712711 1 0.13757102 0.115996734 0.026478549 0.028184136 0.020472643 0.116136536

p__Blastocladiomycota 6.846918489 0.232276395 0.44132515 1 0.003265781 0.001213484 4.47 × 10−5 0.003282557 0.00246052 0.001302957

p__Olpidiomycota 5.728450555 0.333544833 0.537634093 1 0.000866774 5.03 × 10−5 7.83 × 10−5 0.000111842 0.000117434 0.000123026

p__Zoopagomycota 5.322944896 0.377751263 0.537634093 1 0.000715788 0.002024337 0.000419407 0.000726972 0.000726972 0.001588154

p__Glomeromycota 5.162162162 0.396412153 0.537634093 1 0.01409766 0.021809153 0.014824632 0.034631817 0.017508836 0.021311457

p__Entorrhizomycota 5 0.415880187 0.537634093 1 0 0 1.12 × 10−5 0 0 0

p__Monoblepharomycota 4.930281072 0.424447968 0.537634093 1 0.000352302 0.000335525 6.71 × 10−5 4.47 × 10−5 0.000173355 0.000313157

p__Ciliophora 3.628726784 0.60400532 0.61504672 1 0.000363486 1.12 × 10−5 4.47 × 10−5 5.59 × 10−6 0.002829598 0.000184539

p__GS19 3.627922155 0.604125841 0.61504672 1 2.80 × 10−5 0 2.24 × 10−5 0 3.91 × 10−5 5.59 × 10−6

p__Kickxellomycota 3.615658975 0.605963711 0.61504672 1 0.00096184 0.000548025 0.00048092 0.000570393 0.000609538 0.00072138

p__Mucoromycota 3.555235853 0.61504672 0.61504672 1 0.000184539 0.000139802 0.000111842 0.00013421 0.000190131 0.000329933

Similar relative abundances of most rhizosphere fungi were observed between NT and
CM varieties (Figure S6B–E). However, the relative abundances of Archaeosporomycetes,
Agaricostilbomycetes, Lobulomycetes, Cystobasidiomycetes, Schizosaccharomycetes, Sor-
dariomycetes, and Ascomycota Incertae sedis at the class level were different between NT
and CM varieties (Table S5). Compared with NT poplars, only 13 kinds of 148 rhizosphere
fungi relative abundances in CM varieties were different (Table S6). Moreover, the major
rhizosphere fungi at the family level showed similar abundances between NT and CM
varieties. In contrast, only 7.9% of rhizosphere fungi with a lower abundance were present
at differences between NT and CM varieties (Table S7). In addition, most rhizosphere
fungi abundances were found to have no differences between NT and CM varieties at the
genus level (Table S8). The rhizosphere fungal abundance analysis indicated that most
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rhizosphere fungi are low and not significantly different between NT and CM varieties.
Only relative abundances of a few rhizosphere fungi were different in NT poplars and
CM varieties.

4. Discussion

Biological diversity comprises community composition, structure, and function [36].
Interactions between soil microorganisms and other organisms influence nutrient cycling,
which is essential in soil condition, quality, and health [12,37,38]. The rhizosphere is a
functional interface for material exchange between plants and soil ecosystems. Plants
assimilate CO2 during photosynthesis and transport some photosynthetic products to their
underground parts, promoting the growth and metabolism of soil microorganisms, which
transform organic nutrients into inorganic forms for plant absorption and utilization [39].
With the recent emergence of transgenic plants, the impact of their cultivation on the struc-
ture and function of the rhizosphere microbial community has become a concern [16,40,41].
Therefore, the structural diversity of the rhizosphere microbial community is an essential
index for evaluating the effects of GM on the soil ecological environment.

4.1. Changes in Rhizosphere Soil MBC, MBN, and MBP Content in NT and CM Varieties

The rhizosphere soil microbial biomass is essential for assessing active soil nutrients
and a sensitive indicator of environmental change in terrestrial ecosystems [42–44]. In
addition, MBC, MBN, and MBP participate in the ecosystem cycling of carbon, nitrogen,
and phosphorus [45,46]. However, the effects of GM plants on MBC, MBN, and MBP
have not been reported. Therefore, in the present study, we examined the impact of field-
cultivated CM plants on MBC, MBN, and MBP contents to study the relationship between
CM plant growth and carbon, nitrogen, and phosphorus transformation in natural soil. As
a part of active soil carbon, MBC is the driving force of soil organic matter decomposition,
closely related to the cycling of soil elements. We found that rhizosphere MBC content is
significantly higher in CM varieties than in NT poplars.

Conversely, rhizosphere MBN content decreased in CM varieties grown in the field,
affecting rhizosphere microorganisms’ growth, metabolism, and structure. As an essential
source of active soil nitrogen, MBN plays a vital role in regulating soil nitrogen supply [47].
In addition, MBP is the most active component of soil organic phosphorus, which governs
the mineralization and fixation of soil phosphorus. Thus, MBP is an essential source of
soil phosphorus, reflecting functional capacity and turnover intensity [48,49]. Our results
showed that CM varieties alter the rhizosphere MBN and MBP contents, at least during the
study period, affecting the capacity of soil microorganisms to metabolize carbon, nitrogen,
and phosphorus.

The rhizosphere MBC/MBN ratio can reflect the rhizosphere microbial community
structure. The MBC/MBN ratio is about 5:1 for bacteria, 6:1 for actinomycetes, and 10:1
for fungi [50–54]. Based on our results, the MBC/MBN ratio for NT poplars in our study
site was about 4.6 ± 0.3, indicating that rhizosphere bacteria may play a dominant role
in determining rhizosphere MBC and MBN contents. However, the MBC/MBN ratio
for CM varieties was about 9.2 ± 1.7, suggesting that rhizosphere microbial fungi in CM
varieties participate widely in rhizosphere soil microenvironment regulation. Xu et al. [30]
systematically analyzed MBC, MBN, and MBP in the global terrestrial ecosystem. They
reported mean values of MBC/MBN, MBC/MBP, and MBN/MBP ratios of 7.6, 42.4, and
5.6. In the present study, the rhizosphere MBC/MBP and rhizosphere MBN/MBP ratios
for NT poplars were 63.2 ± 3.1 and 13.6 ± 0.9, respectively, higher than those reported for
the global terrestrial ecosystem. This discrepancy may be because of the low nitrogen and
phosphorus content in the experimental field, resulting in lower rhizosphere MBN and
rhizosphere MBP contents and lower rhizosphere MBC/MBP and rhizosphere MBN/MBP
ratios. Compared with NT poplars, CM varieties showed higher rhizosphere MBC/MBN,
rhizosphere MBC/MBP, and rhizosphere MBN/MBP ratios; thus, Cry1Ah1 transforma-
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tion may directly affect the growth of rhizosphere microorganisms or inhibit rhizosphere
microbial activity, thereby affecting the metabolism of MBC, MBN, and MBP.

4.2. Effects of Cry1Ah1 Expression on Native Rhizosphere Communities

Bt protein confers strong insecticide resistance as a dominant trait of GM crops; it has
been widely used in transgenic breeding to achieve insecticide-resistant plants. Xu et al. [2]
showed that field-planted CM poplars had strong insecticide resistance. With increas-
ing GM crops worldwide, GM crop cultivations’ environmental and ecological impact
has raised concerns globally. Some studies have shown that GM crops seriously affect
biodiversity and threaten the environment [55]. Whether GM crops affect rhizosphere
microbial composition, structure, and function has become a widely studied question in
oncology and food safety [56]. The plant rhizosphere is a dynamic microenvironment in
which many factors, such as plant species, soil type, and root location [57–59], affect the
composition and structure of microbial communities around plant roots [60]. Therefore, to
avoid the interference of these factors in examining rhizosphere microbial communities
in the present study, we selected poplar trees planted in a single location and collected
samples simultaneously. Such a design can effectively avoid the influence of other factors
on the results, focusing only on the effects of poplar type (NT or CM) on the rhizosphere
microbial community.

Many studies have explored the relationship between soil biodiversity and the ecologi-
cal safety of transgenic plants. The high insect resistance of Bt-maize makes it an important
transgenic crop and it has been found not to affect soil microbial communities [61] or
rhizosphere communities [6]. Field-cultivated Bt transgenic cotton has no significant effect
on rhizosphere communities other than WT cotton [62]. In the present study, the com-
munity diversity and rhizosphere bacterial abundances in NT and CM varieties showed
no significant difference. Similarly, Cry1Ac-sugarcane was found to have no impact on
rhizosphere microbial diversity or enzyme activity compared with NT sugarcane within
a single crop season [63]. Furthermore, NT and Bt-modified rice detected no persistent
or adverse effects on the rhizosphere bacterial community population [64]. In addition,
Li et al. [15] reported that Bt transgenic rice could change bacterial community composition
but not fungal abundance or community structure. Some communities contained a few
dominant taxa, whereas others contained many low-abundance taxa. According to the
alpha diversity, we found the observed species and PD whole tree differ between NT
and line A4-6, which suggested a difference in species richness and community diversity
between NT and line A4-6. Concerning the subsequent analysis of relative abundances of
rhizosphere bacteria in NT and CM varieties, we concluded that the difference in species
richness and community diversity might have originated from the rhizosphere bacteria
with low abundance. Weinhold et al. [65] performed a similarity percentage analysis to
identify major differences in abundance within groups and found that highly abundant
families contributed significantly to dissimilarities. Therefore, according to the alpha diver-
sity, Cry1Ah1 expression had no significant influence on the rhizosphere bacterial richness
and community diversity of rhizosphere bacteria. Based on identifying relative abundances
of rhizosphere bacteria in NT and CM varieties, we found no significant difference in the
abundances of major rhizosphere bacteria between NT and CM varieties, while the only
differences were found in the minor rhizosphere bacteria between NT and CM varieties.
We also concluded that the Cry1Ah1 expression does not affect the relative abundances
of major rhizosphere bacteria in native fields and Cry1Ah1 expression had no impact on
most rhizosphere fungal abundances. Moreover, the taxonomic diversity and structure of
rhizosphere fungal communities and the relative abundances of most rhizosphere fungi
were similar among NT and CM varieties. However, a small fraction of rhizosphere fungal
abundances in special CM varieties differed from those in NT poplars. Based on these
findings, we concluded that Cry1Ah1 expression has no effect on the rhizosphere microbial
community composition and large numbers of microbial abundances.
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5. Conclusions

This study revealed no significant effects of NT and CM cultivation on microbial
population and community structure; meanwhile, most rhizosphere bacteria shared similar
relative abundances between the NT and CM varieties, suggesting that Cry1Ah1 expression
has no effects on the major rhizosphere bacteria abundances. In conclusion, Cry1Ah1
expression has no change in microbial population and community structure and does not
impact most rhizosphere bacterial abundances.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/life12111830/s1. Figure S1: Poplar growth and experimental
design for poplar field trials. Diagram of the experimental design for poplar field trials. The NT
and CM varieties were arranged randomly. The CM varieties are A5-0, A4-6, Z1-3, A5-23, and
A3-4. Figure S2: Insecticidal activity of NT and CM varieties against Micromelalopha troglodyta.
The larval mortality of M. troglodyta on days 6 (A) and 12 (B) of feeding on NT and CM varieties.
Data were analyzed using one-way ANOVA and Tukey’s post hoc comparison. * p < 0.05 and
** p < 0.01, respectively. Figure S3: The distribution of rhizosphere microbe clean tags. The clean
tags’ distribution of rhizosphere bacteria (A) and rhizosphere fungi (B). Figure S4: Analysis of
the taxonomic distinctiveness of rhizosphere fungi based on alpha diversity. (A) Chao1 index.
(B) Observed species index. (C) Phylogenetic diversity whole-tree index. (D) Shannon index. Data
were analyzed using one-way ANOVA and Tukey’s post hoc comparison. Significant differences
(p < 0.05) are indicated with lowercase letters. Figure S5: PCA of rhizosphere fungal communities at
the level of ASVs. ASVs were defined at a 97% sequence similarity cut-off in mothur. The differences
and distances among NT, A5-0, A4-6, Z1-3, A5-23, and A3-4 can be visualized based on an analysis
of ASVs’ composition. Figure S6: Overall composition of rhizosphere fungal communities and
the relative abundances of rhizosphere bacteria between NT and CM varieties. Phylum-level (A),
class-level (B), order-level (C), family-level (D), and genus-level (E) taxonomic analysis of fungal
distribution in rhizosphere soil samples of the NT and CM varieties based on ITS1 amplicon data.
Table S1: Analysis of Cry1Ah1 expression level in NT and CM varieties. Table S2: The 16S rDNA tags
and ITS1 tags generated from the rhizosphere microbiome. Table S3: ASVs for bacterial and fungal
community sequencing. Table S4: The alpha diversity analysis of rhizosphere bacteria in NT and
CM varieties. Table S5: The relative abundances of rhizosphere fungi at the class level between NT
and CM varieties. Data were analyzed using the Kruskal–Wallis comparison. “p < 0.05” indicates a
significant difference between NT and CM varieties. Table S6: The relative abundances of rhizosphere
fungi at the order level between NT and CM varieties. Data were analyzed using the Kruskal–Wallis
comparison. “p < 0.05” indicates a significant difference between NT and CM varieties. Table S7: The
relative abundances of rhizosphere fungi between NT and CM varieties at the family level. Data were
analyzed using a Kruskal–Wallis comparison. “p < 0.05” indicates a significant difference between NT
and CM varieties. Table S8: The relative abundances of rhizosphere fungi at the genus level between
NT and CM varieties. Data were analyzed using a Kruskal–Wallis comparison. “p < 0.05” indicates a
significant difference between NT and CM varieties.
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Abstract: Non-thermal plasma-seed treatments could be an environmentally friendly method to
modulate plant properties. Since it remains unclear how plasmas affect seeds, RNA sequencing was
used here to analyze gene transcription changes in 7-day-old Arabidopsis thaliana (L.) Heynh. seedlings
grown from surface dielectric barrier discharge plasma-treated seeds. In a previous study, seeds
were analyzed 6 days after plasma exposure and a plant stress and defense response was observed.
Here, we performed a pathway analysis on differentially expressed genes and our results revealed
again an increased expression of plant stress and defense, specifically glucosinolate pathway-related
compounds. The main difference was that a different part of the plant defense response changed at
7 days, which was not previously observed at 6 days. With a 24-h delayed extraction time point, the
glucosinolates were selectively broken down into nitriles among all of the glucosinolates catabolic
products. Although information about nitriles is limited, it protects plants against biotic stresses
and has variable toxicity depending on the interacting organism. More work needs to be performed
to better understand which plasma seed treatment parameters affect plant defense; however, these
preliminary findings suggest that an optimized plasma treatment could be used to elicit a plant
defense response.

Keywords: non-thermal plasma; plant defense; glucosinolates; nitriles; RNA sequencing;
Arabidopsis thaliana

1. Introduction

The demand in agriculture to minimize or replace current chemical practices has been
increasing in recent years and now, biologicals, soil health, and traditional farming practices
are gaining traction. Among these approaches, investigations into cold, non-thermal plasma
applications on seeds and plants are increasing.

There are a variety of stressors which can elicit a plant defense response, such as heat,
chemical, or mechanical stress, and now, the potential of plasma is being explored as a
non-toxic, soft chemical treatment. Plasma could potentially avoid additional mechanical
and heat damage and due to its multiple components and synergies, it can potentially
trigger unique defense responses and outcomes. In theory, an optimized plasma treatment
should not produce any toxic residues, and to date, multiple studies have shown that
plasma treatments can support germination, growth, disease and stress resistance, delay
senescence, and improve crop yield [1–7].

Plasma is produced when a gas is ionized; it is a combination of UV photons, electric
field, electrons, ions, heat, and reactive oxygen and nitrogen species (RONS). Biological
applications of non-thermal plasmas are possible because a high-temperature chemistry can
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be attained at a low gas temperature [1]. There are multiple plasma device configurations
but the most common are, by far, the Dielectric barrier discharges (DBDs) at atmospheric
pressure. The dielectric layer, unique to this configuration, is used as an insulation barrier to
prevent sparking which can eventually lead to arcing at high voltages. Moreover, treatment
time and duty cycle are a few examples of variables which can be adjusted to ignite a plasma
at a sufficiently low gas temperature, a requirement for biological substrates sensitive to
heat, such as seeds.

As cited previously, successful results have been obtained globally, yet there are
no clear guidelines which outline the relevant plasma treatment parameters for plasma-
induced plant effects. Moreover, due to the limited body of knowledge, these changes are
currently unpredictable. Novel information concerning the mechanisms can be discovered
by analyzing changes in gene expression, methylation patterns, or protein expression in
plants grown from plasma-treated seeds using high throughput methods [8–11]. Among
these methods, studies have mostly resorted to using a quantitative PCR (qPCR) to mea-
sure the expression of specific genes of interest, and more recently micro-arrays or RNA
sequencing (RNA-seq), although the latter is currently limited [12–31].

Based on our previous studies [32,33], we observed accelerated germination by modi-
fying the plasma treatment times and voltage values. Here, we used RNA sequencing to
study the mechanisms behind this plasma-induced phenotype, accelerated germination.
Arabidopsis thaliana (L.) Heynh. seeds were treated with a dry air plasma, which ignites
at the edges of high voltage electrodes in a surface dielectric barrier discharge (SDBD).
A. thaliana is a plant model organism with an entirely sequenced genome and therefore, it is
more feasible to probe the underlying mechanisms and effects of plasma–plant interactions.
We first decided to analyze whole seedlings to capture a global overview of the main
processes and to avoid influencing the results with additional mechanical stress as a result
of separating and isolating different tissue types. However, future experiments should
explore tissue-specific changes by analyzing the roots and shoots separately. Furthermore,
dry seeds with a low moisture content of 7.66% were used in this study since moisture can
influence the plasma seed treatment results [34].

This study is a follow-up of our previous study. RNA sequencing was previously
used to analyze 6-day-old seedlings from plasma-treated seeds using two different plasma
treatment times of 60 s and 80 s at 7.75 kV ± 3% [32]. Here, RNA sequencing was used
once again as a pioneering, preliminary study with similar plasma conditions using a 60 s
treatment time at 7.75 kV ± 3% except with a different sampling time point: 7-day-old
seedlings [33]. Although we compared our two transcriptome datasets, we are mindful
of the minor, albeit relevant, differences. The plasma seed treatments across both studies
were performed on the same day and grown in parallel. Furthermore, the same plasma
treatment time of 60 s was used again. Minor differences mainly arose from the different
sampling time points and voltage values (inherent to plasma treatments). Although 8 kV
was measured in the previous time series study, we assumed that 7.5 kV would produce a
similar plasma since the voltage was 7.75 kV ± 3%. These two voltages differ only by 6%,
which is within the experimental error of the voltage supply to the DBD electrodes.

Specifically in this paper, 6-day-old and 7-day-old untreated, control seedlings were
first analyzed and compared. This was followed by a comparison between the untreated,
control seedlings at days 6 and 7 with the corresponding plasma-treated seedlings to
determine whether the changes in gene expression were due to the plant age or plasma
treatment. Finally, we concluded with the differentially expressed genes and pathways of
7-day-old plasma-treated seedlings relative to the untreated 7-day-old seedlings. Increased
transcription of glucosinolate-related enzymes such as two genes encoding myrosinases
(AT1G51470, AT1G47600) were observed again, suggesting the breakdown of glucosinolates.
However, the most striking finding from this study was that the glucosinolates were
specifically broken down into nitriles, as indicated by the increased expression of a nitrile
specifier protein (AT3G16390), which seems to promote only the production of simple
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nitriles (Table S3). To our knowledge, this has not been previously reported in the literature
for plasma agriculture.

2. Materials and Methods

2.1. Seed Material

Arabidopsis thaliana Col-0 seeds were cultivated at the Department of Plant Molecular
Biology at the University of Lausanne. They were grown in a plant chamber room and
harvested in May 2019. A thermogravimetric analysis (TGA 4000, Perkin Elmer, Waltham,
MA, USA) was completed to verify the low moisture content of the seeds, which was 7.66%.
These seeds were stored in Eppendorf or Falcon tubes and kept at room temperature in the
dark until used for experiments [32,33]. At the time of the experiments performed in this
study, the seeds were 18–20 months old.

2.2. Surface Dielectric Barrier Discharge Description

The materials and design of the SDBD device (Sihon Electronics) used alumina as a
dielectric and a printed striped pattern for the high voltage electrodes. The SDBD was
housed in a closed stainless steel reactor chamber, 18 cm diameter and 11 cm high. For
the plasma-seed treatment, the seeds were situated underneath the SDBD device, and
were resting on Teflon cylinders approximately 3.7 mm away from the plasma. The seeds
were not overlapping. Each individual Arabidopsis seed had an area of approximately
0.1 mm2 [35]. The seed-plasma treatment was static. Additional details can be found in
previous studies [32,33].

2.3. RNA Isolation, Library Construction and RNA Sequencing

After the seeds were treated with plasma, they were sown on water agar plates (within
hours). The 48-h time point after sowing was used to measure the germination rate. The
samples were incubated for another 5 days. After 7 days from the time of sowing, the
total RNA (up to 100 mg) was extracted from three biological replicates using a lysing kit
with 1.4 mm zirconium beads in 0.5 mL tubes in a Precellys machine (Bertin, Montingy-le-
Bretonneux, France). A custom program in Precellys was used entirely at 4 ◦C as follows:
30 s at 6000 rpm, 10 s at 0 rpm (break), and 30 s at 6000 rpm. To isolate the RNA, InnuPREP
Plant RNA kit (Analytic Jena, Jena, Germany) was used and the extracted RNA was
quantified using a nanodrop (DS-11 Microvolume Spectrophotometer).

The RNA quality was determined using a Fragment Analyzer (Agilent Technologies,
Santa Clara, CA, USA) and all samples used in this study had an RNA quality number
(RQN) above 8.3. The Lausanne Genomic Technologies Facility at the University of Lau-
sanne prepared the library and the RNA sequencing (https://www.unil.ch/gtf, accessed
on 15 June 2021). For the RNA-seq libraries, 400 ng of total RNA was used in combination
with the Illumina TruSeq Stranded mRNA reagents (Illumina) using a unique dual indexing
strategy, and following the official protocol automated on a Sciclone liquid handling robot
(PerkinElmer, Waltham, MA, USA). A fluorimetric method (QubIT, Life Technologies, Carls-
bad, CA, USA) was used to quantify the libraries and a Fragment Analyzer determined the
quality (Agilent Technologies, Santa Clara, CA, USA).

Cluster generation was performed with 2 nM of an equimolar pool from the resulting
libraries using the Illumina HiSeq 3000/4000 SR Cluster Kit reagents. It was then sequenced
on the Illumina HiSeq 4000 SR platform (single end) using HiSeq 3000/4000 SBS Kit
reagents for 150 cycles (single end). The sequencing data were demultiplexed using
the bcl2fastq2 Conversion Software (version 2.20, Illumina, San Diego, CA, USA). This
produced 31–37 million of 150 bp long single-end reads for each library independently,
which were then sequenced (Table S1).

Quality control (phred score > 20) and adapter trimming with FastQC (0.11.976), and
BBDuk were performed on the raw reads. Any matches to ribosomal RNA were eliminated
with fastq_screen (v. 0.9.3). The Arabidopsis reference genome sequence (Araport11) and the
default parameters in STAR v2.7.5 were used for read alignment. The count matrix was
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generated with FeatureCounts v1.6.2 in order to calculate gene expression values as raw
read counts. This was used to obtain RPKM to make heatmaps with an in-house script.

The gene expression profiles are of 7-day-old seedlings (NCBI project number PR-
JNA800224). The seeds were treated with a 7.5 kV plasma for 60 s and grown until the 7th
day in the same agar plate under continuous light to reduce biological variability. A pool
of 30 seedlings represents one biological replicate. An average of ~47 million raw reads of
150 base pairs (bp) were produced. After filtering, ~46 million clean reads per library were
retained (Figure S1, Table S1) and ~96% were mapped to the A. thaliana reference genome
(Table S2).

DESeq2 package from R software v1.30.1 [36] after rlog transformation and Wald
test with the p-value adjusted using the Benjamini and Hochberg method (FDR), were
used to analyze count read values in order to identify the differentially expressed genes
(DEGs) between untreated and treated samples. ShinyGO v.0.76 software was used to find
GO categories of differentially expressed genes with p-value cut-off set at <0.05 [37]. The
results were based on customized background genes from our RNA-seq, which yield more
accurate results for enrichment analysis [38]. The transcriptome data are available in NCBI
Bioproject Code: PRJNA800224 [32].

3. Results

3.1. Global RNA-seq Analysis of Young Seedlings Grown from Plasma-Treated Seeds

The normalized gene expression values were used in the Principal Component Anal-
ysis (PCA). There was clustering among the three replicates of the untreated 6-day-old
seedlings and untreated 7-day-old seedlings (Figures 1 and 2). However, there was little
clustering among the three replicates of the 7-day-old plasma-treated seedlings and the
untreated 7-day-old seedlings. Nevertheless, there was clustering when using two repli-
cates. Therefore, for further data analysis, one replicate of the control and plasma-treated
sample was removed to reduce the variability (Figure 3, Figures 4 and S2–S4). In total,
75% of the variance was explained by the first two principal components (59% by PC1 and
26% by PC2). From the 32,833 genes across four samples, 21,168 genes passed the selected
threshold; each biological replicate had more than two reads (see Methods for more details).

A false discovery rate (FDR) < 0.15 and a log2foldchange (FC) > 1 were used for the
analysis. There were 27 upregulated genes, and 29 downregulated genes for a total of
56 differentially expressed genes (DEGs). It should be noted that only a few enriched genes
were identified in this study and therefore, our statements are made tentatively. The main
focus of this manuscript is to highlight the similarities and differences between 6-day-old
and 7-day-old seedlings treated with a similar plasma. Both the 6-day-old and 7-day-old
seedlings had transcriptional changes related to the glucosinolate metabolism, yet only the
transcription of a nitrile specifier protein was detected in the 7-day-old seedlings.

3.2. Comparison of Gene Expression between 6-Day-Old and 7-Day-Old Untreated,
Control Seedlings

To ensure that the observed changes in secondary metabolism were caused by the
plasma treatment and not plant age, we cross-referenced our data and analyzed the gene
expression profiles for 6-day-old untreated, control seedlings (data taken from our previous
study) and 7-day-old untreated seedlings (data obtained during this study). PCA analysis
and hierarchical heat map clustering revealed significant differences between 6- and 7-day-
old seedlings (Figure 1A,B). However, based on pathway enrichment analysis, the main
differences were linked to plant development (Figure 1C,D).
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Figure 1. (A) Normalized gene expression values used in Principal Component Analysis (PCA) for
6-day-old and 7-day-old samples. The two components, PC1 and PC2, are shown on the X- and
Y-axes with 68% and 11% variance, respectively. Orange circles represent triplicates of 6-day-old
untreated A. thaliana seeds grown into seedlings and blue triangles represent the same as the orange
circles except that they were 7-day-old seedlings. Each point in the plot represents a biological
replicate, representing 30 seedlings, with a total of 6 biological replicates in the plot. (B) The full
transcriptome for 6-day-old and 7-day-old untreated seedlings represented as a heat map (Z-scaled
reads per kilobase of exon per million reads mapped (RPKM)). The relative expression profile of
the top 2000 variable genes were selected based on the lowest standard deviation using Euclidean
distance and are shown as hierarchical clustering. The columns represent individual samples, and
the rows represent genes. The color scale represents the relative read count of genes: green indicates
low relative read counts; red indicates high relative read counts; black indicates zero (no change).
(C) Pathway enrichment analysis of upregulated genes using KEGG category. (D) Pathway en-
richment analysis of downregulated genes using KEGG category. Significant differences between
untreated 6-day-old and 7-day-old untreated, control seedlings were due to plant development.

3.3. Comparison of DEGs between 6-Day-Old and 7-Day-Old Untreated, Control Seedlings to
DEGs in Plasma-Treated Seedlings

We then compared the DEGs of untreated, control seedlings and seedlings grown from
plasma-treated seeds to check the similarities and differences in the gene expression profiles.
To make it possible to produce a Venn diagram, the DEGs from 6-day-old and 7-day-old,
untreated seedlings needed to be identified and then compared. By using the changing
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genes between the 6th and 7th days, a comparison could then be made with the DEGs of
plasma-treated seedlings. More details about the DEGs in the 60 s and 80 s plasma-treated
samples can be found in a previous study [32]. In Figure 2A,C, there is a minor overlap of
significantly DEGs for both days 6 and 7. The untreated and 60 s plasma-treated seedlings
showed 88 genes in common between the two conditions; however, there were 5869 DEGs
and 181 DEGs in the untreated and plasma-treated samples, respectively. A similar pattern
was observed with 80 s plasma-treated seedlings. There were 5838 DEGs and 303 DEGs
for untreated and plasma-treated samples, respectively, of which 119 genes overlapped
between the two conditions. In both instances, the overlapping genes were related to the
primary metabolism (Figure 2B,D), which is involved in growth and development. These
genes were found in pathways related to photosynthesis and oxidative phosphorylation,
which are known to produce energy. This provided more confidence to ascribe the changes
in secondary metabolism to the plasma treatment.

(A) (B)

(C) (D)

Figure 2. (A) Venn diagram showing number of DEGs which overlapped or differed between DEGs
in 60 s plasma treatment triplicates from [32] (red) and DEGs shared between 6-day-old and 7-day-old
untreated seedlings (blue). (B) Pathway enrichment analysis using KEGG for DEGs in (A). (C) Venn
diagram showing number of DEGs which overlapped or differed between 80 s plasma treatment
triplicates from [32] (red) compared to DEGs shared between 6-day-old and 7-day-old untreated
seedlings (blue). (D) Pathway enrichment analysis using KEGG for genes in (C). Venn diagrams
demonstrate very few genes in common between untreated and plasma-treated seeds grown into
seedlings. Related genes are involved in primary metabolism and growth.

3.4. Gene Expression of Plasma-Treated Seeds Grown into 7-Day-Old Seedlings

Gene ontology (GO) analysis of specific DEG groups was used in ShinyGO v0.76
software for the pathway enrichment analysis on two replicates of the 7-day-old seedlings
grown from plasma-treated seeds [37]. In Figure 3A–C, the upregulated genes after 60 s
plasma treatment at 7.5 kV are organized into biological process, cellular component, and
molecular function categories, respectively. The number of genes and fold enrichment
in the pathway are shown in the lollipop diagrams, whereas the hierarchical tree clus-
tering is shown in the supplemental section (Figure S3). The individual genes are listed
in Table S3. Overall, gene expression increased in the secondary metabolic pathways,
mainly for products from the glucosinolate metabolism. Specifically, gene expression in
nitrile biosynthesis and metabolism was highly upregulated only in 7-day-old seedlings
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(Figure 3A, Table S3). Within the cellular component category, components concerning
the cell periphery were upregulated and equally had the highest number of upregulated
genes (Figure 3B). The upregulated molecular functions were enzymatic reactions related
to glucosinolates, glucohydrolase activity, and other enzymes involved in glucosinolate
metabolism (Figure 3C).

(A) 

(B) 

 

(C) 

Figure 3. Upregulated gene enrichment analysis after 60 s plasma treatment at 7.5 kV. GO fold
enrichment, significance (FDR in log10), and number of genes in each pathway are given in the
lollipop diagrams in the following categories: (A) biological process, (B) cellular component, and
(C) molecular function.

The lollipop diagrams for the downregulated genes based on two replicates are shown
in Figure 4, whereas the hierarchical clustering trees can be found in the supplemental
section (Figure S4). The individual genes are listed in Table S3. Overall, gene expression
decreased across the diverse pathways related to response to stress or chemical stimulus.
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Specifically, the cellular responses to iron ion starvation and reactive oxygen species were
highly downregulated, whereas responses to the oxygen-containing compound had the
highest number of enriched genes (Figure 4A). Within the cellular component category,
lysosome and lytic vacuole were the most downregulated and the extracellular region had
the highest number of downregulated genes (Figure 4B). The downregulated molecular
functions were enzymatic reactions involved in nitrate transmembrane transporter activity
or oxidative response (Figure 4C).

(A) 

 

(B) 

 

(C) 

 

Figure 4. Downregulated gene enrichment analysis after 60 s plasma treatment at 7.5 kV. GO fold
enrichment, significance (FDR in log10), and number of genes in each pathway are given in the
lollipop diagrams in the following categories: (A) biological process, (B) cellular component, and
(C) molecular function.
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4. Discussion

4.1. Comparison between Our Studies

The aim of our study was to investigate how plasma-seed treatments affect the sub-
sequent seed development on a molecular level. Approximately one-week-old seedlings
were used after the root and shoot emergence for the following reasons: first, to ensure that
transcriptional changes would be detected and second, because seedlings have increased
sensitivity to stress. Limited treatment times and voltages were used to minimize addi-
tional stresses such as heat. Moreover, only the two formerly mentioned parameters among
five (voltage, time, gas flow rate, plasma-seed gap distance, and frequency) resulted in
accelerated germination, which increased our confidence that there would be detectable
molecular changes [32,33]. Our previous findings are supported by a study performed by
Šerá et al. [39], which showed how the pools of hormones change depending on a short or
long plasma treatment time. However, this has not yet been shown using transcriptomics
and therefore, this was completed using different plasma treatment times [32], and in this
study, using different sampling time points.

The time series study [32] used two plasma treatment times of 60 and 80 s at 8 kV and
the RNA was extracted 6 days after plasma-seed treatment. In this study, a single plasma
treatment time of 60 s at 7.5 kV was used but the RNA was extracted 24 h later, 7 days
after plasma-seed treatment. Previously, we demonstrated that a brief dry synthetic air
plasma-seed treatment had a long-term memory effect since it modulated the primary and
secondary metabolisms of 6-day-old seedlings. First, the transcription of genes belonging
to the phenylpropanoid pathway were upregulated after a 60 s treatment. This pathway
is responsible for lignin cell wall reinforcement and the production of antimicrobial com-
pounds, such as phytoalexins. We tentatively interpreted this as a bacterial or fungal plant
pathogen defense response. Second, the transcription of genes belonging to the glucosino-
late pathway was upregulated after an 80 s treatment. We hypothesized and interpreted
this response as a feeding deterrent and thus, as an insect and herbivore defense response.
In both instances, it seems that plasma behaved as an oxidative stress and possibly as a
wounding. Both the 6-day-old and 7-day-old seedlings had transcriptional changes related
to glucosinolate metabolism, yet only the transcription of a nitrile specifier protein was
detected only in the 7-day-old seedlings.

Concerning the dataset presented here, we rationalize that the lack of clear clusters
between the triplicates of the untreated and plasma-treated samples could be due to the
inherent seed variability, plasma-seed treatment variability, or the different sampling time
point. For example, fewer DEGs were identified in this study, likely due to the response
dampening over time. The latter is possible because this was demonstrated in another
study with Andrographis where the earliest and latest time points had fewer DEGs [26].
Nevertheless, the results of the data analysis were coherent with previous observations and
therefore, they were further analyzed and interpreted.

Prior to the DEG analysis of the 7-day-old seedlings, the gene profiles were compared
between the untreated and plasma-treated samples to ensure that the gene expression
changes were in fact due to the plasma treatment and not the plant physiology. Indeed, the
genes which were common between the two sample types were involved in developmental
processes (Figures 1 and 2), indicating that the DEGs were a result of plasma treatment.

Since these changes could be attributed to the plasma treatment, a comparison could
then be made more confidently. When comparing the results from this study to our
previous study, the gene expression trend in the first study showed a few upregulated
genes and vastly more downregulated genes, whereas here, it was an equal ratio of up- and
downregulated genes. The list of genes specifically induced after plasma treatment is shown
in Table S3. It was initially expected that the upregulation of the phenylpropanoid pathway
would be observed again when comparing 60 s at 8 kV to 60 s at 7.5 kV despite the plant
age difference. However, the 60 s at 7.5 kV mimicked more closely the 80 s at 8 kV since
there was an increased gene expression in glucosinolate-related production and enzymatic
activity (Figure 3). Upon further thought, it would be reasonable to observe this since there
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was an additional 24 h prior to sampling or in other words, extraction. We hypothesize that
the phenylpropanoid response shifted towards a glucosinolate response. Perhaps over time,
the plant runs through a sequence of pathways, led by gene expression changes, and the
same events could be observed with a less intense plasma, with a later sampling time point.
In other words, each of these plasma-treatments might have sequentially undergone a
phenylpropanoid biosynthesis response, followed by a glucosinolate biosynthesis response,
and then nitrile biosynthesis. Depending on the plasma intensity and elapsed time, a
different response might have been observed. It is entirely plausible that gene transcription
could have changed within 24 h; it is the case that some heat shock proteins change within
only 30 min [40].

Regarding the downregulated genes, there were subtle differences in the gene expres-
sion of hormones, where only auxin catabolism was observed in the previous study but
here, salicylic acid (SA) was observed for the first time (Figure 4A). Auxin was reasonable
to observe since aldoxime is a precursor to indole glucosinolates, camalexin, or auxin [41].
It is known that indole glucosinolates are blocked by high levels of auxin and it is likely the
same inversely. However, SA is involved in systemic acquired resistance, which would be
complementary to the upregulation of the secondary metabolism.

There are similarities between the two studies, which remain with the organelles,
especially lysosomes being the most downregulated. The same rationale as before applies
again here. The oxidized proteins as a result of plasma treatment could have been cleared
before the extraction. Furthermore, oxidation played a role again in eliciting a response
since many functions related to oxidation, detoxification, or chemical stress were observed
(Figure 4C).

4.2. Data Support the Hypothesis about Wounding and Oxidative Stress as a Plant Response
to Plasma

If the upregulated genes are analyzed closely, the data supports the proposed hypoth-
esis where plasma could be interpreted as a wounding from an insect or a penetrating
fungus or bacterium. We observed here an increase in pathway enrichment for cell wall
biogenesis. We hypothesize that this was either related to growth or the plant was repairing
damage and reinforcing the cell wall. It remains unknown which plasma components
caused these transcriptional responses. To answer this question, it would require a detailed
quantification of all the relevant RONS and their spatial distribution as a function of dis-
charge parameters in the presence of the seeds. This would require investigations well
beyond the scope of the present paper. However, preliminary studies in this direction have
been undertaken, so we speculate that the cascade of transcriptional changes could be due
to the diffusion of low concentration short-lived RONS, such as NO, which somehow does
not affect the seed surface substantially. Based on our previous findings [27], we detected
the presence of NO amongst other species with preliminary LIF studies. However, we
observed no changes in the concentrations of carbon, oxygen, nitrogen, or other elements
at the seed surface after plasma treatment using XPS (Figure S5). We assume that it may
not be necessary for the plasma to interact with the entire seed surface to have changes on
a molecular level. It has previously been shown that the seed surface facing the plasma
was the only surface to experience any surface changes [1]. If the observed effects occur
with only partial exposure of the seed to plasma, then the effects when the whole surface
is exposed (for example, in a fluidized bed plasma reactor) can be assumed to be even
stronger. In our study, seeds were checked before and after the treatment for any obvious
changes in seed positioning and we can confirm that it was a static treatment with no
seed movement. Since the seeds were not overlapping and an individual Arabidopsis seed
is roughly 0.1 mm2, probably half of each seed surface (0.05 mm2) was in contact with
plasma-derived components. Moreover, an indirect treatment using a 3.7 mm plasma-seed
gap is unlikely to affect the seed with ions, electrons, or electric fields and thus, this leads
us to believe it was RONS diffusion.
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Nevertheless, there were transcriptional changes concerning the cell wall; specifically,
extensin for cell wall protection (AT1G26240) and chitinase family protein (AT2G43610)
were also upregulated, suggesting again cell wall reinforcement and protection against
invasion. This could be because mechanical stimulus was detected, which triggers plant
defense against wounding since the gene expression of mechanosensitive channel of small
conductance-like 9 (AT5G19520) was upregulated. In case this is a response to the plasma-
generated RONS, the plasma component could have travelled through an aquaporin, based
on the DEGs in this study, which is known to be involved in hydrogen peroxide transport
(AT4G19030). Alternatively, it may be due to a few UV photons since a gene involved
in DNA repair and toleration (AT3G12610) was upregulated and this would be a typical
response to UV.

From this mechanical stimulus, the plant might have responded with cell wall loos-
ening using expansin, which has been mentioned before in other studies and one of these
genes (AT5G02260) was upregulated in our dataset. It is interesting to see that the listed
effects persisted for 7 days, even though they would be expected to occur shortly after the
plasma-seed treatment and with the onset of germination (within the first 48 h in this case).
It is often mentioned that abscisic acid decreases and gibberellic acid increases prior to
germination and in our dataset, a gene (AT5G15230) which promotes gibberellic acid and
exhibits redox activity was upregulated. Since the extraction took place 6 or 7 days after the
plasma treatment, the response to the initial stimulus might have evolved into a glucosino-
late response, which has been observed in both datasets, specifically with the upregulation
of two genes encoding myrosinases (AT1G51470, AT1G47600). The novel aspect of this
work was that these glucosinolates were further broken down into nitriles, as indicated by
the increased expression of a nitrile specifier protein (AT3G16390), which seems to promote
only the production of simple nitriles. There were no major transcriptional changes in the
genes involved in thiocyanate formation.

4.3. Plasma Defense Activated with Increased Nitrile Synthesis

There are several breakdown products when glucosinolates are in contact with my-
rosinases, enzymes which are typically stored in different compartments. Once in contact,
it results in a defense response with the production of thiocyanates, isocyanates, or nitriles
(see [41], Figure 1). It was shown in another study where young mustard greens after
plasma treatment had an increase or even doubling of isothiocynates [42,43], which is
coherent with the activation of the glucosinolate pathway here.

These processes are regulated by MYB transcription factors, which were not strongly
observed in our list, but there was a strong presence of nitrile-related genes. Although
the breakdown of glucosinolates into nitriles is not novel [44], to our knowledge, it is the
first time that this has been observed after plasma treatment. We cannot be certain that
all glucosinolates are broken down into only nitriles without additional metabolic studies,
so we propose these dynamic changes based on the obtained RNA-seq data. Considering
that there is only one other study plasma-treating Arabidopsis, it will become clearer in
time whether this speculation is true [27]. It is not yet clear why nitriles are favored over
other forms. Ultimately, nitriles can be broken down further into cyanogenic glucosides,
so it appears that a very potent response might be elicited from the plant after plasma
treatment. In some instances, nitriles are less toxic than isothiocyanates [45]. However,
certain organisms have evolved to consume breakdown products through coevolution [46].
In other instances, it can be more toxic to some herbivores or particularly to insects, so it
seems to depend on what is attacking the plant [46]. The plant needs to carefully manage
its resources, especially for defense responses. It is generally costly for the plant to defend
itself, especially at the expense of growth. Therefore, the plant needs to choose when it
would be best to mount a response and to which extent. There is a diverse combination
of glucosinolate plant responses which are dependent on the concentration and type of
glucosinolate, as well as the type of glucosinolate hydrolysis or breakdown products. This
intricacy is a reflection of the complex interplay between microbial pathogens, insects,
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herbivores, and plants. If only glucosinolate biosynthesis is taken into consideration, there
are 120 different glucosinolates to date, which is an impressive number to achieve such di-
versity from just a few amino acids [47]. The variation in glucosinolates is further amplified
after glucosinolate breakdown; products can be broken down into a single glucosinolate or
into products with diverse physicochemical and biological behavior. Therefore, it is difficult
to reach a conclusion about the nitrile synthesis and plasmas without understanding the
fundamental biology [48].

5. Conclusions

Overall, our findings here support the previously proposed hypothesis: the plant
interprets plasma as an oxidative stress as well as a wounding, seemingly tuned to the
plasma intensity [32]. Yet this time, another dimension was added by varying a biological
parameter (sampling time point) instead of a physical parameter (plasma treatment time).
Specifically, what was observed here was that the breakdown of glucosinolates led to the
production of nitriles and not isothiocyanates. Although plasma can elicit a plant defense
response and assuming that the biosynthesis of particular compounds can be increased
and beneficial, it is important to understand at what cost and under which context it
would remain so. For example, the biosynthesis of sweeteners increased at the expense
of other secondary metabolites [49]. In our study, nitriles were not as poisonous as other
glucosinolate breakdown products to certain biota so it may not be problematic but it might
be better tolerated than other forms. Therefore, it is very difficult to foresee what effect
this would have on plant–biota interactions without multiple bioassays reflecting a more
natural environment. Caution should be exercised to not make the plant more susceptible
to attacks.

So far, it seems that different pathways can be activated when using different combina-
tions of plants and plasma treatments. For example, plants belonging to the Brassica family,
such as our studies with A. thaliana, can activate the glucosinolate pathway after plasma
treatment. However, this is absent in other plant families so other plants such as basil and
pea might activate the phenylpropanoid pathway to increase essential oil production or
increase lignification, simply due to the plant characteristics rather than the plasma. It thus
would be valuable to understand how these changes occur between different plants. In the
event that similar pathways are activated, there might be a preference of one pathway over
the other. Therefore, one of the next aims should be to understand under which conditions
a pathway is activated meanwhile following the genetic changes in parallel [50,51].

Furthermore, it would be important to identify the limit of plasma treatment before
it becomes deleterious or activates apoptosis, programmed cell death. In certain contexts,
the biosynthesis of particular compounds could be desired and therefore, it might not
matter that the plants would die a few days later, given that they are harvested beforehand.
However, this would be critical to understand if the plants are grown over the long-term.
Therefore, experiments monitoring changes over time after sowing using multiple time
points would expedite our understanding. As an example, an extended version of a study
performed by the authors of [52] where the authors monitored and observed increased heat
shock proteins in the first two days after sowing in plasma-treated corn should certainly be
considered when designing experiments.

Lastly, to echo what was stated previously, a multi-omics approach will significantly
advance the pace of this research field. Overall, plasma duration was studied before [32],
and now, sampling/extraction time has been studied, which are both among the first,
pioneering transcriptomics studies performed using Arabidopsis and plasma and hopefully,
more will be completed in the future. Since there are presently only two Arabidopsis-
plasma studies [27,33], this study was used to first detect any major changes in gene
expression to be able to improve on the experimental design for future studies. Now that
we have observed changes primarily in the glucosinolate biosynthesis and breakdown,
future experiments will include mass spectrometry metabolomics where the glucosinolate
and their breakdown products are extracted and quantified to directly validate these
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observations at a transcriptomic level. Furthermore, the concentrations of these defense
metabolites should be studied indirectly using bioassays with predators, such as caterpillars
or fungal pathogens, to determine if these plasma-induced effects do, in fact, protect the
plant. In order to improve our general understanding, this will require the investigation
of multiple layers, such as genomics, epigenomics, proteomics, and metabolomics. Since
the data interpretation from one of these layers cannot be easily transposed to another, the
implications remain unpredictable, i.e., gene expression does not always correlate with
protein expression. Moreover, genes and proteins are subtly regulated through methylation
or phosphorylation, respectively, and therefore, analyzing each and every layer can reveal
information about the subtle fine-tuning of plasma treatments. Specifically, it would be
interesting to look at the epigenomics and the modification of wrapped DNA since changes
in methylation are presently observed but are not yet correlated with the phenotypic
changes induced by plasma treatment [53].

In summary, it appears that regardless of minor changes in the plasma-seed exper-
iment, a similar sequence of events might be observed: phenylpropanoid response is
triggered first, followed by glucosinolate biosynthesis, and then catabolism into nitriles. Fu-
ture studies will include more variables in the parameter space, such as multiple sampling
time points and variables in the plasma treatment. This will help to determine whether
the same response is observed regardless of minor plasma treatment changes or whether
minor changes in plasma can trigger exclusively different responses. Nevertheless, our
pioneering study brings new facts and clues in the field of a non-thermal plasma treatment
with possible agronomic interests, which could serve as the foundation for future studies
to build upon.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/life12111822/s1. Figure S1: Quality control for 7-day-old,
untreated, control seedlings and 60 s, 7.5 kV plasma-treated seeds grown into seedlings (A) Genes
retained in each sample (B) normalization of samples (C) density plot to demonstrate that profiles are
similar to proceed with analysis.; Figure S2: (Left) Principal Component Analysis (PCA) conducted
on the normalized gene expression values of the 7-day-old samples at 7.5 kV. X- and Y-axes show PC1
and PC2, respectively, with the amount of variance contained in each component, which 59% and
26%. Each point in the plot represents a biological replicate, representing 30 seedlings, with a total of
4 biological replicates in the plot. Symbols of the same colors are replicates of the same experimental
group where orange represents the control which are untreated A.thaliana seeds grown into seedlings
and blue represents 7.5 kV plasma-treated A.thaliana seeds grown into seedlings. (Right) Heat map
of the expression patterns (Z-scaled reads per kilobase of exon per million reads mapped (RPKM))
of the full transcriptome for 7-day-old samples at 7.5 kV. Hierarchical clustering of the relative
expression profile of the top 2000 variable genes selected based on the lowest standard deviation
using Euclidean distance. Individual samples are shown in columns, and genes in rows. The left
vertical axis shows clusters of genes. The color scale represents the relative read count of genes:
green indicates low relative read counts; red indicates high relative read counts; black indicates zero
(no change); Figure S3: A hierarchical clustering tree for the upregulated genes after 7.5 kV plasma
treatment in 7-day-old seedlings, summarizing the correlation among significant pathways within
GO categories (A) biological process (B) cellular component (C) molecular function. Pathways with
many shared genes are clustered together. The blue, bigger dots followed by the FDR values indicate
more significant P-values.; Figure S4: A hierarchical clustering tree for the downregulated genes
after 7.5 kV plasma treatment in 7-day-old seedlings, summarizing the correlation among significant
pathways within GO categories (A) biological process (B) cellular component, and (C) molecular
function. Pathways with many shared genes are clustered together. The blue, bigger dots followed
by the FDR values indicate more significant P-values.; Figure S5: X-ray photoelectron spectroscopy
(XPS) analysis with atomic concentration table of carbon, nitrogen, oxygen, silicon, and potassium
in untreated, and plasma-treated Arabidopsis seeds. From top to bottom, plasma treatment used
different times, voltages, and plasma-seed gap distances.; Table S1: Number of NGS-RNA-seq reads
before and after quality check on the raw sequencing data for 7-day-old seedlings treated with 7.5 kV
plasma.; Table S2: Number of clean reads mapped against A. thaliana genome for 7-day-old seedlings
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treated with 7.5 kV plasma.; Table S3: List of DEGs using a 60 s, 7.5 kV plasma treatment with (left)
upregulated genes and (right) downregulated genes with their corresponding fold change.
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Abstract: Background: Drought, N deficiency and herbivory are considered the most important
stressors caused by climate change in the agro- and eco-systems and varied in space and time shaping
highly dynamic and heterogeneous stressful environments. This study aims to evaluate the tomato
morpho-physiological and metabolic responses to combined abiotic and herbivory at different within-
plant spatial levels and temporal scales. Methods: Leaf-level morphological, gas exchange traits and
volatile organic compounds (VOCs) profiles were measured in tomato plants exposed to N deficiency
and drought, Tuta absoluta larvae and their combination. Additive, synergistic or antagonistic effects
of the single stress when combined were also evaluated. Morpho-physiological traits and VOCs
profile were also measured on leaves located at three different positions along the shoot axes. Results:
The combination of the abiotic and biotic stress has been more harmful than single stress with
antagonistic and synergistic but non-additive effects for the morpho-physiological and VOCs tomato
responses, respectively. Combined stress also determined a high within-plant phenotypic plasticity of
the morpho-physiological responses. Conclusions: These results suggested that the combined stress
in tomato determined a “new stress state” and a higher within-plant phenotypic plasticity which
could permit an efficient use of the growth and defense resources in the heterogeneous and multiple
stressful environmental conditions.

Keywords: within-plant phenotypic plasticity; combined stresses; additive; antagonistic and synergic
effects; VOCs

1. Introduction

Owing to sessile nature, plants are continually exposed to abiotic (mainly drought, heat
and salinity) and biotic (pathogens and herbivory) stresses whose intensity and frequency
are expected to be increased by climate change. The effects of these stresses and how the
plants respond to these stressful factors, taken individually, have been extensively studied
at both the morpho-physiological and molecular scale [1,2] and plant community level [3,4].
However, under field condition, these various biotic and abiotic factors are constantly
changing during the plant life cycle and, above all, co-occur in nature [5]. Hence, the plants
have to make decisions about fine-tuning their responses to allocate resources efficiently for
responding to the more serious and different threats at any given point in time. Different
studies have uncovered that plants evoke a “unique response” to the combination of abiotic
and biotic stresses compared to the single stress [5–8] revealing that the plants’ responses
to combined stress pointed out “a new stress state” with mostly non-additive effects (i.e.,
synergistic or antagonistic). For example, insect herbivory antagonized the heat responses
in tomato [9], whereas, in this same plant species, drought stress synergized the emission
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of specific VOCs in combination with aphid herbivory [10] as well with the larvae of green
alder sawfly (Monsoma pulveratum) in Alnus glutinosa [11]. Drought and simulate herbivory
combination synergized some morphological traits of Pinus sylvestris, while other ones
were antagonized [12]. In addition to the “new stress state”, the plants’ responses to the
stress are strictly dependent on the plant traits, genotypes, species, and type, intensity,
frequency and duration of the stress suggesting that more investigation is needed for a
better understanding of the abiotic and pest herbivore interaction, the least studied among
stress combinations.

The plants’ responses to the individual abiotic and biotic stress have been observed to
show a modulation (induced and constitutive) with a strong spatio-temporal component
(local or systemic, transient or permanent) that determined a high “within-plant variation”.
For example, the spatial scale of herbivore-induced changes can range from localized
at the site of attack [13] to systemic throughout the entire plant or tissue type [14,15].
Additionally, the light and heat gradients determined different responses within the tree
canopy [16] or the nutrient deficiency caused different morpho-physiological responses
among the different root types [17,18]. The temporal scale of the plant responses can
also vary: rapid or long term, ontogeny-modulated [19] and, in some cases, even trans-
generational responses are evoked for herbivory [20] as well as for abiotic stress [21]. The
multiple ecological role of the ‘within-plant’ variation was recently pointed out in the
adaptation to individual abiotic and biotic gradients [22] as well as in the alteration of
plant–antagonist interactions [23] so much so that it was proposed as “functional trait
itself” whose influences on ecosystem functioning are still neglected [24]. In spite of this
important role, the within-plant variation in response to the combined stress has not been
investigated so far, to the best of our knowledge.

Since 2006, the tomato production of the Mediterranean region has been under attack
by a newly introduced insect, Tuta absoluta, whose larvae feed on leaves, stems and fruits
causing severe damage to the tomato with decreases in production both in the field and
greenhouse [25]. Previous studies revealed that the low nitrogen levels and drought stress
inputs to tomato negatively affected the biological traits of T. absoluta [26,27] but also
demonstrated that the N deficiency and drought could be unfavorable to the tomato plants,
suggesting that the trade-off between negative impact on Tuta pest and plant growth should
be evaluated.

In this framework, experiments were set up to study the spatial and temporal expres-
sions of the morpho-physiological and metabolic responses of the tomato plants to the
single and/or combined abiotic (drought+N deficiency) and biotic stress (herbivory by
T. absoluta). In particular, the present study investigates the following questions: (1) Are
the morpho-physiological responses to individual stresses different from the combined
ones in tomato plants? (2) Are additive, synergistic or antagonistic effects in the combined
stress? (3) Do the tomato responses to the single and combined stress occur at between- or
within-plant levels?

2. Materials and Methods

2.1. Experimental Procedure and Plant Material

The present study was carried out on hydroponically-grown tomato plants (Solanum
lycopersicum L., cultivar nano S. Marzano) and consisted of two separate experiments,
addressing different but interrelated questions.

The first experiment, denoted as the ‘synergic, antagonistic and additive effects’, aimed
to determine the tomato responses to the abiotic and biotic stress, single or in combination,
and their temporal evolution, and also to evaluate whether the responses to the combined
stress were the results of additive, synergistic or antagonistic effects of the single stress.
For this purpose, we evaluated the effects of the drought plus N deficiency (abiotic stress,
ABIO), or herbivory by T. absoluta (biotic stress, BIO) and their combination (combined
stress, COMB) with the time of exposure (0, 1, 3 and 8 days) on the morphological (leaf
fresh and dry weight), physiological [water content, photosynthesis, stomatal conductance,

162



Life 2022, 12, 1804

transpiration rate and intrinsic water use efficiency (iWUE)] and metabolic traits (VOCs
profile). The fresh and dry weight of the leaf are traits directly related to the plant status,
while the leaf water content was strictly correlated with the plant drought tolerance [28]
but also with the plant palatability [29]. The gas exchange traits (photosynthesis, stomatal
conductance, transpiration and iWUE) are involved in the plant responses to drought and
N deficiency [30,31] and further the photosynthesis is “ . . . a plant-driven response to the
perception of stress rather than a secondary physiological response to tissue damage . . .
” highlighting strict interactions between photosynthesis, reactive oxygen species (ROS)
and hormonal signaling pathways for the plant responses to insect herbivory [32]. Finally,
the VOCs, as direct and indirect defense, are emitted by plants subject to both abiotic and
biotic stress [33].

Tomato plants (Solanum lycopersicum L., cultivar nano S. Marzano) (provided by
BAVICCHI S.p.a., Perugia, Italy) were exposed to the abiotic (nitrogen limitation and
drought stress simulated by the use of polyethylene glycol (PEG)) and biotic stress (two
first instar larvae placed in a leaf), or their combination and were considered as ‘stress
condition’. The control plants (CTR) were maintained at optimal N concentration, no
drought and herbivory, considered as the ‘optimal condition’. For the morpho-physiological
analysis, we used a randomized block design in which the entire experiment yielded
a total of 4 (treatments) × 4 (time of exposure) × 2 (block) × 2 (replications) = 64 samples.
The block was introduced because we used two experiments at two different times. A com-
pletely randomized design was used for the VOCs profiling, in which the entire experiment
was constituted by 4 (treatments) × 4 (time of exposure) × 3 (replicates) × 3 (measurements)
= 144 samples. The replicates for the VOCs were obtained in three different experiments.

The second experiment, denoted as the “within-plant phenotypic plasticity”, aimed to
evaluate the within-plant variation of the tomato morpho-physiological and metabolic traits
and how this within-plant phenotypic plasticity changed with the treatment conditions
(optimal, abiotic, biotic and combined stress). For this aim, the foliar morpho-physiological
and metabolic traits were evaluated on mature leaves located at three different positions
along the shoot axes for each treatment. For each treatment, we used a completely ran-
domized design in which the entire experiments yielded a total of 3 (leaves) × 1 (time of
exposure) × 3 (replicates) = 9 samples. For the gas exchanges traits only, we took two mea-
surements for each leaf, hence the experiments provided 3 (leaves) × 1 (time of exposure)
× 2 (measurements) × 4 replicates = 24 samples.

The Figure S1 reported the experimental protocol schedule of both experiments in-
cluding the plant growth, treatments and analysis.

2.2. Tomato Growth Conditions

Tomato seeds were surface sterilized for 15 min in 10% (v/v) sodium hypochloride,
rinsed with tap water and then germinated in a Petri dish (diameter 90 mm) on filter
paper with 0.1 mM CaSO4. After 7 d of germination [7 days after germination (DAG)],
six seedlings of uniform size were transferred into each of eight hydroponic units, each
containing 4.5 L of the following aerated nutrient solution (http://www.haifa-group.
com/files/Guides/tomato/Tomato.pdf (accessed on 8 February 2016) at 50% strength and
adjusted to pH 6.0 with 0.1 M potassium hydroxide: 5 mM KNO3, 1 mM NH4NO3, 1.44 mM
MgSO4, 3.99 mM Ca(NO3)2, 0.97 mM KH2PO4, 1 mM K2SO4, 25 μM H3BO3, 50 μM KCl,
2 μM MnSO4, 4 μM ZnSO4·7H2O, 0.5 μM CuSO4·5H2O, 0.5 μM (NH4)Mo7O24·4H2O,
20 μM EDTA iron(III) sodium salt.

The hydroponic units were placed in a growth chamber at 24 ◦C, 14 h photoperiod;
photon flux rate of 300 μmol m−2 s−1; 70% relative humidity (RH).

After 7 days (14 DAG), the nutrient solution was brought to 100% strength and the
plants of each pot were thinned to four for the morpho-physiological analysis while they
were left to six for VOCs analysis. The nutrient solution was renewed every 2 days.
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2.3. Insect Rearing

The tomato leafminer Tuta absoluta (Lepidoptera: Gelechiidae) colony was maintained in cli-
matic chambers (25◦C, RH 70%, 16 h light). It was kept in cages (Bugdorm®—60 × 60 × 60 cm)
containing tomato plants. Sugar and water were provided ad libitum to adults in
rearing cages.

2.4. Abiotic Stress and Herbivory Treatment

At 28 DAG, six hydroponic units continued to receive the same nutrient solution
as previously described in growth conditions, while in two hydroponic units 5% (w/v)
polyethylene glycol 8000 (Sigma PEG8000, Sigma Aldrich, St. Louis, MO, USA) and 1 mM
nitrogen were added for simulating the drought stress and nitrogen deficiency, respectively
(ABIO group). The final PEG concentration was gradually achieved by the addition of 2.5%
(w/v) PEG8000 every two days. The osmotic potential of the solutions, measured by an
osmometer (Freezing point osmometer, Osmomat 3000, Gonotec, Berlin, Germany), was
−0.55 MPa for 5% PEG and −0.05 MPa for the control solution (0% PEG). To obtain 1 mM
N for the nitrogen deficiency, the NH4NO3 was not added and the KNO3 and Ca(NO3)2
were reduced to 1 mM and 0.5 mM, respectively. In order to balance K and Ca, the K2SO4
and CaSO4 were increased to 3 mM and the 3.5 mM, respectively. Preliminary experiments
were run to ascertain that the selected PEG8000 and N concentrations did not prejudice
plants’ survival.

At 42 DAG, the hydroponic units were treated as follows for obtaining the whole set
of treatments (Figure S1):

(1) two hydroponic units were renewed with the optimal nutrient solution (CTR group);
(2) two hydroponic units were renewed with the nutrient solution with N deficiency and

PEG (ABIO group);
(3) two hydroponic units received the optimal nutrient solution but the plants were

infested with Tuta larvae to induce the biotic stress (BIO group);
(4) two hydroponic units maintained the same nutrient solution with N deficiency and

PEG and, in addition, the plants were infested by Tuta larvae (COMB group).

The plant infestation was obtained by placing two first instar larvae of Tuta in the 1st
fully-developed leaf (with five leaflets) from the bottom and, to avoid larvae escaping, each
infested leaf was then bagged with a nylon mesh of 4.7 cm diameter (Figure S2). We added
herbivorous insects to plants after 14 days of abiotic stress treatment in order to simulate
the effects of a pest outbreak which are predicted to become more frequent with climate
change [34].

2.5. First Experimental: Synergic, Antagonistic and Additive Effects
2.5.1. Tomato Samplings and Measurements

At 0 (42 DAG), 1 (43 DAG), 3 (45 DAG) and 8 days from the treatments (50 DAG), the
measurements/samplings were realized in order to simulate the early, intermediate and
late responses, respectively. Gas exchange measurements were carried out on the terminal
leaflet of the first fully-developed leaf (in presence of larvae, we used lateral leaflets) while
the whole plants were used for the morphological analysis. Consecutively, three leaves for
each treatment and time of exposure were sampled for the VOCs.

2.5.2. Gas Exchange Measurements

A calibrated portable photosynthesis system (LI-6400; LI-COR, Inc.; Lincoln, NE, USA)
was used to measure the net CO2 assimilation rate (A) (μmol (CO2) m−2 s−1), stomatal
conductance (gs) (mol H2O m−2 s−1), and the transpiration rate (T) (mmol H2O m−2 s−1).
These gas exchange parameters were measured at 500 cm3 min−1 flow rate, 26 ◦C leaf
temperature, CO2 concentration 400 μmol (mol air)−1 (controlled by CO2 cylinder), and
1200 μmol m−2 s−1 of photosynthetically active radiation supplied by the LED light source
in the leaf chamber. Each measurement was made with a minimum and maximum wait
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time of 120 and 200 s, respectively, and matching the infrared gas analyzers for 50 μmol
(CO2) mol (air)−1 difference in the CO2 concentration between the sample and the reference
before every change of plants. The leaf-to-air vapor pressure difference (VPD) was set
to 1.5 kPa, and continuously monitored around the leaf during measurements. It was
maintained at a constant level by manipulating the humidity of incoming air as needed.
All measurements were performed in the growth chamber.

Finally, the intrinsic water use efficiency (iWUE) was calculated as the rate of photo-
synthesis (A) divided by the rate of stomatal conductance to water (gs) [35].

2.5.3. Morphological Measurements

All the leaves of the plants were harvested, immediately weighed to obtain the leaf
fresh weight (LFW, g) and then placed in an oven at 70 ◦C for 2 days to determine the leaf
dry weight (LDW, g).

Finally, the leaf water content (LWC, %) was calculated as the following, as reported
in Jin et al. [36]:

Leaf Water content (%) = (LFW − LDW)/LFW × 100 (1)

2.5.4. VOCs Analysis

VOCs from three leaves per treatment and time of exposure were profiled by
headspace–solid phase microextraction (HS/SPME) method. One leaf was sealed in a
20 mL hermetic vial with butyl lid and allowed to incubate for 20 min at room tempera-
ture. The fiber (50/30 μm DVB/CAR/PDMS) (Supelco®, Bellefonte, PA, USA), previously
conditioned according to the supplier’s instructions, was inserted into the headspace
of the vial containing the sample and allowed to adsorb leaf volatiles for 20 min. The
volatiles were then desorbed by placing the fiber for 6 min into the injection port of the
gas chromatography–mass spectrometry (GC-MS) system. All the SPME sampling and
desorption conditions were identical for all the samples. Blanks were performed before
first SPME extraction and randomly repeated during each series of measurements.

GC-MS analysis of VOCs were performed with a Thermo Fisher TRACE 1300 (Trace
1300, Thermo Fisher Scientific, Waltham, MA, USA) gas chromatograph equipped with a
DB-5 capillary column (30 m × 0.25 mm; coating thickness = 0.25 μm, with 10 m of pre-
column) coupled to a Thermo Fisher ISQ LT ion trap mass detector (ISQ LT, Thermo Fisher
Scientific, Waltham, MA, USA) (emission current: 10 microamps; count threshold: 1 count;
multiplier offset: 0 volts; scan time: 1.00 second; prescan ionization time: 100 microseconds;
scan mass range: 30–300 m/z; ionization mode: EI).

GC–MS data were obtained under the following analytical conditions: carrier gas Helium
(He 99.99%); flow rate 1 mL/min; spiltless. The initial oven temperature was 60 ◦C for 3 min,
after which it was raised to 240 ◦C at 6 ◦C/min, and finally isothermal for 3 min. The injection
port, transfer line, and ion source were kept at 250 ◦C, 250 ◦C, and 260 ◦C, respectively.

Qualitative identification of VOCs was performed using GC–MS reference libraries
(NIST x.0). Linear retention indices (LRI) were determined from the retention times of a
series of n-alkane mixture (C8-C20, Sigma Aldrich, Milan, Italy) analyzed under the same
conditions reported above [37]. Percentages of the studied compounds were calculated
from the peak areas in the total ion chromatograms. The relative abundance of each volatile
with respect to the total amount of released compounds was estimated from its peak area
against the total ions chromatogram, and expressed as a percentage, after subtracting
possible contaminants.

2.5.5. Statistical Analysis
Morpho-Physiological Data

By SPSS Inc. V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA), all the morpho-physiological
parameters were analyzed by two-way ANOVA with the treatment (Tr) (CTR, ABIO, BIO
and COMB), time of exposure (Ti) and block (Bl) as main factors and the TrxTi as interaction.
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Then, Tukey’s test was used to compare the means of all the parameters of each Tr and
Ti. All data were tested for normality (Kolmogorov–Smirnoff test) and homogeneity of
variance (Levene median test) and, where required, the data were transformed.

VOCs Data

The VOCs dataset was elaborated by using the R statistical software 3.5 [38].
Differences among treatments, time of exposure and TrxTi interaction were inferred

through PERMANOVA multivariate analysis (999 permutations) using the package vegan.
Pairwise comparisons were calculated using a custom script and correcting p values using
the False Discovery Rate (FDR) method.

In order to identify VOCs key predictors that could constitute a molecular signature
identifier among the treatments within each time of exposure, we used a preliminary
unsupervised (Principal Component Analysis, PCA) and then supervised analysis (Sparse
Projection to Latent Structure–Discriminant Analysis, sPLS-DA) by using the mixOmics
package [39]. Statistical algorithms are detailed in Rohart et al. [39] and they account
for multiple comparisons inherent in biomarker datasets, where multiple classification
features are considered for a relatively small number of specimens (p >> n). In particular,
the sPLS-DA procedure constructs artificial latent components of the predicted dataset
(VOCs Table denoted X (N × P)) and the response variable (denoted Y with categorical
information of samples, e.g., CTR, ABIO, BIO and COMB). To predict the number of latent
components (associated loading vectors) and the number of discriminants, for sPLS-DA,
we used the perf.plsda() and tune.splsda() functions, respectively. We finetuned the model
using five-fold cross-validation repeated 10 times to estimate the classification error rates
employing two metrics, overall error rates and balanced error rates (BER), between the
predicted latent variables with the centroid of the class labels (categories considered in this
study) and specifying the max.dist (which gave the minimal classification rate in this study).

Calculation of Additive, Synergistic or Antagonistic Effects in Combined Stress

To determine whether stress combination yielded additive, synergistic or antagonistic
effects respect to each of the single stress alone, we used the method of Bansal et al. [12]. To
such aim, we compared the observed effects (Ob) with expected additive effects (Ex) for
the plants exposed to the abiotic stress and herbivory combination (COMB) at 3 and 8 days
of treatments, only. The Ob effect sizes were calculated as the absolute value of:

Ob = (ob − xCTR)/xCTR (2)

where Ob is the value of each measured trait in each plants and treatment and xCTR is the
mean value of the same trait measured in CTR plants.

For each of the traits considered, the Ex additive effect sizes for the COMB treatment
were defined in two steps by first determining and then summing the independent effects
(In) of each treatment. The In effect sizes were calculated as the absolute value of:

Ind = (xstress − xCTR)/xCTR (3)

where xstress is the mean values of a given trait in the presence of a single stress, and
xCTR is the corresponding mean value in CTR plants. Then, the Ex additive effect size for
the COMB treatment was calculated by using a multiplicative risk model [40], that is the
sum of the two In effects minus their product. Finally, the Ex additive values for COMB
plants were compared to the actual Ob additive effects. In particular, we calculated a mean
difference (±95% confidence interval) between the effect sizes of Ob and Ex was for COMB
plants. When Ob-Ex > 0 and the lower 95% confidence limit was greater than zero, then the
impact from the combination of both stressors was classified as synergistic. Antagonistic
effects were defined when the Ob-Ex < 0 and the upper 95% confidence limit was less than
zero. Finally, we classified additive effects when the 95% confidence interval crossed the
zero line.
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2.6. Second Experiment: Within-Plant Phenotypic Plasticity
2.6.1. Tomato Samplings and Measurements

The tomato samplings and measurements were carried out at 8 days from the treat-
ments (50 DAG) in the leaves located at three different positions along the shoot axes:
basal (B), intermediate (I) and apical leaf (A) belonging to the first, second and third node,
respectively. Preliminary experiments using phloem dying as reported in Orians et al. [41]
resulted that the apical leaf, but not the intermediate one, is linked to the basal one via
vasculature connections (Figure S3). On such basis, we also considered the basal, interme-
diate and apical leaves as the local (L), no-orthostichous (nO) and orthostichous leaf (O),
respectively. The basal/local leaf was used for placing the first instar larvae of T. absoluta
for the experimental infestation.

Measurements for the gas exchanges traits were carried out on two opposite leaflets of
the basal/local (B/L), intermediate/noOrthostic (I/noO) and apical/orthostic leaf (A/O)
and the same leaves were subsequently collected for the morphological analysis.

All the morpho-physiological analyses were carried out as in the first experiment.

2.6.2. Statistics
Within-Plant Variance of the Morpho-Physiological Traits

The within-plant variance of the morpho-physiological traits was evaluated as in
Zywiec et al. [42].

In order to estimate the partitioning of total variation of the morpho-physiological
traits among- and within-treatments, we conducted a linear mixed models with treatments
and plant nested within-treatments as random effects using the whole-plant data. The
variance partitions among- and within-treatments and tests on the statistical significance of
variance components were conducted using restricted maximum likelihood (REML).

In order to verify the effects of each treatments on morpho-physiological traits of
different leaves within the plants, we analyzed the within-plant variation by applying a
hierarchical partition to divide total variance into two levels of variation: among plants and
among the leaves in the same plants (leaf nested within plant). All levels were considered
as random effects, as required for variance partitioning. Analyses were conducted with the
mixed procedure of SPSS. The replicate obtained for each leaflets sample allowed us to esti-
mate measurement error and thus assess the variance component and statistical significance
(Wald Z and p values) of this component between- and within-individual plants.

Morpho-Physiological Data

By SPSS Inc. V. 10.0, 2002 (SPSS Inc., Evanston, IL, USA), all the morpho-physiological
parameters were analyzed by one way ANOVA with Tukey’s test as post-hoc test (p < 0.05).

3. Results and Discussion

3.1. Are the Morpho-Physiological Responses to Individual Stresses Different from the Combined
Ones? Are Additive, Synergistic or Antagonistic Effects in the Combined Stress?

The morpho-physiological results clearly indicated an opposite pattern in the response
of the tomato plants to the single stresses with the ABIO treatment showing a more negative
impact than the BIO one with respect to the CTR plants (Figures 1 and 2).

167



Life 2022, 12, 1804

Figure 1. Morphological traits. Leaf fresh (g), dry weight (g) and leaf water content (%) of tomato
plants treated with different stress: drought stress plus N deficiency (ABIO), infestation by the insect
Tuta absoluta (BIO) and their combination (COMB) for different times of exposure (0, 1, 3 and 8 days).
Unstressed control plants (CTR). Each value and its error bar indicate the mean and the standard
error of the mean, respectively (N = 4).

Figure 2. Gas exchange parameters. Photosynthetic rate (μmol CO2 m−2 s−1), stomatal conductance
(mol H2O m−2 s−1), transpiration rate (mmol H2O m−2 s−1) and intrinsic water use efficiency (μmol
CO2 mol−1 H2O) of the leaves of tomato plants treated with different stress for different time of
exposure (0, 1, 3 and 8 days). Acronyms as in Figure 1. Each value and its error bar indicate the mean
and the standard error of the mean, respectively (N = 4).

In particular, the LFW, LDW, LWC, A, and iWUE were significantly reduced in the
ABIO plants with respect to the control, whereas no significant differences were observed
in the presence of herbivory except than for leaf water content and iWUE (Figures 1 and 2;
Tables 1 and 2).
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Table 1. Results of two-way ANOVA [Treatment (Tr), time (Ti), block (Bl), TrxTi interaction (TrxTi)]
on the morphological traits. Abbreviations as in Figure 1. Statistics: F- and p-values. Within each
morphological traits and time of exposure, the different letters indicated statistical differences among
the means of the treatments (p < 0.05, test of Tukey).

Parameters Statistics
Time (Ti)

Treatments (Tr) t0 t1 t3 t8

Leaf fresh weight

Tr 10.92 *** ABIO a a b b

Ti 1.40 NS BIO a a a a

Bl 6.08 * COMB a a b b

TrxTi 1.06 NS CTR a a a a

Leaf dry weight

Tr 8.87 *** ABIO a a b b

Ti 2.91 * BIO a a a a

BI 17.17 *** COMB a a b b

TrxTi 1.26 NS CTR a a a ab

Leaf water content

Tr 3.16 * ABIO a ab ab a

Ti 12.01 *** BIO a b a a

BI 52.15 *** COMB a b b a

TrxTi 1.50 NS CTR a a a a

* 0.05 < p < 0.01; *** p < 0.001; NS not significant.

Table 2. Results of two-way ANOVA [Treatment (Tr), time (Ti), block (Bl) TrxTi interaction (TrxTi)] on
the gas exchanges traits. Abbreviations as in Figure 1. Statistics: F- and p-values. Within each gas
exchanges traits and time of exposure, the different letters indicated statistical differences among the
mean of the treatments (p < 0.05, test of Tukey).

Parameters Statistics
Time (Ti)

Treatments (Tr) t0 t1 t3 t8

Photosynthetic rate

Tr 17.60 *** ABIO a b bc ab

Ti 2.73 NS BIO a a a ab

BI 20.74 *** COMB a b c b

TrxTi 0.76 NS CTR a ab ab a

Stomatal conductance

Tr 5.38 ** ABIO a a ab a

Ti 0.60 NS BIO a a a a

BI 61.82 *** COMB a b b a

TrxTi 0.57 NS CTR a ab ab a

Transpiration rate

Tr 6.94 ** ABIO a a ab ab

Ti 0.79 NS BIO a a a a

BI 55.73 *** COMB a a b b

TrxTi 1.13 NS CTR a a ab ab

iWUE

Tr 6.23 ** ABIO a b a b

Ti 0.47 NS BIO a b a b

BI 136.54 *** COMB a b a ab

TrxTi 1.52 NS CTR a a a a

** 0.01 < p < 0.001; *** p < 0.001; NS not significant.

It is known that the drought stress, either alone [43] or in combination with N defi-
ciency [44], reduced the A, gs and LWC with negative consequence for the leaf growth of
tomato plants which arise from established molecular mechanisms [45]. As observed, the
BIO treatment did not produce modification of the morpho-physiological traits in compari-
son to the control (Figures 1 and 2; Tables 1 and 2) and this no response to the herbivory falls
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in the highly variable effects observed in different plant–insect combinations. For example,
the leaf dry to fresh mass ratio was not changed by Monsoma pulveratum feeding on Alnus
glutinosa [11] but a weak negative effect in the soybean-natural herbivory interaction was
observed [46]. Further, the net photosynthesis was found to be either sharply reduced [47],
or even increased [48] or even not modified [49]. In the present study, the infestation of
Tuta absoluta could probably have caused ‘indirect effects’ in leaf tomato such as increase
of the photosynthesis and water losses by transpiration rate, resulting in reduced iWUE
and leaf water content as also observed in soybean-Japanese beetles and corn earworm
caterpillars interactions [49]. However, in a previous study concerning the Tuta–tomato
interactions, a reduction in leaflet growth was pointed out [50].

Although the plant responses to the individual abiotic stress and herbivory infestation
are well understood, the information concerning the effects of stress combination is, in
most of the cases, scanty or even absent. In the present study, the combination among the
N deficiency and drought, on one side, and herbivory by Tuta, on the other side, caused
the highest reduction of the tomato morpho-physiological traits respect to the control
plants (Figures 1 and 2; Tables 1 and 2). This overstate effect of the combined stress could
be due to the interactive responses determined by cross-talk in hormonal signaling and
by the transcriptional modulation of defense-related genes. Indeed, in the interaction
between Solanum dulcamara and the herbivory by specialist Leptinotarsa decemlineata, the
antagonism of the specific herbivory-induced salycilic acid on the jasmonic acid (JA) was
found to prevail over the synergism of the specific drought-induced abscissic acid (ABA)
with consequent reduction of the defense responses observed at transcriptional levels
(increase in the cell wall components and secondary metabolism) [51]. Moreover, in tomato
plants subjected to both drought and herbivory by Spodoptera exigua, an adaptive response
was observed by a transcriptional activation of the genes related to the photosynthetic
machinery and chlorophyll biosynthesis causing, as a consequence, a reduction of the
secondary metabolite production [51].

The temporal evolution of the plant responses to environmental stresses is fundamen-
tal for the success of the plant adaptation, although such aspect has been comparatively
less studied. In the present work, differently to the single stress, the COMB treatment
reduced the LFW and LDW at 3 days from the stress treatments, while the LWC, A, gs and
iWUE respond faster, being already evident at 1 day of treatment (Figures 1 and 2; Tables 1
and 2). It is likely that the combined stress in tomato plants rapidly activated the stom-
atal closure, to reduce the water losses, causing in turn a reduction of the photosynthetic
process accompanied by a decrease in the synthesis of defense-related metabolites and all
this subsequently translated into a lower leaf growth. However, this morpho-physiological
pattern, although faster, could have been the final result of the signaling and molecular
network which is instead activated in very rapid responses (within seconds and minutes)
as observed in different abiotic- and biotic-stressed plants [21].

Figures 1 and 2 and Tables 1 and 2 also show that abiotic stress and herbivory by
Tuta more negatively affected the physiological traits than the morphological ones. The
plant physiological plasticity is more related to an enhanced ability to exploit the transient
environmental resources, such as water and nutrient patches, or to produce the defense
responses (secondary metabolites) to the herbivory attack at low cost by short-term adjust-
ments [52–54]. Conversely, the plant morphological plasticity is more resource-intensive
and hence more functional to long-term plant adaptation [52,54].

The VOCs emission is an important plant defense process in response to the her-
bivory attack [55], as well as abiotic stress [56]. HS/SPME GC-MS analysis revealed
forty-five volatile compounds emitted by the tomato leaves exposed to the single (abiotic
and biotic) and combined stress (Table S1). In particular, the volatile profile was mostly
characterized by mono- (24% of the total) and sesquiterpenes (44%), although hydrocarbons
(11%), ester (9%), alcohol (5%), ether (5%) and aldehyde (2%) were also present (Table S1).
Volatile terpenoid metabolites have been recognized as having a range of specific roles in
plant/environment and plant/plant interactions [57] and, in particular, in the direct and
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indirect defense of tomato plants against the herbivory [58]. Table S2 reported the volatiles
from each treatment and time of exposure on the basis of % area of each peak over the
total area of the chromatogram. In order to test the influence of the treatments and time
of exposure on the volatile profiling, we run a multivariate approach that included, first,
the Permanova, and then the PCA and sPLSDA that allowed to visualize the differences
among the groups and to select informative and relevant volatiles. Permanova analysis
indicated that the treatments, the time of exposure and their interaction determined sig-
nificant differences in the volatilome of tomato plants (Table S3). Pairwise comparison
among the treatments within each time of exposure revealed that the volatile profile of
COMB plants was different from control ones at 3 and 8 days of exposure, while in the BIO
plants such differences emerged only at 8 days of exposure (padjusted < 0.05; Table S4). Since
differences among the treatments became evident after the two aforementioned times of
exposure, we only used the volatiles dataset from the four treatments at 3 and 8 days of
exposure to run the PCA. Figure S4 showed the results of PCA where it is apparent that this
multivariate test was not able to separate the treatment groups owing to the high variability
among samples. Therefore, data were further analyzed using sPLS-DA at each time of
exposure (3 and 8 days). At 3 days of exposure, the performance step of the sPLSA-DA for
the selection of the number of components suggested that three components were sufficient
to sharply reduce the balanced error rate around 0.23 (Figure 3A). Further, the final model
obtained by tuning process pointed out that Component 1, 2 and 3 comprised 25, 19 and
31 volatiles, respectively (Figure 3B), but with a scarce discrimination among the treatments,
as highlighted by the sample plots on the first three components (Figure 3C,D).

At 8 days of exposure, three components were selected with a balanced error rate
around 0.28 and with a molecular signature composed of 16, 16 and 31 VOCs selected
on the first three components, respectively (Figure 4A,B). The sample plots on the three
components put into evidence a discrimination among the treatments with 60% of total ex-
plained variability split up by 32%, 15% and 13% for the first, second and third components,
respectively (Figure 4C,D).

In particular, plotting the first two components showed that the BIO treatment was
sharply separated from the control and COMB ones by the second component (Figure 4C).
Conversely, the first and third components scarcely discriminated among the treatments
(Figure 4C,D). All 16 VOCs selected on the second component had a negative weight in the
linear combination, and a subset of them, namely (E)-2 hexen-1 ol, (2E)-2-hexenyl propi-
onate, (+)-4-carene, α-copaene, hexyl propionate, β-phellandrene, α-pinene, terpinolene,
β-pinene, E β-caryophyllene, were found to be emitted at comparatively higher rates in BIO
plants (Figure 4E). However, a higher emission was observed for dodecane, 2,6,11-trimethyl
in CTR plants, the α-humulene and α-terpinene in ABIO ones, and γ-elemene and δ-
cadinene in COMB ones (Figure 4E). The alcohol (E)-2 hexen-1-ol [59], and the two esters
(2E)-2-hexenyl propionate [60] and hexyl propionate [61] are green leaf volatiles which are
released in response to different stress conditions to aid in plant defense against herbivory
and bacterial and fungal pathogens [62]. The (+)-4-carene, α-copaene, β-phellandrene,
α-pinene, terpinolene, β-pinene and E β-caryophyllene are terpenes, a large family of
organic compounds mostly involved in the plant defense. For example, the (+)-4-carene,
α-copaene and β-phellandrene are the most abundant VOCs emitted by Solanum spp. in the
presence of Bactericera cockerelli herbivory [63], and terpinolene and E β-caryophyllene were
mainly produced by tomato leaves infested with Trialeurodes vaporario-rum [64]. Further, the
α-humulene was found to be responsible of tomato repellence against Bemisia tabaci [65].
The dodecane, 2,6,11-trimethyl, which, on a comparative basis, was found to be highly
emitted by the CTR plants of the present study (Figure 4E), could be regarded as a VOCs
marker of healthy plant status, since this same evidence was obtained by Giunti et al. in
olive plants [66]. Interestingly, the α-terpinene and δ-terpinene were found to be mainly
discriminant of ABIO treatment (Figure 4E), thus confirming the results obtained in tomato
plants (cv. Gan Liang Mao Fen 802 F1) fertilized with low levels of N [65] and in drought-
stressed Thymus vulgaris plants [67]. Finally, the present study revealed the VOCs emitted
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by multi-stressed tomato plants. In particular, the γ-muurolene, δ-elemene, δ-cadinene,
β-elemene, α-gauiene, z-β-caryophyllene, aromadendrene, γ-elemene, 1,3,7 Nonatriene
4,8 dimethyl (3E)-, methyl salicylate, β-cadinene and myrcene were the compounds consti-
tuting the VOCs blend emitted by tomato plants when exposed to combined N and drought
stress with infestation by Tuta absoluta (Figure 4E,F). It should be noted that the γ-elemene
and δ-cadinene were present in both sPLD-DA components while the other volatiles were
only observed in the Component 1 that is the lesser discriminant (Figure 4E,F). In Gossypium
arboretum, the δ-cadinene is a precursor of the cyclic secondary sesquiterpene aldehydes,
including gossypol, that are insecticides [68]. Unlike δ-cadinene, the emission of γ-elemene
was not modified in the tomato leaves exposed to pest attack [64]. Besides the δ-cadinene
and γ-elemene, the other volatiles belonging to the component 1 were also of interest in
plant responses to the abiotic and biotic stress. Methyl salicylate was observed to increase
in double drought-stressed and aphid-infested tomato plants [10] but also in the drought-
herbivory combination together with 1,3,7-nonatriene, 4,8-dimethyl-, (3E)-, with which
methyl salicylate forms a couple of stress-specific VOCs [11]. The other volatiles released
by the COMB plants of the present study were also present in the volatilome of different
plant species exposed to the combination of two or more stresses [11,69,70].

Figure 3. Sparse Projection to Latent Structure–Discriminant Analysis (sPLS-DA) of volatile organic
compounds emitted from the leaves of tomato plants exposed to different stress (ABIO, BIO, COMB,
see acronym sin Figure 1), or not stressed (CTR) for 3 days of exposure. (A) Choosing the number of
components in sPLS-DA by performance test. Mean classification by overall and balanced error rate
(5 cross-validation averaged 50 times) for each sPLS-DA component. (B) Choosing the number of
volatiles for each sPLS-DA components by tuning test. Estimated classification balanced error rates for
volatile dataset (5 cross-validation averaged 50 times) with respect to the number of selected volatiles
for the sparse exploratory approaches. (C,D) sPLS-DA sample plot for the different components using
95% confidence ellipses. (C) Component 1 vs. Component 2, (D) Component 1 vs. Component 3.
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Figure 4. Sparse Projection to Latent Structure–Discriminant Analysis (sPLS-DA) of volatile organic
compounds emitted from the leaves of tomato plants exposed to different stress (ABIO, BIO, COMB,
see acronym sin Figure 1), or not stressed (CTR) for 3 days of exposure. (A) Choosing the number
of components in sPLS-DA by performance test. Mean classification by overall and balanced error
rate (5 cross-validation averaged 50 times) for each sPLS-DA component. (B) Choosing the number
of volatiles for each sPLS-DA components by tuning test. Estimated classification balanced error
rates for volatile dataset (5 cross-validation averaged 50 times) with respect to the number of selected
volatiles for the sparse exploratory approaches. (C,D) sPLS-DA sample plot for the different com-
ponents using 95% confidence ellipses. (C) Component 1 vs. Component 2, (D) Component 1 vs.
Component 3. Contribution plots by loading weights of the volatiles selected for the Component 2
(E) and Component 1 (F) of the sPLS-DA. The color indicated the treatments for which the selected
volatile has a maximal mean loading weight value.

3.2. Are Additive, Synergistic or Antagonistic Effects in the Combined Stress?

In analyzing the tomato morpho-physiological and metabolic responses to the com-
bined stress, it is of interest to understand whether stress combination caused additive
(i.e., equal to the sum of the single-stress effects), synergistic (i.e., higher than expected)
or antagonistic effects (i.e., lower than expected) with respect to those caused by each
single stress taken alone. This, in turn, would allow hypotheses to rise about the signaling
pathways and molecular mechanisms underlying the plant strategy in the presence of
simultaneous stress. In this respect, the additive, synergistic and antagonistic effects of
abiotic (drought and N deficiency) and biotic stress in tomato plants were evaluated by
the Bansal et al. method [12]. The reported results show that, in general, the physiological
(photosynthesis, stomatal conductance and transpiration) and the metabolic (VOCs) traits
pointed out more synergistic effects than morphological ones especially at an early time of
exposure, i.e., at 1 and 3 days (Figure 5).

In particular, a synergic effect (Figure 5) was observed for the reduction of the physio-
logical traits (photosynthesis, stomatal conductance and transpiration) (Figure 2) and for
the increase in the VOCs emission (Table S2). The closure of the stomata is the first plant
response to the water scarcity and it is mediated by ABA that orchestrates a network of
stress-responsive metabolites and gene expression [71]. The ABA signaling pathways also
interact with that of the JA one, the phytohormone that activates the signaling cascades for
regulating downstream transcriptional responses to the herbivory [72,73] and, furthermore,
it was observed that MeJA signaling is overlapped with ABA signaling in guard cells [74].
In the present work, such interaction between the ABA and JA signaling pathways could
have caused the synergistic negative effect on the physiological traits observed in COMB
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plants (Figure 5). However, besides the hormonal interactions, unique and novel molec-
ular mechanisms were also found during the stress combination in several studies. For
example, the transcriptome analysis revealed that a unique set of transcripts was altered
in response to the combination of drought and nematode infection [75], drought, heat
stress and virus [76], infection by Botrytis cinerea, herbivory by chewing larvae and drought
stress [77]. In the present study, the observed synergic effect of stress combination on the
decrease of both photosynthetic and transpiration rates could have been determined by
the stomatal closure in addition to the herbivory-induced resource reallocation to chemical
defense [78] that determined more intense dark respiration [79].

Figure 5. The combined impacts from abiotic (drought and N deficiency) and biotic stress (Infestation
of Tuta absoluta) on morpho-physiological traits of tomato plants at 1, 3 and 8 days of treatment
and VOCs emission at 8 days of treatment. The combined impact of single stressors was estimated
as synergist (red color), additive (white color) or antagonistic (blue color) (greater than, equal to
or less than expected effects, respectively, based on single stressor effect sizes). The vertical and
error bars represent, respectively, the mean and the 95% confidence interval of the overall effect size
difference between the observed and expected additive effects from combined abiotic and biotic stress
on morpho-physiological and metabolic traits of tomato plants. The zero line represents the expected
additive effects from combined stressors. When the means (and their 95% confidence limits) were
higher than or less than the zero line, they were considered synergistic or antagonistic, respectively.

A synergic effect (Figure 5) was also involved in the increase of the metabolic traits
such as the VOCs emission in COMB-treated tomato plants (Table S2). This synergic effect
could be due to diverse reasons. First, the improvement of the formation reactive oxygen
species (ROS) by drought stress [80] and nutrient deficiency [81] that could sensitize the
VOCs response. Indeed, it is known that the VOCs are emitted by early signaling events
involving the ROS during the herbivory [82]. Secondly, the abiotic stress and herbivory by
Tuta could have increased the biosynthesis of VOCs both via hormone cross-talking and
higher resource reallocation to chemical defense. For example, the ABA and JA, the main
phytohormones respectively involved in the plant response to the drought and herbivory,
interact among each other via molecular cross-talk [72–74] and the reallocation of plant
resources to defense by modification of the gene expression profiles after herbivory was
also observed [83]. Third, the increased VOCs biosynthesis in presence of both stresses
could have caused their accumulation inside the leaf, leading to the formation of a steep
partial pressure gradient between the atmosphere and substomatal cavities along which
the VOCs could be highly emitted.

Unlike the physiologic and metabolic traits, the results obtained for the morphological
traits suggested an early antagonistic effect (at 1 day of treatment) in COMB plants, evolving
thereafter towards additivity (Figure 5). This result could be explained by the fact that
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COMB plants prioritized their responses towards herbivory. Indeed, the COMB plants
aimed to reduce their leaf water content more in the presence of Tuta rather than under ABIO
ones compared to the CTR through a sharp increase of the leaf dry weight (Figure 1). Why?
The water and the dry weight are strictly and negatively linked to the plant palatability
towards the pest [84]; hence, in the presence of combined stress, tomato plants might
have redirected the allocation of their resources towards the formation of carbon-based
secondary compounds such as lignin and fiber contents which contribute to leaf toughness
and reduce palatability [85].

3.3. Do the Tomato Responses to the Single and Combined Stress Occur at Between- or
Within-Plant Levels?

Recent studies pointed out the importance of the within-individual variation of the
plant responses to the abiotic and biotic stress rather than between-individual for the
ecology at individual, population, and community levels [86,87]. For example, it was
pointed out that a higher within-plant variation of the morpho-physiological responses
permitted an improvement of the exploitation of the heterogeneously distributed resources
such as light, CO2, nutrient [24,88], an optimization of the cost-expensive defenses against
herbivory and pathogens [89], and an alteration of plant–antagonist interactions [23]. In
this respect, first, we assessed whether the among-treatments variance of the morpho-
physiological traits and VOCs profiles of the tomato plants is higher than within-treatment
ones, and then, we evaluated the between- and within-plant variance for each treatment. To
do this, we used the morpho-physiological traits and VOCs observed at 8 days, that is the
time at which wider and higher modifications of these traits became evident (Tables 1 and 2;
Figures 1, 2 and 4). The contribution of the among- and within-treatment levels to the total
variance in mean of the morpho-physiological traits and VOCs responses to the treatments
considered was estimated by linear mixed models and statistically tested by restricted
maximum likelihood (REML) (Figure 6).

Figure 6. Dissection of total variance components of the morpho-physiological traits and VOCs
responses at 8 days of treatments (control, abiotic stress, biotic stress, combined stress). Considering
all treatments pooled, the contributions of treatment (blue color) and within-treatment (yellow color)
level to the total variance in mean of the morpho-physiological traits and VOCs responses in the four
treatments considered were estimated by linear mixed models.

Figure 6 indicated that most variance occurred at the within-treatments level, espe-
cially for the morpho-physiological traits but not for the VOCs. Hence, unlike the morpho-
physiological traits, the emission of the VOCs was more dependent on the stress treatments
rather than the individual plants. For such reason, only the morpho-physiological traits
were used in the analysis of within-plant variation that was conducted applying a hierarchi-
cal partition to divide total variance into two levels of variation: among plants and among
the leaves within the same plant. Such analysis was performed for each single treatment
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in order to verify its effects on within-plant phenotypic plasticity. The variance partitions
varied substantially among the different treatments and traits considered (Figure 7).

Figure 7. Nested within-treatment variance partitions (% of the total) in the morpho-physiological
responses of tomato plants to different abiotic and biotic stress. The between-plant variance comprises
plant within treatment (red color) and the within-plant variance involved the leaves within plant
within treatment (green color). The black color indicated the model error.

In general, the physiological traits pointed out a higher within-plant variance (average
54%) while the morphological ones showed more between-plant variance (average 50%)
(Figure 7). Why did the individual tomato plants modify more their leaf physiological traits
than morphological ones within their shoot? This was likely owing to the physiological
traits being comparatively less expensive, in terms of metabolic resources, and their modi-
fication could have been comparatively faster in response to the abiotic and biotic stress;
for example, rapid local and systemic responses through specific signaling pathways have
been observed in the presence of light stress [90], or herbivory [91], or during acquisition
of heat tolerance [16]. Among the treatments, the stresses induced a higher within-plant
variance than growing under optimal conditions: ABIO (average 58%), COMB (average
53%), BIO (average 31%) and CTR (average 22%) (Figure 7). The within-plant variation
under stressful conditions could allow a better ability to exploit the stress-induced transient
changes in environmental and soil resources [53,92] and the optimization of the defenses
against herbivory [93].

By considering that each treatment pointed out an important within-plant variation
for the morpho-physiological traits, we asked if a well-defined spatial pattern of these
responses among the leaves of the tomato shoot could be revealed. In this respect, by
one-way ANOVA, we compared the morpho-physiological responses to each treatment
on three mature leaves located at three different positions (basal (B), intermediate (I) and
apical leaf (A) placed at first, second and third node, respectively) along the shoot axes
on the morpho-physiological traits for each treatments. Further, the B, I and A leaf can be
also considered as local (L), no-orthostichous (nO) and orthostichous leaf (O), respectively,
because the apical leaf, but not the intermediate, is linked to the basal one by vasculature
connection (Figure S3). Hence, such leaf selection allowed to evaluate which among the
vascular (L vs. O vs. nO) or architectural patterns (B vs. I vs. A) caused the within-
plant phenotypic variability. Figure S5 depicted the vascular or architectural pattern or no
pattern of the tomato responses to each treatments. The Figures 8–14 showed the results
of gas exchanges (A, gs, T, and iWUE) and morphological traits (LFW, LDW, LWC) for
each treatment.
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Figure 8. Photosynthetic rate of three different leaves of tomato plants exposed for 8 days at diverse
stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated
the minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within each
panel indicated the F statistic with the p values (*** p < 0.001) derived from one-way ANOVA.

Figure 9. Stomatal conductance of three different leaves of tomato plants exposed for 8 days at
diverse stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot
indicated the minimum, first quartile, median, third quartile, and maximum value. Different letters
indicated significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values
within each panel indicated the F statistic with the p values (* 0.05 < p < 0.01; ** 0.01 < p < 0.001; NS
not significant) derived from one-way ANOVA.
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Figure 10. Transpiration rate of three different leaves of tomato plants exposed for 8 days at diverse
stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated
the minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within each
panel indicated the F statistic with the p values (* 0.05 < p < 0.01; ** 0.01 < p < 0.001; NS not significant)
derived from one-way ANOVA.

Figure 11. iWUE of three different leaves of tomato plants exposed for 8 days at diverse stresses
(abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated the
minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within each
panel indicated the F statistic with the p values (* 0.05 < p < 0.01; NS not significant) derived from
one-way ANOVA.
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Figure 12. Leaf fresh weight of three different leaves of tomato plants exposed for 8 days at diverse
stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated
the minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within each
panel indicated the F statistic with the p values (* 0.05 < p < 0.01; *** p < 0.001; NS not significant)
derived from one-way ANOVA.

Figure 13. Leaf dry weight of three different leaves of tomato plants exposed for 8 days at diverse
stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated
the minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within
each panel indicated the F statistic with the p values (*** p < 0.001; NS not significant) derived from
one-way ANOVA.
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Figure 14. Leaf water content of three different leaves of tomato plants exposed for 8 days at diverse
stresses (abiotic (ABIO); biotic (BIO); combined (COMB)). No stresses (CTR). The box plot indicated
the minimum, first quartile, median, third quartile, and maximum value. Different letters indicated
significant difference among the mean groups (N = 8; p < 0.05 test of Tukey). The values within each
panel indicated the F statistic with the p values (NS not significant) derived from one-way ANOVA.

An overall result is that, unlike the CTR and BIO, the ABIO and the COMB treatments
significantly modified all the morpho-physiological traits among the three tomato leaves,
except the LWC and A (Figures 8–14). Further, by comparing the spatial patterns of plant
responses (Figure S5), the physiological responses (A, gs, T, and iWUE) to the ABIO and
COMB treatments suggested an architectural pattern while the morphological ones pointed
out a vascular pattern (Figures 8–14). The abiotic stressors are known to strongly influence
the plant photosynthetic traits in relation to the leaf position/age, reflecting an architecture
pattern, in order to preserve the highly valuable tissues, such as the young leaf [94]. The
vascular pattern of the LFW and LDW in response to the COMB treatment could have been
due to the ABA-JA cross-talking signaling pathways [72–74] which could have occurred
between the two vascularly connected leaves (local and orthostic). In this respect, we
could hypothesize that the Tuta larvae placed on the local leaf of tomato plants could have
triggered, by vascular connection, these hormonal signaling pathways which could have
redirected the photosynthetic resources towards the defense compounds rather than leaf
growth ones. This kind of hormone cross-talk signaling interaction among the different
vascularly connected leaves within the plant has already been observed. For example,
abiotic stresses antagonized the immune responses by ABA-SA hormonal interaction in
older leaves of Arabidopsis, but such effect was suppressed in the younger leaf through a
signaling component of the SA pathway [95].

4. Conclusions and Future Directions

The present study has been addressed to answer questions related to the tomato
responses in the presence of combined abiotic stress (drought and N deficiency) and
herbivore infestation, based on the prediction that crop plants will have to face an increased
incidence of both detrimental factors in a changing climate. A first result of the present
study was that, respect to each single stress taken alone, the combination of drought, N
deficiency and Tuta infestation caused a stronger negative impact on the tomato morpho-
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physiological traits and induced a specific VOCs blend. It is likely that hormone cross-
talking regulating the signaling and metabolic systems of the plant responses could be
assumed as an explanation. Interestingly, and unlike each single stress, the VOCs blend
induced by stress combination contained, among others, the homoterpene 4,8-dimethyl-
1,3,7-nonatriene, known to be a rare and fundamental plant alarm volatile, as well as methyl
salicylate, a well-known herbivore-induced plant volatile which attracts natural enemies
and affects herbivore behavior.

A second result and main outcome of the present study was the relatively rapid
responses of the tomato plants to the COMB treatment and the synergistic effects for the
physiological and VOCs responses, but antagonistic for the morphological ones. In this
respect, no-additive effects of the single stress in tomato response to the combined stress
were put into evidence. This remarkably suggests that a “new stress state” characterized by
specific signaling pathways and gene expression, and probably orchestrated by hormonal
interactions, could be evoked in tomato plants stressed by the combination of drought, N
deficiency and Tuta infestation.

Finally, except for the VOCs emission, the stressful conditions induced a higher within-
plant variance in tomato with the abiotic and combined stress being the most influential.
The increase of the stress-induced variability of the morpho-physiological responses within
the tomato plants is of interest, because it supports the view that a high within-plant
variance could be of help for the defense against herbivore infestation and for maximizing
the exploitation efficiency of scarce soil resources.

In deployment of the stress-adaptation strategies by the modification of the morpho-
physiological traits, the plants use a signaling network consisting of several interacting
pathways such as, for example, the production and detoxification of reactive oxygen species
(ROS) and calcium-, phytohormone-, and MAPK-signaling pathway regulated at the multi-
genic level. These metabolic pathways in plants subjected to the combination of different
abiotic and biotic stress resulted in “shared” or “unique” responses with respect to those
pointed out in presence of the single stress. Future research direction should be based on
the investigation of these complex molecular networks that produce a “new stress state”
tailored for stress combinations. By omic technologies, it is possible to identify specific
genes involved in such shared and unique responses under combined stresses, which is
an important step toward developing potential stress tolerance traits useful for providing
multiple stress resistance to the crops.
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Abstract: Potassium (K) improves the stress tolerance of crop plants, which varies on the timing of
K application and crop varieties. Soybean is a promising crop that can easily fit with the cropping
pattern during kharif I season, when water logging occurs due to sudden rain. Therefore, an
experiment was conducted to determine the effect of K management on the productivity and seed
quality of soybean under normal and waterlogged conditions. The treatments comprised three factors,
namely soybean genotypes (BU Soybean-1 and BU Soybean-2), waterlogging (WL) (control and WL
for 4 days at the flowering stage (FS)), and K application (full dose as basal and 50% as basal +50% as
top dress after termination of the flooding). The trial was laid out in a randomized complete block
design with three replications. Findings revealed that BU Soybean-1 produced a higher number of
pods and seeds pod−1 under control conditions with basal application of K. On the other hand, BU
Soybean-2 produced taller plants and heavier grain, improving grain and straw yield under WL
conditions when K was top dressed. The varieties absorbed a higher amount of nitrogen, phosphorus,
and potassium under control conditions compared to WL when K was top dressed. Similarly, the
seed protein content of both varieties was higher in the control condition with a top dressing of K.
However, a higher percentage of seed germination was obtained from BU Soybean-2 in the control
condition with a top dressing of K. Further, more electrical conductivity and more mean germination
time were recorded in the case of BU Soybean-2 under WL with the basal application of K. Split
application of 50% of recommended K fertilizer after the recession of flood water could be suggested
for improved grain yield in flood-affected soybean growing areas.

Keywords: potassium; soybean; water logging; yield

1. Introduction

Soybean (Glycine max L.) has been cultivated since the early 1970s in Bangladesh, when
the Mennonite Central Committee worked in the district of greater Noakhali. Recently, the
cultivation of soybean has been extended dramatically from only 5000 ha in 2005 [1] to
57,670.85 ha in 2020–2021 in Bangladesh [2]. In Bangladesh, consciousness about the high
protein and nutrient content of soybean is increasing day by day [3,4]. Plants are natural
sources of biochemicals with numerous phenolics, antioxidants, vitamins, flavonoids,
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minerals, numerous pigments, dietary fiber, protein, and carbohydrates [5–10] for human
health benefits. One hundred grams of dry seed of soybean contains 30–50% protein,
277 mg calcium, 15.7 mg iron, 280 mg magnesium, 704 mg phosphorus, 1797 mg potassium
and 375 μg folic acid. Diversified adaptation strategies and nutritional value make soybean
more popular to growers worldwide. However, many soybean-growing countries have
encouraged farmers to produce more food through supporting soybean cultivation due
to its multiple use and positive impact on soil [11]. Moreover, if we compare the soybean
yield, we find that average yield is 1.8 t ha−1 in Bangladesh, while the global average is
2.76 t ha−1 [12,13].

In Bangladesh, the optimum sowing time for soybean is mid-December to mid-January,
and the crop is harvested during April [14]. Planting soybean in January suffers from
waterlogging (WL) at the pod formation stage in March due to a change in rainfall pattern.
For example, heavy torrential rains in April 2017 and super cyclone Amphan in 2020
damaged soybean crops at the late pod development stage (physiological maturity) in
the greater Noakhali and Bhola areas. In 2016, there was a cyclone called NADA in early
November that caused heavy rains and delayed soybean sowing, which was supposed to
be occur directly after harvesting Aman rice.

Soybean prefers adequate soil oxygen for maximum productivity, but WL reduces the
amount of oxygen available to the plant. The WL condition is critical water stress, which
affects the adaptation of soybean and reduces grain yield because it induces a significant
detrimental effect on morphological and biochemical attributes of soybean. Different
plant processes such as photosynthesis, accumulation of dry matter, plant growth, and
formation of flowers and pods are marked as disturbed under the WL conditions [15–17].
Any abiotic stress such as WL/drought/salinity reduces the production of crops [18], by
creating oxidative damage [19,20] by reactive oxygen species (ROS) [21], which eventually
generate change, i.e., membrane, DNA, and protein damage, nutrient imbalance [22,23],
and diminution in photosynthetic rates and changes color pigments [24–26]. To mitigate
ROS, the plant has enhanced both enzymatic and non-enzymatic antioxidants, such as
tocopherols betalain, ascorbic acids, carotenoids, betacyanin, betaxanthin, chlorophyll a,
chlorophyll b, beta-carotene, phenolic and flavonoids [27–32], which detoxify the ROS.
Under the WL condition, the plant suffers from a deficiency of oxygen, carbon dioxide,
and light. Nitrogen (N) fixation is greatly affected by WL since the nodules of soybean fix
N in the soil [33,34]. Under the WL condition, plants show different symptoms such as
yellowing of leaves due to chlorosis, cell damage due to necrosis, and defoliation. However,
the height of the plant is drastically reduced and N fixation is retarded under excess soil
moisture conditions. As a result, 20–39% yield of soybean is reduced when soybean plants
are exposed to flood at the R5 stage [35]. Soil WL caused an 18% yield loss in soybean
around the world when flooded during the late vegetative stage [36]. Similarly, the grain
yield of soybean decreased at a higher rate when it was exposed to WL in the R4 stage
as compared to the R1 stage [37]. In the case of WL at the V2 and V3 growth stage, yield
loss was 20% as reported by Sullivan et al. [38]. The yield loss in soybean was due to
severe disease incidence, hypoxia, stunting of shoot height, reduced root and nodule
formation under WL conditions. For better crop establishment, judicial application of
input is essential [39]. Potassium (K) is one of the most important macronutrients for crop
growth and development. This nutrient element has a great role in cereal and legume crops.
It is used to uptake water and maintain cell turgidity. The formation and translocation
of starch are also regulated by K within the plant. Translocation of nutrient and protein
synthesis are also influenced by K. It helps the soybean plants to cope with different
stresses, diseases, pests, and balanced uptake of other nutrients. It also helps in enzyme
activation during nodulation [40] and has a prominent functionality in N and P uptake.
Potassium enhances the photosynthetic rate and carbohydrate production, translocation,
and metabolism. Therefore, it ultimately improves grain quality and yield. The root activity
of plants is reduced under excess soil moisture conditions due to the low amount of K [41].
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However, the demand for K in the plant is closely related to internal metabolic paths or the
rate of phosphate recycling [42].

The K element has a viable function in the development, growth, and production
processes of the plant [43], as it imparts its role in the morphologic and physiological
characteristics of living plant cells [44], rather than only being part of the plant structure [45]
Thus, proper time of K application can protect soybean crops from nutrient deficiency and
can help recover from lodging and flood damage. Under moisture stress, K improves the
stress tolerance [46] and increases the dry matter [47] and yield. Therefore, it is imperative
to ensure the proper time of K application for sustainable agricultural production in K-
deficient soil. Thus, the present experiment was undertaken to determine the effect of K
management on the yield and seed quality of soybean under excess soil moisture conditions.

2. Materials and Methods

2.1. Location

A field experiment was conducted at the agronomy research field of Bangabandhu
Sheikh Mujibur Rahman Agricultural University Gazipur, Bangladesh, during the rabi
season 2020. The experimental site was located between 24◦09′ N and 90◦26′ E under the
sub-tropical climatic zone with an elevation of 8.4 m from sea level. The textural class was
silty clay, containing 40% clay, 45% silt, and 15% sand, having a pH of 6.1, soil organic
matter 1.20%, total N 0.11%, available P 7.21 ppm, exchangeable K 0.19 meq/100 g soil, and
available S of 11 ppm. The climate is sub-tropical in nature, characterized by moderately
low temperatures associated with scanty rainfall during winter. The air temperature is low
in the early crop growth stage and increased gradually from January to June. Total monthly
precipitation is minimum up to April but dramatically increases from May (Table 1).
Prior to experimentation, a soil sample was collected from the field to determine the
physicochemical properties of the soil. The soil belongs to the Salna series under the
Shallow Red Brown Terrace of the Argo-ecological zone (AEZ) Madhupur Tract (AEZ-28).

Table 1. Temperature, precipitation, and relative humidity of the research site during the experi-
ment period.

Months and Metrological
Events

January February March April May June

Average temperature (◦C) 17.8 20.0 25.2 28.3 29.0 30.2
Maximum temperature (◦C) 28.8 26.5 32.3 34.7 33.4 33.4
Minimum temperature (◦C) 12.8 13.5 18.5 21.8 24.8 26.7

Relative humidity (%) 87 73 80 82 84 84.5
Total precipitation (mm) 31.8 2.3 16 40.2 290.5 416.3

2.2. Land Preparation and Layout

The land was prepared very well by deep and cross plowing with tractor-drawn
disc-plow and rotavator followed by laddering. All uprooted weeds and stubbles were
incorporated into the soil. After one week, the plots were prepared as per design. Before
layout preparation, the land was fertilized with urea, triple superphosphate, muriate of
potash, gypsum, and zinc sulfate at 60, 170, 100, 100, and 10 kg ha−1, respectively. The
fertilizers were uniformly incorporated into the plot before sowing seeds. However, muriate
of potash was applied as per treatment. The unit plot size was 3 m × 4 m. Ridges were
made around each plot to restrict the lateral movement of water. The blocks and unit plots
were separated by 1.0 m and 1.5 m spacing, respectively.

2.3. Experimental Treatments and Design

The treatments comprised three factors, Factor A (soybean varieties): (i) BU Soybean-1
and (ii) BU Soybean-2, Factor B (WL): (i) control and (ii) WL for 4 days at the flowering
stage), and Factor C (K application): (i) full dose as basal and (ii) 50% as basal +50% as
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top dress after the termination of the WL. The experiment was laid out in a randomized
complete block design with three replications.

2.4. Seed Sowing and Crop Culture

Seeds of soybean varieties under this experiment were collected from the Department
of Agronomy, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur
Bangladesh. The germination of the collected seed was 95%, which was confirmed by a
germination test before sowing in the main field. Sowing was performed manually in lines
maintaining the spacing of 30 cm from line to line and 5 cm from plant to plant. Immediately
after sowing seeds, the plots were lightly irrigated to ensure uniform emergence. The
seedlings emerged within five days after sowing (DAS). Thinning was performed during
the appearance of the first trifoliate leaf stage, keeping one uniform and healthy seedling
after every 5 cm distance in each row. Weeding and mulching were performed to keep
the crop free from weeds. A sufficient amount of water was applied in each plot by
supplemental irrigation twice per week up to the flowering stage of the crop.

2.5. Imposition of WL Stress

WL plots were surrounded by 30 cm deep polythene anchored into the ground and
extending 30 cm above the ground to hold water. The WL treatment was imposed at the
flowering stage (60 DAS). The WL stress was induced by flooding the plots completely up to
5 cm above the ground level. The treatments were continued up to 4 days of WL. Afterward,
water was drained out from the treated plots. In the control (non-stress) treatment, water
was applied twice per week.

2.6. Harvesting and Sampling Crops

Harvesting was performed at physiological maturity of the crop (turned brownish
and became hard). A total of five plants were considered as a sample of those respective
varieties for recording yield contributing characters. At each sampling, five plants were
randomly selected from a single row. To avoid the border effect, the first and last rows of
the plot were discarded during sampling. The sample plants were collected randomly. For
taking yield data, a 1.8 m2 area was harvested, and seeds were threshed and dried. The
grain weight was taken and adjusted at 14% moisture content. The plant stems were dried
and straw was recorded.

2.7. Quantification of Yield Data

Plant height was measured by a meter scale of 100 cm. The plants were cut from the
ground level. The height of five plants was measured from the base to the tip of the main
shoot, and the height of the five plants was averaged. All pods from the five sample plants
were counted, and the average value was taken. The pod having at least one seed was
counted as a filled pod and the pod having no seed was counted as an unfilled pod. Pod
length was measured on a small scale of 30 cm. After collecting all the pods, ten pods were
selected randomly, the length was measured, and the mean value was recorded. After
separating the seeds from the pods, they were counted by hand. Then, the average value
was recorded. Weight of 100 seeds was recorded for each variety treatment-wise. Total
seeds from a 1.8 m2 area were weighed by an electrical balance. The weight of seeds was
converted to t ha−1. The moisture content of seeds was measured using a digital moisture
meter and adjusted to 14% moisture using formula (1).

Adjusted weight =
W × (100 − M1)

(100 − M2)
× 100 (1)

where W is the fresh weight, and M1 and M2 are the fresh and adjusted moisture percent of
the grain, respectively.
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For taking straw yield, a 1.8 m2 area was harvested, and seeds were separated. The
plant stems were dried, and straw was recorded and converted to t ha−1. Harvest index
(HI) was determined using the following Formula (2):

HI =
Grain yield

Grain yield + Straw yield
(2)

2.8. Determination of Seed Quality Data

Germination of seed is the most important criterion of seed quality. One hundred
seeds harvested from different treatments were used and replicated three times. Seeds
were placed in a 9 cm petri dish containing filter paper soaked with distilled water. The
petri-dishes were placed in an incubator at 30 ◦C until the completion of germination.
Seedlings were counted every day, and a seed was considered to be germinated as the
seed coat ruptured and the radical came out 2 mm in length. The final germination count
was made according to ISTA [48]. Germination percentages were calculated by using the
following Formula (3):

Germination (%) =
No. of seeds germinated

No. of seeds incubated for germination
× 100 (3)

The simplest method is to make preliminary germination counts at a standard time
before germination is completed. The seed sample that produces the largest number of
germinated seeds at the preliminary count will produce the fastest growing seedlings
and the fastest stand establishment. The speed of germination of the seed sample was
monitored by counting the germinated seedling at an interval of 24 h and counting until
germination was completed. An index of the speed of germination was then calculated by
adding the quotients of the daily counts divided by the number of days of germination.
Thereafter, a germination index (GI) was computed by using the following Formula (4) to
know the seed vigor [49].

GI =
n
d

(4)

where n = number of seedlings emerging on the day ‘d’, d = day after planting
Seed vigor index (SVI) was calculated by using the following Formula (5):

SVI =
Seedling length (cm) Germination (%)

100
(5)

Mean germination time (MGT) was calculated by the formula (6):

MGT =
n1 × d1 + n2 × d2 + n3 × d3 +−−−−−−−−

Total number of days
(6)

where n = number of germinated seeds, d = number of days

2.9. Determination of Seed Coat Leakage in Seeds

The electrical conductivity (EC) of the soybean seeds was tested using the standard
procedure to determine the quality of the seeds. The seeds were weighed on an analytical
balance, immersed in 75 mL of deionized water in plastic cups, and kept in a germination
chamber at 25 ◦C for 24 h. After the seed-soaking period, the electrical conductivity of
the soaking solutions was determined in a conductivity meter. The results obtained were
divided by the mass of fifty seeds and expressed in μS cm−1 g−1 of seeds [50].

2.10. Determination of Nutrient Composition in Seeds

The soybean seeds were dried at 70 ◦C for 72 h and ground by a Wiley Mill. The
ground sample was digested in concentrated H2PO4, and the total N concentration was
determined by the micro Kjeldahl method [51]. The concentration of P and K was analyzed
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by digesting a 0.2 g ground sample with 6 mL of 5:2 HNO3:HClO4 [51]. Total nutrient
uptake was determined by the following formula (7):

Nutrient in grain
(

kg ha−1
)
=

Nutrient in grain (%) Grain yield
(

kg ha−1
)

100
(7)

The amount of protein present in seed samples was calculated from the N concentra-
tion of the seeds following formula (8).

Protein (%) = N (%) × 5.71 (8)

2.11. Statistical Analysis

Replication-wise means data were obtained by averaging the sample mean [52]. All
data were expressed as mean ± standard deviation of the triplicate measurements [53]. The
collected data of different parameters were compiled and subjected to analysis of variance
by using CropStat 7.2 statistical package program. The treatment means were compared
using the DMRT at a 5% level of significance [54].

3. Results

3.1. Plant Height and Pod Production

There was no significant difference between control and WL treatment regarding plant
height of soybean when K was applied either basally or top dressed (Table 2). However, BU
Soybean-2 produced a taller plant under WL condition (48.86 cm) and BU Soybean-1 gave
the shorter plant under control condition (24.28 cm) when K was top dressed (48.86 cm). In
the case of pod production, BU Soybean-1 produced a numerically higher number of pods
under control (18.86 and 18.53 pods plant−1 with basal and top dressing of K application,
respectively) than WL condition (Table 2). The longest pod (4.31 cm) was measured in BU
Soybean-2 under control when K was top dressed.

Table 2. Effect of variety, fertilizer, and WL on plant height and pod production of soybean.

Soybean
Varieties

Growing
Condition

Plant Height (cm) Pods Plant−1 Pod Length (cm)

Basal K Top Dress K Basal K Top Dress K Basal K Top Dress K

BU Soybean-1 Control 25.20 c 24.28 c 18.86 18.53 3.98 ab 3.56 c
WL 24.78 c 24.48 c 14.40 14.73 3.76 b 3.63 c

BU Soybean-2 Control 42.83 b 41.20 b 14.46 15.66 4.31 a 3.78 b
WL 48.14 a 48.86 a 14.93 16.20 4.16 a 4.18 a

WL, water logging, WL, water logging, Figures with similar letters in a column did not vary significantly.

3.2. Production Seeds Plant−1 and 100-Seed Weight

Although seeds pod−1 did not vary significantly due to interaction of variety, K and
WL, BU Soybean-2 produced a higher number of seeds pod−1 when K was applied basally
under control (2.80 pod−1) followed by WL (2.60 pod−1) condition (Table 3). In the case
of BU Soybean-2, the seeds plant−1 was 42.26 and 40.50 with the basal application of K
in control and WL condition, respectively. The 100-seed weight of both genotypes was
higher under the control condition compared to WL. However, the 100-seed weight of BU
Soybean-2 was higher (22.04 g) when K was top dressed followed by basal application
(19.73 g) in control.

3.3. Grain and Straw Yield of Soybean

The interaction of variety, K, and WL exhibited a significant effect on the grain and
straw yield of soybean (Figure 1). BU Soybean-2 produced the highest grain yield compared
to BU Soybean-1 in all growing conditions and modes of K application. This variety
produced 2.63 and 2.84 t ha−1 grain in control and 1.65 and 1.71 t ha−1 under WL condition
with basal and top dressing of K, respectively. BU Soybean-1 produced 1.33 and 1.36 t ha−1
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under control and 1.24 and 1.23 t ha−1 under WL conditions when K was applied basally
and top dressing, respectively (Figure 1). BU Soybean-2 produced a higher amount of
straw yield compared to BU Soybean-1, and the straw yield of both genotypes was higher
under control than WL condition (Figure 1). The straw yield of BU Soybean-2 was the
highest (3.28 t ha−1) under control conditions when K was top dressed followed by basal
application (3.15 t ha−1). Similar to grain yield, BU Soybean-1 gave higher straw yield
under control than WL condition. BU Soybean-1 produced 1.66 and 1.63 t ha−1 under
control and 1.66 and 1.45 t ha−1 under WL conditions when K was applied basally and top
dressing, respectively (Figure 1). The HI of BU Soybean-2 was higher (0.46) under control
conditions when K was top dressed. The lower (0.42) was obtained from WL control when
K was applied basally in BU Soybean-1.

Table 3. Effect of variety, fertilizer, and WL on seed production and 100-seed weight of soybean.

Soybean
Varieties WL

Seeds Pod−1 Seeds Plant−1 100-Seed Weight (g)

Basal K Top Dress K Basal K Top Dress K Basal K Top Dress K

BU Soybean-1 Control 2.66 2.45 50.54 a 45.48 ab 11.81 c 11.10 c
WL 2.33 2.00 32.98 c 30.40 c 8.88 d 9.75 d

BU Soybean-2 Control 2.80 2.13 42.26 ab 39.08 b 19.73 a 22.04 a
WL 2.60 2.60 40.50 ab 33.09 c 13.81 c 16.44 b

WL, water logging, WL, water logging, Figures with similar letters in a column did not vary significantly.
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Figure 1. Interaction effect of variety, K and WL on grain and straw yield of soybean. Bar graphs indi-
cate mean value ± standard error. Bars with similar letters did not differ significantly at p < 0.05 level.

3.4. Nutrient Accumulation in Soybean Seed

The interaction of variety, K, and WL exhibited a significant effect on the N, P, and K
content of soybean grains. Both varieties absorbed a higher amount of N under control
conditions compared to WL (Figure 2). Between two soybean varieties, BU Soybean-2
accumulated a higher amount of N in grain. BU Soybean-2 absorbed the highest amount of
N (188.04 kg ha−1) when K was top dressed followed by basal application under control
conditions (170.93 kg ha−1). This variety accumulated 90.73 and 80.88 kg N ha−1 in grain
under WL conditions when K was applied basally and top dressing, respectively. The
N content of the grains of BU Soybean-1 was accumulated at 67.73 and 72.30 kg ha−1 in
control and 60.35 and 59.09 kg N ha−1 in WL condition with basal and top dressing of K
fertilizer, respectively.
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Figure 2. Interaction effect of variety, K and WL on nutrient contents in soybean seeds, Bar graphs indi-
cate mean value ± standard error. Bars with similar letters did not differ significantly at p < 0.05 level.

Similar to N accumulation, a higher amount of P was taken up by BU Soybean-2
under control than WL condition (Figure 2). The P absorption in the grain of BU Soybean-2
was the highest (13.89 kg ha−1) under control conditions when K was applied basally
followed by top dressing (12.90 kg ha−1). Again, BU Soybean-2 accumulated 7.28 and
7.00 kg P ha−1 in basal and top dressing of K, respectively, under WL conditions. In the
case of BU Soybean-1, a higher amount of P was taken up under top dressed treatment
in both growing conditions. BU Soybean-1 absorbed 7.73 and 7.20 kg P ha−1 under top
dressing and 6.88 and 6.10 kg P ha−1 under basal application of K fertilizer in control and
WL conditions, respectively (Figure 2).

Both varieties absorbed a higher amount of K under control conditions compared to
WL. Between two soybean varieties, BU Soybean-2 accumulated a higher amount of K
in grain. BU Soybean-2 absorbed the highest amount of K (77.89 kg ha−1) when K was
top dressed followed by basal application under control conditions (74.52 kg ha−1). This
variety accumulated 45.65 and 44.69 kg K ha−1 in grain under WL conditions when K was
applied basally and top dressing, respectively. The K content of the grains of BU Soybean-1
was 42.96 and 42.77 kg ha−1 in control and 34.07 and 37.75 kg K ha−1 in WL condition with
basal and top dressing of K fertilizer, respectively.

3.5. Protein Content and EC of Soybean Seed

The interaction of soybean, K, and WL exhibited a significant effect on the protein
percentage of soybean (Table 4). Generally, BU Soybean-2 contained a higher amount of
protein as compared to BU Soybean-1. Similarly, both soybean varieties produced higher
amounts of protein under control conditions with top dress K application. The lowest
amount of protein (28.48%) was found in BU Soybean-1 under WL condition when K was
top dressed. BU Soybean-2 gave the highest amount of EC (129 μS cm−1 g−1) under WL
condition when K was applied basally. The second highest EC (125 μS cm−1 g−1) was also
obtained from BU Soybean-2. The lowest value of EC (82 μS cm−1 g−1) was found in BU
Soybean-1 under control when K was top dressed (Table 4). Between two varieties, BU
Soybean-2 produced the heaviest seed. Under control conditions, both varieties produced
the highest amount of seed weight compared to WL. BU Soybean-2 produced the heaviest
seed (220.40 mg seed−1) under control conditions when K was top dressed and the lowest
(138.16 mg seed−1) in WL when K was applied basally (Table 4). In the case of BU Soybean-
1, the heaviest (118.13 mg seed−1) seed was observed under control conditions, and the
lighter one (88.86 mg seed−1) in WL condition when K was applied basally.
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Table 4. Effect of variety, fertilizer, and WL on protein, EC, and weight of soybean seed.

Soybean
Varieties Flooding

Protein (%) EC (μS cm−1 g−1) Seed Weight (mg seed−1)

Basal K Top Dress K Basal K Top Dress K Basal K Top Dress K

BU Soybean-1 Control 30.19 b 31.48 b 108 a 82 c 118.13 b 111.06 b
WL 28.85 c 28.48 c 89 c 92 b 88.86 c 97.50 c

BU Soybean-2 Control 38.60 a 39.35 a 106 b 92 b 197.33 a 220.40 a
WL 32.61 b 31.83 b 129 a 125 a 138.16 ab 164.46 ab

WL, water logging, WL, water logging, Figures with similar letters in a column did not vary significantly.

3.6. Germination and Seed Vigor Index of Soybean

The interaction of variety, K, and WL exhibited a significant effect on the germination
index of soybean (Figure 3). Between the two varieties, BU Soybean-2 gave the highest
germination index compared to BU Soybean-1. The germination index of BU Soybean-2
was higher (34.14) under the WL condition, while it was lower (29.56) in control when K
was applied basally. In the case of BU Soybean-1, the germination index was 7.63 and 16.35
in the basal application and 16.35 and 12.50 in top dressed treatment under control and WL,
respectively (Figure 3). In BU Soybean-2, the highest percentage of germination (80.0%) was
found under the flooded condition when K was top dressed and a lower percentage (62.0%)
in control when K was applied basally. In the case of BU Soybean-1, a higher germination
percentage (34.00%) of germination was found in WL, and the lower one (14.66%) was
observed in control when K was applied basally. BU Soybean-2 gave higher seed vigor
index compared to BU Soybean-1. BU Soybean-2 gave the highest seed vigor index (8.45)
under WL condition when K was top dressed, while the lowest one was observed in BU
Soybean-1 in control when K was applied basally.
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Figure 3. Effect of variety, K and WL on germination of soybean seeds. Bar graphs indicate mean
value ± standard error. Bars with similar letters did not differ significantly at p < 0.05 level.

Between the two varieties, MGT was higher in BU Soybean-2 compared to BU Soybean-
1. The MGT of BU Soybean-2 was 48.86 days under WL condition when K was top dressed
followed by basal application. Similarly, MGT was 40.26 days in top dress treatment and
34.56 days for basal application of K in the control plot. However, MGT for BU Soybean-1
was 24.66 days when K was top dressed, while it was 8.60 days in basal K application plot
under control conditions. Moreover, this variety needed 20.53 and 16.50 days for MGT in
basal and top dress plots, respectively, under flooded conditions (Figure 4).
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Figure 4. Effect of variety, fertilizer, and WL on vigor index and mean germination time of soybean
seeds. Bar graphs indicate mean value ± standard error. Bars with similar letters did not differ
significantly at p < 0.05 level.

4. Discussion

Nutrient element K has a viable function in the development, growth, and production
process of plants [43,55]. In the present experiment, the plant height of BU Soybean-1
decreased from 25.20 cm in control to 24.78 cm in WL condition when K was applied basally.
However, taller plants were measured in both testing soybean materials when K was top
dressed. Moreover, BU Soybean-2 produced taller plants than BU Soybean-1 under both
growing conditions and modes of K applications. The genetic difference was responsible
for the different plant heights of the two varieties. The WL-induced decrease in plant height
was noted in soybean [56]. Jin-Woong et al. [57] reported that the reduction in plant height
under WL conditions was probably due to oxygen deficiency, anaerobic conditions, less
root activity, and inhibition of synthesis and transport of photosynthetic assimilates.

Production of pods plant−1 is an important yield-contributing characteristic. In this
study, the number of pods plant−1 decreased due to the imposition of WL treatment.
However, BU Soybean-1 produced a higher number of pods than BU Soybean-2 under
control conditions. The WL induced several physiological disturbances in growth and pod
formation [17]. Jin-Woong et al. [57] and Sathi et al. [58] found that the number of pod
plant−1 was sharply reduced due to the imposition of WL. In this study, the application of
K after the recession of flood water provokes the production of more pods plant−1 (Table 2).
The supplementation of K increased photosynthetic capacity and Chl content reported,
resulting in taller plants and maximum pods plant−1 [59,60]. On the other hand, the longer-
sized pod was produced by BU Soybean-2 more than BU Soybean-1 under both growing
conditions and mode of K application. This indicated that BU Soybean-2 can produce
pods of longer length with a fewer number of pods plant−1. However, the lower number
of pods plant−1 under WL conditions resulted in a lower yield [61–63]. The better field
performance under WL conditions in terms of pod production with the split application of
K after the recession of flood was also supported by previous findings [64,65].

The production of seed plant−1 or pod−1 and individual seed weight is directly related
to grain yield. BU soybean-1 produced a higher number of seeds plant−1 under control
compared to WL. However, both soybean varieties performed better for seed production
under control with basal K application. Many experiments have explored the influence of
the basal application of K on the yield and quality of wheat [66,67]. Comparatively, smaller
seeds were found under WL conditions in both varieties. Ara et al. [37] and Sathi et al. [58]
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found that when the plants were subjected to WL stress, 100-seed weight decreased in
comparison to the control condition. However, BU Soybean-2 produced a lower number
of seeds plant−1 but gave bigger-sized seeds. Seed weight is a genetic characteristic, and
BU Soybean-2 is a bold grain soybean variety. However, split application of K fertilizer
increased the 100-grain weight of soybean varieties under WL conditions (Table 3).

This indicated that the split application of K improved the production of seed through
the use of another nutrient element by soybean plants. Ahmed et al. [68] reported that
the test weight of maize and soybean increased by 8 and 4%, respectively, due to a higher
amount of K application. The application of K at a higher rate increased photosynthesis and
accumulation of a greater amount of photosynthate to grain [65–69], as split application
of K after recession of flood water favors roots to absorb more minerals from the soil. On
the other hand, K also helps to increase photosynthesis and production of more photo-
assimilates that are ultimately stored in the seed. Thus, the 100-seed weight of BU Soybean-2
increased when K was applied after removal of flood.

The yield of soybean reduced significantly under WL conditions. The reduction
of yield-contributing characteristics under WL (Tables 2 and 3) resulted in lower yield
(Figure 1). Islam et al. [70] also found that the number of pods plant−1, seed weight, and
seed yield in mungbean were significantly affected due to soil WL stress. Amin et al. [39]
and Vineela [63] recorded a significant decrease in seed yield in mungbean due to WL. In
this experiment, BU Soybean-2 produced 3.6% more yield under WL conditions when K
was applied after the recession of flood water as compared to the basal application of K
fertilizer (Figure 1). This indicated that K fertilizer can reduce the detrimental effect of
flooding. Vyas et al. [60] reported that K application significantly improved the seed yield
of soybean. Uddin et al. [71] found that test weight and seed increased by K application.
The greater yield and high-quality grains obtained due to K application might be due
to increased photosynthesis, greater carbohydrate translocation toward the sink, and
metabolism [44,72,73].

Similar to yield, the straw yield of BU Soybean-2 also increased by split application
of K fertilizer under control as well as WL condition (Figure 1). This variety produced
1.92 and 1.95 t ha−1 straw in basal and top dressing of K, respectively, under WL conditions.
A similar finding was also reported by Farhad et al. [74]. However, the detrimental effect of
WL on the grain yield of soybean was also found by Beutler et al. [75] and Koger et al. [76].
Although there was no significant change in HI found in this study, Youn et al. [77] reported
that HI increased only in WL soybeans. On the contrary, a reduction of HI due to WL
was reported in mungbean [63,78]. According to Nguyen et al. [79], WL stress during the
vegetative stage of soybean growth causes a reduction in grain yield of approximately
17–40%, and that the reproductive stage led to a 40–57% yield reduction. A strong positive
relationship between K fertilizer input and grain yield has been shown [80].

Nutrient accumulation in seeds was more when K was applied after the recession of
flood water (Figure 2). Ahmed et al. [68] found that all K applications improved the total N
accumulation in plants. This helped to release ammonium ions from the soil and made N
more available to plants. Increasing the K application increased the N, P, and K content of
plants [81]. Board et al. [82] reported that the effects of WL on P were minor. It is now well
established that metabolic energy is required for the active transport of N, P, and K through
the root system [83,84]. Under hypoxic conditions, the stored metabolic energy of root cells
is appreciably reduced, thereby suppressing the active transport of these nutrients [85,86].

Both testing varieties absorbed a higher amount of N, P, and K under control conditions
compared to flooding. WL inhibits the uptake of most essential nutrients in the soil and
thus leads to deficiencies in N, P, K, Mg, and Ca [87]. The N contents decreased markedly in
different parts of the cotton plant under waterlogged conditions and exogenously applied
K showed considerable improvement in N contents in all plant parts [88]. The application
of K under WL conditions improved the accumulation of other plant nutrients such as K+,
Ca2+, N, Mn2+, and Fe2+ [59].
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BU Soybean-2 accumulated the highest amount of protein under control conditions
with a top dressing of K fertilizer. The second highest protein content was also obtained
from BU Soybean-2 under control conditions with basal K application (Table 4). Vyas
et al. [60] found that protein content was significantly higher with a split application of
37.5 kg as basal + 37.5 kg K2O ha−1 at the flowering stage of the crop. Alam et al. [65]
reported that the grain protein content of wheat was significantly influenced due to the
application of different levels of K. During the seed quality test, BU Soybean-2 gave a higher
EC value compared to BU Soybean-1. The higher EC value indicated the higher injury of the
seeds during flooding. Wuebker et al. [89] observed that seeds absorbed water (imbibition)
and reduced germination under WL conditions. Several reports showed a negative correla-
tion between germination percentage and WL stress [90,91]. The germination test showed
that exogenous application of K favored seed germination (Figures 3 and 4) when the field
was waterlogged for up to 4 days. Seed lots with a greater germination index is considered
to be more vigorous [52]. The survival rate and germination percent were quickly lost due
to the WL condition where the amount of oxygen was very low [92]. Potassium is a good
catalyst for seed germination and emergence. Potassium nitrate, potassium chloride, and
dipotassium hydrogen phosphate are the common K salts used in seed priming [83].

Heavy rainfall, high water tables and poor drainage create water logging in areas of the
world [93]. Low-oxygen in soil under waterlogged conditions limits yield of soybean [94].
Waterlogging impacts around 10–12% of agricultural soils [95], and about 6 million tons
of grain per year are lost due to this stress with economic losses of approximately US $
1.5 billion annually [96].

In Bangladesh, the cropping intensity is high during the rabi (November to March)
season, which is the best time for soybean cultivation. Different natural calamities start
during the month of March, when the soybean crops attain pod formation to the maturity
stage. In 2017, heavy rainfall occurred during the month of April, and the torrential rains
damaged the soybean at the pod development stage in the Noakhali and Bhola districts of
Bangladesh. Therefore, the application of K after flooding will reduce damage to soybean
and increase production, improve farmer income and ensure national food security in
Bangladesh. However, the intensity of flooding damage caused during the vegetative stage
and its impact on seed quality should be addressed in future research.

5. Conclusions

Waterlogging showed a detrimental effect on pods and seeds plant−1, pod length, 100-seed
weight, grain and straw yield, nutrient, and protein accumulation in soybean grain. On the other hand,
flood-affected seeds had higher germination percent, seed vigor index, and electrical conductivity,
and needed more mean germination time for both soybean varieties. Basal application of potassium
fertilizer improved height of plant, pods, and seeds plant−1, gave higher electrical conductivity and
needed more mean germination time of both soybean varieties. On the contrary, top dressing (50% as
basal + 50% as top dress after the termination of flooding) increased 100-seed weight, grain and straw
yield, nutrient, protein accumulation in grain, germination percent, and seed vigor index of soybean
under both control and flooding. Therefore, it might be concluded that exogenous application
of K fertilizer after the recession of flood water could be recommended for higher grain yield in
flood-affected soybean growing areas.
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Abstract: This study provides alternative approaches toward ex situ conservation by means of
in vitro seed germination and the multiplication of Penthorum chinense Pursh using nodal explants.
An overlay of a liquid medium on top of a gelled medium significantly increased the growth of
shoots and roots, while the presence of activated charcoal or growth regulators (benzyl adenine
and α-naphthaleneacetic acid) decreased the growth. Shoot tips of in vitro plantlets were cryop-
reserved using a droplet-vitrification method. The standard procedure included preculture with
10% sucrose for 31 h and with 17.5% sucrose for 17 h, osmoprotection with loading solution C4-35%
(17.5% glycerol + 17.5% sucrose, w/v) for 20 min, cryoprotection with alternative plant vitrification
solution (PVS) A3-70% (29.2% glycerol + 11.7% DMSO + 11.7% EG + 17.4% sucrose, w/v) at 0 ◦C for
30 min, cooling the samples in liquid nitrogen using aluminum foil strips and rewarming by plunging
into pre-heated (40 ◦C) unloading solution (35% sucrose) for 40 min. A three-step regrowth proce-
dure starting with ammonium-free medium followed by ammonium-containing medium with and
without growth regulators was essential for the regeneration of cryopreserved shoot tips. The species
was found to be very sensitive to the chemical cytotoxicity of permeating cryoprotectants during
cryoprotection and to ammonium-induced oxidant stress during initial regrowth steps. Improvement
of donor plant vigor by using apical sections and liquid overlay on top of the solid medium for
propagation, improved shoot tip tolerance to osmotic stress and increased post-cryopreservation
regeneration up to 64% were observed following PVS B5-85% (42.5% glycerol + 42.5% sucrose) treat-
ment for 60 min. The systematic approach used in this study enables fast optimization of the in vitro
growth and cryopreservation procedure for a new stress-sensitive wild plant species.

Keywords: alternative plant vitrification solution; ammonium-free medium; cytotoxicity; droplet-
vitrification; endangered species; liquid overlay; regrowth medium

1. Introduction

Penthorum chinense Pursh is a perennial herb that occurs in swamps and propagates
by means of underground rhizomes and, to minor extent, through seeds [1]. The species
belongs to Penthoraceae family, and the genus Penthorum has only two accepted species [2].
The plant has potential as a traditional herbal medicine with antioxidant properties and
anti-cancer, anti-blebbing and hepatoprotective actions, as well as a food supplement [3–6].

Decreasing populations, habitat loss and climate change are major threats to this
species [7]. Moreover, its high medicinal and ornamental value make this species worthy of
integrated conservation interventions [7]. In addition to in situ conservation efforts, in vitro
seed germination and in vitro culture of this valuable wild species can be considered as
complementary strategies [8]. Pence et al. [9] also emphasized the importance of in vitro
propagation methods in providing materials for the reintroduction and restauration of
populations, and research in wild species that produce limited amounts of seeds.

Life 2022, 12, 1759. https://doi.org/10.3390/life12111759 https://www.mdpi.com/journal/life
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Cryopreservation is a long-term method of storing living biological materials in liquid
nitrogen (LN, −196 ◦C), after which the conserved samples may be recovered to produce
new plants [10]. Cryopreservation combined with in vitro technologies offers a solid basis
for developing effective conservation and restoration strategies for endangered species
producing seeds that are non-orthodox, dormant or insufficient in quantity [8,9,11].

In a modern cryopreservation method called droplet-vitrification, samples are sub-
jected to a series of pre-LN treatments with progressively increasing concentrations of
cryoprotectants (CPAs). After rewarming (post-LN), this process is repeated “in reverse”
(from a higher to lower concentration of CPAs) when samples are bathed in an unloading
solution and then transferred to a regrowth medium [12]. To simplify the procedure and
avoid laborious condition screening at both the pre-LN and post-LN stages, we devel-
oped a systematic approach that covers a range of plant species and starts with a limited
number of standard procedures using alternative vitrification solutions (VSs) to adopt
the cryopreservation protocol to new taxons [12]. This approach was successfully tested
with a number of endangered plants, e.g., Kalopanax septemlobus (Thunb.) Koidz. [13],
Betula lenta [14], Castilleja levisecta Greenm. [15], Aster altaicus var. uchiyamae [16] and
Lupinus rivularis Douglas ex Lindl. [17] with over 60% of average regrowth achieved for
all species.

In order to develop a droplet-vitrification protocol for a given plant material, it is nec-
essary to evaluate the sensitivity of samples to cytotoxicity induced by cryoprotection with
highly concentrated VSs, which is the main limiting factor for high post-cryopreservation
regrowth [12]. Hence, optimization of cryoprotection conditions is crucial in cryopreserva-
tion studies. Therefore, the majority of the cryopreservation studies for the new species are
focused on the optimization of preculture and cryoprotectant treatments [10]. Regretfully,
very few studies have explored the effect of post-cryopreservation (regrowth) conditions
(light, medium composition and growth regulators); however, at least for some species,
these factors may have a major impact on the regeneration of healthy plantlets from cryopre-
served materials [16,18,19]. Thus, in this study we also investigated the effect of sequential
regrowth steps and ammonium-free regrowth medium to improve the regeneration of
healthy plantlets from cryopreserved shoot tips.

To the best of our knowledge, this is the first report on developing a complementary
conservation approach for Penthorum chinense through in vitro seed germination, in vitro
propagation, and cryopreservation of shoot tips of in vitro propagated plantlets.

2. Materials and Methods

2.1. Plant Material
2.1.1. In Vitro Seed Germination and Establishment of In Vitro Culture

A small quantity (about 0.1 g) of mature seeds of Penthorum chinense Pursh were
received from the National Institute of Biological Resources, Incheon, Republic of Korea.
For the in vitro germination, the seeds were sterilized with 1% (v/v) NaOCl for 7 min
and then washed with sterile distilled water for 10 min. Then, the seeds were inocu-
lated on Murashige and Skoog (MS) medium [20] with 30 g L−1 sucrose, 3.5 g L−1 gelrite
and 1 g L−1 activated charcoal, pH 5.8 (hereafter referred to as ‘MSF’) in 300 mL GaoozeTM

culture vessels (Korea Scientific Technology Industry, Suwon, Korea). Seeds were germi-
nated in a culture room at 25 ◦C under a 16/8 h light/dark photoperiod and 40 μE m−2 s−1

light intensity (one fluorescent lamp, 40 W).
The germinated plantlets were cultured for six weeks on the same medium at 25 ◦C

under a 16 h photoperiod and 60 μE m−2 s−1 light intensity (two lamps) and further
propagated using nodal sections. To facilitate the growth of healthy plants, 15 mL of
liquid MSF medium was added on top of the solid medium at day 10 of every subculture.
Developed plants were further propagated using nodal segments (6/vessel) with 7-week
subculture intervals.
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2.1.2. In Vitro Propagation Using Nodal Segments

To establish the in vitro propagation system, six combinations of in vitro culture
conditions were examined, including MS medium strength (full, 1/2), activated char-
coal (AC, 1.0 g L−1), overlay of liquid medium on top of the gelled solid medium at
day 10 (Liquid), growth regulators (benzyl adenine (BA) 0.7 mg L−1 + α-naphthaleneacetic
acid (NAA) 1.0 mg L−1), light intensity 1 or 2 lamps (40 and 60 μE m−2 s−1, respectively).
The medium was supplemented with 30 g L−1 sucrose, and pH of the medium was ad-
justed to 5.8 prior to autoclaving. Nodal cuttings (5–6 mm in length) were inoculated into
GaoozeTM culture vessels (seven cuttings per vessel). Three replicates were used for each
treatment and all the experiments were repeated thrice. The height (cm) and dry weight (g)
of shoots and roots were individually measured after six weeks. Dry weight was measured
after drying plant samples to a constant weight at 7 h at 75 ◦C in an oven.

2.2. Droplet-Vitrification Cryopreservation Procedure
2.2.1. Standard Droplet-Vitrification Procedure

Shoot tips (1.3 mm in length, 1–2 lateral leaves) were extracted from 3–4-day-old node
cuttings. Except where otherwise stated, explants were precultured in a liquid MS medium
with 10% sucrose (S-10%) and 17.5% sucrose (S-17.5%) for 31 h and 17 h, respectively,
osmoprotected with C4-35% solution (17.5% glycerol + 17.5% sucrose) at 25 ◦C for 20 min,
and then cryoprotected with vitrification solution A3-70% (29.2% glycerol + 11.7% dimethyl
sulfoxide + 11.7% ethylene glycol + 17.4% sucrose) on ice for 30 min.

Shoot tips were then placed in 5 μL droplets of A3-70% on aluminum foil strips
(7 mm × 20 mm), before being plunged directly into LN for a minimum of 1 h. For
rewarming and unloading, foil strips containing the shoot tips were transferred to 20 mL
pre-heated (40 ◦C) 35% sucrose (S-35%) solution and kept for 40 min, with sucrose solution
been replaced by the new solution after the first 15 min. Cryoprotected control (LNC) shoot
tips were treated with the same procedure except without cooling in LN, and unloaded
in S-35% solution before being transferred to recovery medium. The explants retrieved
from S-35% were blotted dry and transferred to recovery medium 1 (ammonium nitrate
(NH4NO3)-free MS medium + 1 g L−1 casein hydrolysate + 1 mg L−1 gibberellic acid
(GA3) + 0.5 mg L−1 BA with 30 g L−1 sucrose and 3.5 g L−1 gelrite, hereafter referred
to as “RM1”) in SPL culture vessels (90 mm × 40 mm, SPL Life Sciences, Gyeonggi-do,
Korea). Shoot tips were kept at 25 ◦C in the dark for recovery. After 5 days, explants
were moved to recovery medium 2 (normal (NH4NO3-containing) MS medium + 1 g L−1

casein hydrolysate + 1 mg L−1 GA3 + 0.5 mg L−1 BA with 30 g L−1 sucrose and 3.5 g L−1

gelrite, RM2) and cultured for 3 weeks under the same conditions described above for
establishment. Developed shoots were further transferred to growth hormone-free MS
medium (MSF) for further regeneration.

2.2.2. Experimental Design in Droplet-Vitrification Procedure

A set of 16 treatments was designed to optimize the droplet-vitrification protocol
based on analysis of the sensitivity of the material to various treatments (standard proce-
dure, 11 pre-LN and 4 post-LN variants). The variants tested are listed in Table 1. Other
conditions remained the same as in the standard procedure (indicated as “standard” in
Table 1). The composition of the cryoprotectant (CPA) solutions is given in Table 2. For the
treatment of container modification, shoot tips were cryopreserved in 2 mL cryovials with
0.5 mL VS A3-70%, kept in LN for 1 h and rewarmed in a pre-heated (40 ◦C) water bath;
shoot tips were withdrawn from the vials, unloaded in S-35% solution and recovered as
described above in the standard droplet-vitrification procedure.

2.2.3. Further Optimization of Droplet-Vitrification Procedure

To improve the LN regeneration, subcultured plantlets were revitalized by using of
apical section, instead of nodal section, and applying of liquid overlay (MSF medium)
on top of gelled medium after 2 weeks of inoculation. After two cycles of 5–6 weeks
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subcultures, shoot tips were extracted from 3–4-day-old node cuttings and subjected to
cryopreservation using the standard droplet-vitrification procedure. Based upon the results
in first round experiments, both four-component VS of “A” series (PVS2, AS-70%, A3-80%)
were cryoprotected on ice, and a PVS3 dilution (B5-85%) was treated at room temperature.
The composition of each VS was listed in Table 2.

Table 1. Experimental design applied in cryopreservation of Penthorum chinense shoot tips using a system-
atic approach in the droplet-vitrification procedure (standard procedure and 15 additional treatments).

Protocol Step Treatments Treatment Code

Preculture

No preculture No-PC
10% sucrose 31 h → 25% sucrose 17 h S-10% → S-25%

10% sucrose 31 h → 17.5% sucrose 17 h S-10% → S-17.5%, standard
10% sucrose 48 h S-10%

Osmoprotection and
container

No osmoprotection No-OP
C4-35% 20 min, Aluminum foil strips OP/foil, standard

C4-35% 20 min, Cryovial (2 mL) Vial

Cryoprotection (Vitrification
solution, VS)

A1-73.7% (PVS2) ice, 30 min A1-73.7% (PVS2, 30 min)
A3-90% ice, 30 min A3-90% (30 min)
A3-80% ice, 30 min A3-80% (30 min)
A3-70% ice, 30 min A3-70% (30 min), standard
A3-70% ice, 60 min A3-70% (60 min)

B1-100 (PVS3) 25 ◦C, 30 min B1-100% (PVS3, 30 min)
B5-80% 25 ◦C, 30 min B5-80% (30 min)

Regrowth

RM1, 5d, dark → RM2, 3w2d, 1 L → MSF,2w, 2 L RM1-RM2-MSF, standard
RM2, 5d, dark → RM2, 3w2d, 1 L → MSF, 2w, 2 L RM2-RM2-MSF

RM1, 5d, dark → RM2, 1w2d, 1 L → RM2, 1w, 2 L → MSF, 1w, 2 L RM1-RM2-RM2-MSF
RM1, 5d, dark → RM2, 3w2d, 1 L → MSF, 2w, 2 L → MSF, 2w, 2 L RM1-RM2-MSF-MSF

RM2, 5d, dark → RM2, 3w2d, 1 L → RM2, 2w, 2 L RM2~

RM1—MS medium without NH4NO3 + casein hydrolysate 1 g L−1 + GA3 1 mg L−1 + BA 0.5 mg L−1; RM2—MS
medium + casein hydrolysate 1 g L−1 + GA3 1 mg L−1 + BA 0.5 mg L−1; MSF—MS medium without growth
regulators; RM2~—no medium change; d, days; w, weeks; 1L and 2L, light provided by 1 and 2 fluorescent lamps
(40 and 60 μE m−2 s−1, respectively); “Standard” indicates treatments composing the standard procedure where
other stages are the same as in the standard protocol.

2.2.4. Assessment of Shoot Tip Recovery and Statistical Analysis

Survival was evaluated two weeks following cryopreservation by counting the num-
ber of shoot tips showing elongation, or formation of new leaves. Regeneration (shoot
development) was determined after 8 weeks, when the shoot tips had developed into
normal plantlets (≥8 mm) with fully developed leaves and roots.

Ten to thirteen shoot tips were used per experimental conditions and the experiments
were replicated 3–4 times. Data were analyzed by analysis of variance (ANOVA) and
Duncan’s multiple range test (p < 0.05) following arcsine transformation using SAS 9.1
software (SAS, Raleigh, NC, USA). Results are presented as average values with their
standard deviation.

Table 2. Composition of cryoprotectant solutions used for preculture, osmoprotection, cryoprotection
and unloading.

Protocol Step Solutions Composition (%, w/v) Total Concentration (%, w/v)

Preculture and
unloading

S-10% S* 10.0 10.0
S-35% S 35.0 35.0

Osmoprotection C4-35% G 17.5 + S 17.5 35.0
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Table 2. Cont.

Protocol Step Solutions Composition (%, w/v) Total Concentration (%, w/v)

Cryoprotection
(vitrification solution)

A1-73.7% (PVS2) G 30.0 + DMSO 15.0 + EG 15.0 + S 13.7 73.7
A3-90% G 37.5 + DMSO 15.0 + EG 15.0 + S 22.5 90.0
A3-80% G 33.3 + DMSO 13.3 + EG 13.3 + S 20.1 80.0
A3-70% G 29.2 + DMSO 11.7 + EG 11.7 + S 17.4 70.0

B1-100% (PVS3) G 50.0 + S 50.0 100.0
B5-80% G 40.0 + S 40.0 80.0
B5-85% G 42.5 + S 42.5 85.0

* S, sucrose; G, glycerol; DMSO, dimethyl sulfoxide; EG, ethylene glycol. All solutions were made on the basis of
MS medium; pH was adjusted to 5.8 before filter-sterilization.

3. Results

3.1. Establishment of In Vitro Culture and Propagation System

To establish the in vitro propagation system, nodal segments were cultured in
six condition variants (standard + 5 alternative conditions; Table 1) for 6 weeks. Sig-
nificant differences in growing pattern were found among the treatments after 4–5 weeks.
Half-strength MS medium (treatment 1 in Table 3) resulted in similar or slightly higher
length of shoots and roots and dry weight of shoots and roots compared to the full-
strength MS medium (treatment 2), though the differences were insignificant (Table 3).
An overlay of liquid MSF medium on top of gelled medium (treatment 3) produced sig-
nificantly greater length of shoots and roots compared to gelled medium only, while the
dry weight of shoots and roots was not significantly different. Removing of the activated
charcoal (treatment 4) had a positive effect on the length of shoots (21.6 vs. 11.2 cm) and
roots (11.6 vs. 4.1 cm), while dry weight of shoots were not significantly affected. Addition
of growth regulators (treatment 5) showed a notable negative effect on the in vitro growth
of shoots and roots. Light intensity (one vs. two lamps) was not a significant factor for
in vitro growth (treatment 2 vs. treatment 6).

Table 3. Height and dry weight of in vitro grown Penthorum chinense plantlets depending on growth
medium and culture conditions.

No. Culture Medium AC Illumination
Height (cm) Dry Weight (g)

Shoots Roots Shoots Roots

1 1/2MSF + 2 L 13.2 ± 4.8 b,c 6.5 ± 3.4 b 0.057 ± 0.020 a,b 0.006 ± 0.006 b,c

2 MSF + 2 L 11.2 ± 3.2 c,d 4.1 ± 2.5 c 0.051 ± 0.010 a,b 0.005 ± 0.004 b,c

3 MSF + Liquid + 2 L 16.2 ± 3.7 b 8.3 ± 1.8 b 0.066 ± 0.024 a 0.006 ± 0.005 b

4 MSF − 2 L 21.6 ± 2.3 a 11.6 ± 1.9 a 0.056 ± 0.012 a,b 0.012 ± 0.005 a

5 MS + BA0.7 + NAA1.0 + 2 L 7.9 ± 1.7 d 1.1 ± 0.4 d 0.036 ± 0.007 b 0.001 ± 0.001 c

6 MSF + 1 L 11.8 ± 3.1 c,d 5.1 ± 2.7 c 0.042 ± 0.007 b 0.002 ± 0.002 b,c

Pr < p p < 0.0001 p < 0.0001 p < 0.0052 p < 0.001

MSF—standard MS medium with 30 g L−1 sucrose and 3.5 g L−1 gelrite; 1/2MSF—same medium with half-
strength mineral salts; MSF + Liquid—overlay of liquid medium on top of the gelled solid medium added
at day 10; MS + BA0.7 + NAA1.0—MS medium with 30 g L−1 sucrose, 3.5 g L−1 gelrite, 0.7 mg L−1 benzyl
adenine (BA) and 1.0 mg L−1 α-naphthaleneacetic acid (NAA); AC—activated charcoal (1.0 g L−1); 1 L and
2 L—illumination of 40 and 60 μE m−2 s−1, provided by 1 or 2 fluorescent lamps, respectively; Means with the
same letters (a,b,c,d) in each column are not significantly different by Least Significant Difference Test (LSDT,
p < 0.05).

In conclusion, conditions combining the most favorable factors: half-strength MS
medium without AC with an overlay of liquid medium on top of solid medium with two
lamps (60 μE m−2 s−1) was recommended for the in vitro culture of P. chinense plantlets.
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3.2. Droplet-Vitrification Procedure for Shoot Tip Cryopreservation
3.2.1. Effect of Preculture

Among the preculture treatments tested, preculture with moderate sucrose concen-
trations (S-10% and S-17.5%) did not significantly improve the survival and regenera-
tion of both cryoprotected (LNC) and cryopreserved (LN) shoot tips, compared to treat-
ment without preculture (No-PC) (Table 4). Preculture with higher sucrose concentration
(S-25%) produced even lower survival and regeneration of both the cryoprotected control

(LNC, 35.1% survival, 18.7% regeneration) and cryopreserved (LN, 29.3% survival,
8.2% regeneration) shoot tips. This study suggests that P. chinense shoot tips are sensi-
tive to osmotic stress and, moreover, preculture with moderate concentration of sucrose
(S-10 and S-17.5%) was not effective for the acquisition of osmotic adaptation to further
cryoprotectant treatments.

Table 4. Effect of preculture treatments on survival and regeneration of cryoprotected control (LNC)
and cryopreserved (LN) Penthorum chinense shoot tips.

Preculture Treatments
LNC LN

Survival Regeneration Survival Regeneration

No-PC 71.1 ± 9.6 a,b 36.4 ± 15.2 a 73.3 ± 9.6 a 33.6 ± 13.8 a

S-10% → S-25% 35.1 ± 9.4 c 18.7 ± 7.4 a 29.3 ± 8.6 b 8.2 ± 4.1 b

S-10% → S-17.5%,
standard 81.8 ± 7.3 a 35.0 ± 8.7 a 67.6 ± 14.4 a 35.0 ± 11.2 a

S-10% 67.3 ± 7.4 b 35.0 ± 5.0 a 61.3 ± 11.3 a 30.0 ± 7.1 a

Pr < p p < 0.0001 ns p < 0.0052 p < 0.05

No-PC, no preculture; S-10% → S-25%, 10% sucrose (S-10%) and 25% sucrose (S-25%) for 31 h and 17 h, respectively;
S-10% → S-17.5%, 10% sucrose (S-10%) and 17.5% sucrose (S-17.5%) for 31 h and 17 h; S-10%, 10% sucrose for
48 h. After preculture, shoot tips were osmoprotected with C4-35% for 20 min, and cryoprotected with VS A3-70%
on ice for 30 min before storage in LN; Means with the same letters (a,b,c) in each column are not significantly
different by Least Significant Difference Test (p < 0.05); ns, non-significant.

3.2.2. Effect of Osmoprotection and Container in Cooling/Warming

Even after the best preculture treatment based on Table 4, shoot tips were sensitive to
osmotic stress induced by direct exposure to VS A3-70% without osmoprotection (Table 5,
No-OP) with 52.2% survival and 13.3% regeneration before cryopreservation (LNC). After
liquid nitrogen exposure (LN), survival and regeneration level were similar to those of
cryoprotected control (LNC), indicating that the low shoot tip viability was caused by
osmotic stress induced by direct exposure to VS, rather than freezing injury. Application
of osmoprotection solution (OP) for 20 min significantly (p < 0.05) increased survival and
regeneration of LNC shoot tips.

Cooling and rewarming using 2 mL cryovials (Vial) produced 45.2% lower survival
and 22.5% lower regeneration compared to the aluminum foil strips (Table 5), which
indicated that shoot tips were insufficiently cryoprotected via standard treatment with VS
A3-70% before being immerged into LN.

3.2.3. Effect of Cryoprotection Treatment (Vitrification Solution)

When cryoprotection was performed with PVS2 and its variants, four-component vit-
rification solutions of “A” series, on ice for 30 min, although there was no significance, a
relatively lower rate of survival of both LNC and LN shoot tips was observed with original
PVS2 (A1-73.7%) and the alternative A3-90%, possibly due to their cytotoxicity (Table 6). Dilu-
tion of VS A3-90% to 70% (A3-70%) produced the highest regeneration of both LNC (48.3%)
and LN (49.8%) shoot tips. Longer cryoprotection (60 min) with A3-70% also resulted in
lowest regeneration of both LNC (31.1%) and LN (26.2%), reflecting the cytotoxicity. Original
PVS3 (B1-100%) was also toxic to shoot tips (Table 6), and thus its dilution to 80% (B5-80%)
improved the regeneration of LNC and LN shoot tips by 16.6% and 8.4%, respectively.
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Table 5. Effect of osmoprotection (OP) and cooling/warming container on survival and regeneration
of cryoprotected control (LNC) and cryopreserved (LN) Penthorum chinense shoot tips.

Osmoprotection
and Container

LNC LN

Survival Regeneration Survival Regeneration

No-OP 52.2 ± 10.5 b 13.3 ± 9.4 b 46.9 ± 9.6 a 16.7 ± 12.5 a

OP/foil,
standard 81.8 ± 7.3 a 35.0 ± 8.7 a 67.6 ± 14.4 a 35.0 ± 11.2 a

Vial - - 22.4 ± 13.2 b 12.5 ± 13.0 a

Pr < p p < 0.05 p < 0.05 p < 0.05 ns
No-OP, no osmoprotection; OP/foil, standard, osmoprotection with C4-35% for 20 min, and using the aluminum
foil strips for cooling and rewarming; Vial, osmoprotection with C4-35% for 20 min, and using the 2 mL cryovial;
Means with the same letters (a,b) in each column are not significantly different by Least Significant Difference Test
(p < 0.05); ns, non-significant.

Table 6. Effect of cryoprotection treatments (vitrification solution) on the survival and regeneration
of cryoprotected control (LNC) and cryopreserved (LN) Penthorum chinense shoot tips.

Cryoprotection
Treatments

LNC LN

Survival Regeneration Survival Regeneration

A1-73.7%
(PVS2), 30 min 64.2 ± 9.8 a 35.8 ± 15.1 a 68.9 ± 7.3 a 41.1 ± 9.9 a

A3-90%, 30 min 75.8 ± 7.1 a,b 44.2 ± 8.9 a 73.9 ± 5.7 a 39.3 ± 6.4 a

A3-80%, 30 min 70.0 ± 8.2 a,b 44.2 ± 12.7 a 64.6 ± 9.3 a 36.8 ± 11.6 a

A3-70%, 30 min,
standard 88.3 ± 11.2 a 48.3 ± 25.2 a 71.2 ± 8.8 a 49.8 ± 14.6 a

A3-70%, 60 min 60.0 ± 11.5 b 31.1 ± 11.1 a 59.0 ± 10.7 a 26.2 ± 6.2 a

B1-100 (PVS3),
30 min 68.9 ± 14.6 a,b 29.2 ± 11.8 a 75.2 ± 7.8 a 32.5 ± 11.8 a

B5-80%, 30 min 78.3 ± 6.9 a,b 45.8 ± 13.8 a 70.2 ± 9.3 a 40.9 ± 12.8 a

Pr < p p < 0.05 ns ns ns
See Table 2 for vitrification solution composition. Means with the same letters (a,b) in each column are not
significantly different by Least Significant Difference Test (p < 0.05); ns, non-significant.

Although there was no significance, PVS2 and its variants produced slightly higher
LN regeneration compared to PVS3 and its variant (36.8–49.8% vs. 32.5–40.9%). Among the
VSs tested, the highest survival and regeneration of LNC and LN shoot tips were recorded
with a dilution of A3-90% to 70% (A3-70%) for 30 min (Table 6), indicating that P. chinense
shoot tips are very sensitive to both osmotic stress and chemical toxicity induced by highly
concentrated VSs during cryoprotection.

3.2.4. Effect of Step-Wise Regrowth on Different Media

Overall, the regrowth conditions tested moderately affected the survival of both
LNC and LN shoot tips, and significantly (p < 0.05) affected the regeneration of both
LNC and LN treatments. Initial regrowth on ammonium-free medium for 5 days (RM1)
followed by standard medium supplemented with growth regulators (RM2) and, finally,
hormone-free medium (MSF) (Table 7, RM1-RM2-MSF, standard) showed relatively high
regeneration (43.6% LNC and 35% LN). A more frequent transferring to a new medium of
RM2 or MSF (RM1-RM2-RM2-MSF, RM1-RM2-MSF-MSF) did not significantly improve the
regeneration. Initial regrowth on ammonium-containing medium with growth regulators
without transferring to a new medium (RM2~) was harmful for the regeneration of both
LNC and LN (0.0% and 3.3%, respectively). Similarly, initial regrowth with ammonium-
containing medium with growth regulators followed by the same transfer steps as in the
standard treatment (RM2-RM2-MSF) produced poor regeneration of LNC 10.0% and LN
5.2%. These results suggest that the initial regrowth with ammonium-containing regrowth
medium was always harmful for the regeneration of LNC and LN shoot tips. Moreover,
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sequential transfer to fresh regrowth medium, per se, was not beneficial for improving
the regeneration of both LNC and LN shoot tips. Hence, initial (5 days) regrowth on
ammonium-free medium followed by step-wise transfer to ammonium containing medium
and then medium without growth regulators was beneficial for regeneration of normal
plants after cryoprotection and cryopreservation.

Table 7. Effect of regrowth treatments on survival and regeneration of cryoprotected control (LNC)
and cryopreserved (LN) Penthorum chinense shoot tips.

Regrowth Medium
LNC LN

Survival Regeneration Survival Regeneration

RM1-RM2-MSF, standard 100.0 ± 0.0 a 43.6 ± 8.8 a 73.9 ± 2.6 a 35.0 ± 4.8 a

RM2-RM2-MSF 70.7 ± 0.4 b 10.0 ± 5.8 b 56.9 ± 5.7 b 5.2 ± 3.4 b

RM1-RM2-RM2-MSF 96.7 ± 3.3 a 49.0 ± 5.0 a 78.8 ± 0.7 a 35.6 ± 5.1 a

RM1-RM2-MSF-MSF 97.5 ± 2.5 a 45.0 ± 4.1 a 83.9 ± 3.7 a 39.4 ± 3.6 a

RM2~ (no medium change) 70.7 ± 0.4 b 0.0 ± 0.0 b 57.8 ± 7.2 b 3.3 ± 3.3 b

Pr < p p < 0.05 p < 0.05 p < 0.05 p < 0.05

RM1—MS medium without NH4NO3 + casein hydrolysate 1 g L−1 + GA3 1 mg L−1 + BA 0.5 mg L−1 + AC 1 g L−1;
RM2—MS medium + casein hydrolysate 1 g L−1 + GA3 1 mg L−1 + BA 0.5 mg L−1; MSF—MS medium without
growth regulators. Means with the same letters (a,b) are not significantly different by Least Significant Difference
Test (p < 0.05).

3.3. Further Optimization of Droplet-Vitrification Procedure

As an attempt to increase regeneration after cryopreservation, we modified the sub-
culture of donor plants by inoculating the apical section, instead of the nodal section, and
applying liquid overlay on top of the gelled medium. Donor plants subcultured in this
manner were vitalized, and their subculture duration could be reduced from 7 to 5–6 weeks
(Figure 1B,C). Shoot tips excised from these revitalized node cuttings were more tolerate
to osmotic stress and chemical toxicity of CPAs and thus the duration of osmoprotection
treatment with C4-35% could be increased from 20 min to 40 min. At the same time, the con-
centration of the VS and cryoprotection duration were also increased. With these modified
conditions, the highest regeneration after cryopreservation (64.2%) was produced using
cryoprotection with VS B5-85% for 60 min. The second-best treatment (53.6% regeneration)
applied VS A3-80% for 60 min (Figure 2). The regeneration of shoot tips cryopreserved after
cryoprotection with A3-70% for 30 min (30%) or A3-80% for 30 min (31.9%) was slightly
lower than the values for the previous experiments, i.e., 49.8% or 36.8%%, respectively.
This result reflects that vigorously grown donor plants allowed a higher concentration and
longer duration of osmoprotection and cryoprotection treatments. The cryopreserved shoot
tips following the cryoprotection with B5-85% for 60 min were regrown to become normal
plantlets with a step-wise regrowth medium of RM1-RM2-MSF (Figure 1D).

    

    

Figure 1. (A), Penthorum chinense plant in wild habitat; (B), in vitro-cultured plantlets under
the subculture condition of MSF for six weeks; (C), in vitro-grown plantlet before node cutting;
(D), regrowth of cryopreserved shoot apices following cryoprotection with B5-85% RT for 60 min and
RM1-RM2-MSF regrowth using SPL cultures (90 mm × 40 mm) for six weeks.
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Figure 2. Effect of cryoprotection (vitrification solution composition and conditions of treatment)
on survival (surv) and regeneration (rege) of cryopreserved (LN) Penthorum chinense shoot tips. See
Table 2 for composition of vitrification solutions; m—minutes. Different letters (a,b for LN-surv;
A,AB,BC,C for LN-rege) on each graph differ by Least Significant Difference Test (p < 0.05).

4. Discussion

4.1. In Vitro Culture and Propagation System

The in vitro germination of P. chinense seeds and the multiplication of plantlets using
node sections as well as cryopreservation were investigated in this study as an alternative
ex situ conservation approach for this species.

Among various in vitro culture media and conditions tested, an overlay of liquid
medium on top of gelled medium most effectively promoted the growth of shoots and
roots, while adding activated charcoal or growth regulators was not beneficial. Pullman and
Skryabina [21] reported that an overlay of liquid medium on gelled medium 14 days after
subculture improved embryogenic tissue initiation in conifers, possibly due to allowing
nutrients replenishment, adjustment of pH, hormones, etc. Liquid overlay also stimulated
the multiplication of ginger plantlets [22]. In the combination of solid and liquid media,
direct contact with the liquid medium may promote the growth, particularly when the
root system and its function are not sufficiently developed. When node cuttings were
cultured for the in vitro tuberization of Solanum tuberosum (L.) cultivars, a liquid overlay
on top of the solid medium produced significantly greater length and dry weight of shoots
and roots compared to the other treatments, i.e., solid (gelled), static liquid, and wall-
supported liquid media (unpublished data). Gelling agents may affect the physiochemical
characteristics of the culture medium due to differences in the diffusion rate of nutrients,
elemental and organic impurities and gel hardness [23]. As a gelling agent, gelrite was used
in this study since it supported faster growth of shoots compared to agar, perhaps due to
impurity of agar which contains agropectin [24]. Agar gelation also slowed the absorption
of 2,4-dichlorophenoxyacetic acid (2,4-D) and abscisic acid (ABA) compared to gelrite [21].

Activated charcoal is often used in tissue culture to improve tissue growth and de-
velopment via, among other factors, the absorption of inhibitory compounds in the cul-
ture medium [25]. In several orchid, yam and Lycium species, the addition of AC en-
hanced multiplication by increasing plant height, rooting and protocorm development
from seeds [26–28], but inhibited plant regeneration in Athyrium niponicum var. pictum [29].
Addition of AC in regrowth medium had a beneficial effect on the recovery of cryop-
reserved Lavandula cells [30] and Norway spruce somatic embryos [31]. In the present
study, the adding of AC was designed as the standard condition, since AC was beneficial
for the formation of normal plantlet during the in vitro germination and in vitro culture
establishment stages in preliminary experiment. However, this study revealed that the
AC had a negative effect on the length and dry weight of P. chinense plantlets after 6-week
subculture, possibly through the absorption of needed substances (vitamins, minerals, etc.)
or some other, still unknown, reasons. In conclusion, a combination of half-strength MS
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medium without AC with an overlay of liquid medium with two lamps (60 μE m−2 s−1)
was recommended for the in vitro multiplication of P. chinense plantlets.

4.2. Development of Droplet-Vitrification Protocol

For the acquisition of osmotic tolerance, preculture treatment to a final concentration
of 0.3 M (10% w/v) or 0.5 M (17.5% w/v) sucrose has usually been applied in vitrification
procedures [32]. Preculture with high concentration of sucrose affected cell metabolism,
causing alterations in gene expression [33], the accumulation of specific amino acids and
soluble sugars [34–36], and changes in protein and fatty acid composition [33,37].

In this study, the regeneration of cryopreserved P. chinense shoot tips was not signif-
icantly improved by stepwise preculture with 10% sucrose → 17.5% sucrose. A higher
concentration of sucrose in preculture medium (10% sucrose → 25% sucrose) was even
detrimental for regrowth (Table 4). This indicates that the species is sensitive to osmotic
stress, even imposed by sucrose treatment. Likewise, shoot tips of another endangered
wild species habituated in wetland, Pogostemon yatabeanus, were very sensitive to osmotic
stress, and 10% sucrose was chosen as the best preculture condition [38]. Mallón et al. [39]
noted that preculture with 0.25–0.3 M sucrose was effective for regrowth, while preculture
with a higher sucrose concentration resulted in reduced regrowth of cryoprotected shoot
tips in critically endangered species of the Asteraceae family.

Osmoprotection (or loading) treatment (incubating the explants with moderately con-
centrated CPAs before vitrification solution treatment) increased the osmotic tolerance of
the cells and minimize osmotic damage caused by the VS [40–42]. Though a mixture of 2 M
glycerol (18.0%) plus 0.4 M sucrose (13.7%) has been most frequently used as an osmopro-
tectant solution [43], an alternative formulation, C-35%, produced higher LN regeneration
in osmotically sensitive materials, such as chrysanthemum shoot tips [44]. Osmoprotection
was particularly important for hairy roots of Rubia akane, which have been shown to be
highly susceptible to the cytotoxicity of VSs [45]. In the present study, osmoprotection
treatment with C4-35% for 20 min increased regeneration of cryoprotected (21.7%) and
cryopreserved (18.3%) shoot tips (Table 5), but there was no significant difference in regener-
ation. In the preliminary experiment, a longer loading treatment (40 min) was detrimental.
Alternatively, a sequential osmoprotection from lower to higher concentration or longer
exposure at 0 ◦C instead of 25 ◦C might be beneficial for a sufficient osmoprotection of
sensitive material [46].

Cytotoxicity of the highly concentrated VSs is a limiting factor for the successful re-
generation of differentiated propagules such as shoot tips; therefore, identifying the nature
of cytotoxicity, whether biochemical and/or osmotic [47], is necessary for establishing
the reliable solution-based vitrification protocols for a given plant material. Although
PVS2 [32,48] is the most commonly used VS, PVS3 is recommended for larger explants [32].
Additionally, their alternative variants were also successfully tested [49]. Dilution of a
PVS2 variant, A3-90%, to 80% (A3-80%) or 70% (A3-70%) has been successfully applied for
sensitive materials, such as tiny shoot tips of Pogostemon yatabeanus (Makino) Press [35],
Aster altaicus [16], or root cultures of Rubia akane [50]. In the present study, P. chinense shoots
were very sensitive to both osmotic stress and chemical toxicity induced by original PVS3,
PVS2 or its variant A3-90%, and thus cryoprotection with the diluted VS B5-80% or A3-70%
for 30 min produced higher survival and regeneration of both LNC and LN shoot tips.
Based on the classification proposed in our previous research [12], P. chinense shoots are
very sensitive to osmotic stress and chemical cytotoxicity.

Compared to ‘classical’ vitrification using cryovials, droplet-vitrification using alu-
minum foil strips resulted in higher survival and regeneration of P. chinense shoots. With
insufficient cryoprotection using VSs of a lower concentration and a relatively shorter
duration, higher cooling and rewarming rates provided by aluminum foil strips and a pre-
heated (40 ◦C) unloading solution (droplet-vitrification) were superior to using cryovials
(vitrification) and ensured the inhibition of crystallization and recrystallization events [51].
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To obtain the high survival and fast regrowth of cryopreserved shoot tips, congenial
regrowth conditions are essential; in particular, the initial recovery media and culture
conditions are critical in many species [16,18,30]. Recovery could eventually occur in initial
darkness, since dark incubation contributed to the avoidance of photo-oxidation, which
could be harmful to the tissue [41]. Though plant growth regulators have been widely
applied for the recovery of cryopreserved shoot tips [52,53], sequential transferring to a
hormone-free medium was beneficial for the normal regeneration of both cryoprotected
and cryopreserved shoot tips of Aster altaicus [16]. The viability of cryopreserved rice cells
exponentially depended on the concentration of ammonium ions on the liquid regrowth
medium during the initial seven days after slow freezing [54]. Substitution of ammonium
nitrate (NH4NO3) by potassium nitrate (KNO3) improved post-cryopreservation recovery
from 22.5% to 53% in Betula pendula shoot tips [30]. In the PVS2-based vitrification method,
recovery of LN sweet-potato shoot tips was significantly improved by initial regrowth on
ammonium-free regrowth medium (32% vs. 93%) [55].

The present study highlights the critical effect of ammonium-free medium at the initial
regrowth stages on the successful recovery of cryoprotected and cryopreserved shoot tips
in three-steps regrowth procedure. Initial regrowth on the ammonium-containing medium
(treatments RM2-RM2-MSF and RM2~ in Table 7) produced very low regeneration of both
cryoprotected (0–10%) and cryopreserved (3.3–5.2%) shoot tips. Though the mechanism
of the critical effect of ammonium during the first recovery steps is not yet clear, it is
hypothesized that any type of injury during cryopreservation, i.e., osmotic stress, chemical
toxicity, crystallization, etc. may be associated with oxidative stress. In this case, the
initial regrown on ammonium-containing medium triggers ammonium-induced oxidative
stress, which amplifies the stress already caused by cryopreservation and causes a failure
in recovery of both the LNC and LN shoot tips of sensitive species like P. chinense [55]. This
study also indicates that ammonium-induced oxidative stress occurred mainly at the stage
of cryoprotection with VSs (LNC) before cooling and warming in LN.

Further optimization of the developed cryopreservation procedure was performed
through vitalization of donor plants including using apical sections instead of nodal cuttings
for propagation and a liquid medium overlay on top of the solid medium. Shoot tips
excised from these donor plants were able to withstand longer osmoprotection treatment
(40 min instead of 20 min) and longer exposure to VSs (up to 60 min), which ensured
better cryoprotection and resulted in higher (64.2%) regrowth after cryopreservation. The
physiological condition of donor plant material usually plays a vital role in the success of
cryopreservation. With the endangered plant Castilleja levisecta, for example, shoot tips
excised from 6- or 12-day-old in vitro plants showed better response to cryopreservation
than shoot tips from older plant material [15]. In Chrysanthemum morifolium cv. Peak, the
optimal age of donor plants for cryopreservation was 4–5.5 weeks for apical shoot tips and
7 weeks for axillary shoot tips [56].

5. Conclusions

In this study, we established, for the first time, the procedure for the in vitro seed
germination and multiplication of Penthorum chinense using node cuttings and developed
cryopreservation of the shoot tips as complimentary options for ex situ conservation of
this valuable medicinal species. The results highlight that P. chinense shoots were very
sensitive to osmotic stress and chemical toxicity induced by highly concentrated vitrification
solutions. The highest survival and regeneration of both cryoprotected and cryopreserved
shoot tips were obtained following 40 min osmoprotection and treatment with alternative
vitrification solution B5-85% for 60 min. Regeneration of 64.2% after cryopreservation can
be considered relatively high for the wetland species.

A three-step regrowth starting with ammonium-free medium during the initial five
days was critically important for the regeneration of healthy plantlets both from cryopro-
tected and cryopreserved shoot tips. The results open the door for the more effective
conservation of this species and highlight the importance of alternative vitrification so-
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lutions, the vigor of donor plants and regrowth on ammonium-free medium for species
habituating in the wetlands and thus sensitive to severe osmotic and oxidative stressed
provoked by cryopreservation. Considering the complexity of diverse factors during the
course of in vitro propagation, cryopreservation and regrowth, machine learning can be
applied in modeling, predicting, and optimizing the procedure for a new species [57].
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Dispersal Kernel Type Highly Influences Projected Relationships
for Plant Disease Epidemic Severity When Outbreak and At-Risk
Populations Differ in Susceptibility

Paul M. Severns

Department of Plant Pathology, University of Georgia, Athens, GA 30602, USA; paul.severns@uga.edu

Abstract: In silico study of biologically invading organisms provide a means to evaluate the complex
and potentially cryptic factors that can influence invasion success in scenarios where empirical
studies would be difficult, if not impossible, to conduct. I used a disease event simulation program
to evaluate whether the two most frequently used types of plant pathogen dispersal kernels for
epidemiological projections would provide complementary or divergent projections of epidemic
severity when the hosts in a disease outbreak differed from the hosts in the at-risk population in
the degree of susceptibility. Exponential dispersal kernel simulations of wheat stripe rust (Puccinia
striiformis var trittici) predicted a relatively strong and dominant influence of the at-risk population
on the end epidemic severity regardless of outbreak disease levels. Simulations using a modified
power law dispersal kernel gave projections that varied depending on the amount of disease in the
outbreak and some interactions were counter-intuitive and opposite of the exponential dispersal
kernel projections. Although relatively straightforward, the disease spread simulations in the present
study strongly suggest that a more biologically accurate dispersal kernel generates complexity that
would not be revealed by an exponential dispersal gradient and that selecting a less accurate dispersal
kernel may obscure important interactions during biological invasions.

Keywords: disease gradient; disease outbreak; Puccinia; wheat stripe rust; plant epidemic; dispersal ecology

1. Introduction

Complex systems are difficult to study empirically, but its components can be un-
derstood or at least statistically described in a way that the information can be used to
create models to project responses under scenarios that may be impossible to create ex-
perimentally [1–3]. For invasion biology, models are an important tool for projecting the
spatio-temporal patterns of a biological invasion, and they can also facilitate investigations
into difficult to study factors and how they may suppress or encourage organism invasion.
The insights gained from carefully constructed models containing well-established ties to
biologically realistic mechanisms can be crucial for implementing mitigation strategies to
control the invading organism [4,5]. While in silico studies are an obvious departure from
on-the-ground empirical study and require simplifying assumptions, they are an important
method to understand and project the impacts and spatio-temporal patterns associated
with biological invasions. A wait and see strategy for the empirical study of a biological
invasion is simply not pro-active enough given the world-wide loss of biodiversity, hu-
man life, and ecosystem changes that are now the text-book outcomes of uncontrolled
biological invasions.

To create a potentially useful statistical model of organism invasion, the stages of
the invading organism in terms of colonization, reproduction, and dispersal need to be
integrated and preferably run in a spatially explicit, virtual landscape [6]. Demographic
rates (e.g., vital rates) and colonization probability can be measured through observation
and/or estimated through direct empirical study, manipulative experimentation, and/or
in combination with in silico methods that use sensitivity analyses and pattern-oriented
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modeling [2,6]. One of the more difficult, but critically important, aspects of biological
invasion models to measure and/or estimate is the dispersal kernel. The dispersal kernel is
a mathematical function that is used to statistically describe how an organism disperses
through a landscape over time. Dispersal kernels are notoriously difficult to measure and
to accurately parameterize for organisms that are prone to rare, long-distance dispersal
events. The challenge to represent the rarer successful long-distance dispersal events are
that the successful events are sparse and embedded within a large expanse of absences and
this is type of data is information poor compared to the area near an invasion source which
contains a relatively large number of successful dispersal events over shorter distances.
Because these long-distance events are rare, they can be easily underestimated by a dispersal
kernel but be biologically meaningful for the patterns of invasion spread [7].

Disease epidemics are considered a form of biological invasion [8] and they share
similar factors that influence epidemic severity as well as control philosophies [9–13]. For
plant pathogens, there are two primary types of dispersal kernels that have been used to
project the spread of aerially vectored plant diseases (primarily fungal diseases). One family
of dispersal kernels are those with functions that are exponentially bound (e.g., exponential,
double exponential) and the other family consists of those functions that are not bound by
an exponential (e.g., modified power law, modified Pareto distribution) [7,14]. Exponential
functions have longer distributional tails (more kurtotic) than a normal distribution and
describe the decrease of inoculum/disease dispersed from a source over a greater expanse
with rapidly decreasing disease levels as the distance from the source increases. Exponential
family dispersal kernels eventually terminate when either the fitted function to empirically
collected data crosses the x-axis or the probability of occurrence reaches zero (for probability
density functions). The non-exponentially bound dispersal kernels are comparatively more
leptokurtic (fatter, thicker, or heavier tails) than the exponentially bounded functions,
with the distribution’s tails extending for a much greater distance at very low predicted
probabilities. In comparison, these more kurtotic functions expand the small probability of
long-distance dispersal events over a much greater distance than exponential kernels.

It is a mathematically demonstrated outcome that if the amount of host is approxi-
mately continuous and homogenously distributed, and in a sufficiently sized area, that
exponentially bound functions will produce disease invasion fronts that move through the
host population with a constant rate following a short period of acceleration [14,15]. These
exponentially bound dispersal kernel functions simplify to a diffusion rate, a constant
rate of disease spread over space, and this property facilitates straightforward predictive
diffusion-based epidemiological projections. However, there is also empirical evidence
that wind vectored plant diseases are inadequately described by an exponential function
(the function’s tails are significantly truncated compared to the actual observed dispersal
gradient) and that non-exponentially bound functions (dispersal kernels with much longer
distribution tails) are biologically more appropriate [7,16–18]. In contrast to the exponential
family of dispersal kernels, the long-tailed, non-exponentially bound dispersal kernels
produce disease invasions with fronts that appear to always increase in velocity over space
until host and/or space become limiting, and therefore cannot be represented by a rate
constant, even as a simplification [14,16,18]. Provided the same raw data which were
modeled under the same environmental (and host) conditions, these two dispersal kernel
types not only generate different rates of organism spread but they also predict markedly
different patterns of disease abundance with respect to its source [14–17].

The issue of disease susceptibility, especially as it pertains to understanding and
projecting the spread of disease, is an important topic given that vaccinations are expected to
generate specific outcomes in the at-risk population and disease resistance bred into plants
should suppress disease. However, this issue is not straightforward to study empirically,
as between field borders can differ in cultivar composition, fields may be intercropped,
cultivar mixtures can be planted, and even alternating rows of different cultivars and
fungicide treatments (a cost saving technique that lowers fungicide application rates) are
not uncommon grower practices. For such scenarios, it reasonable to ask whether there
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is a suppressive or facilitative influence (and whether this impact may be predictable) on
subsequent epidemic severity when disease disperses from the outbreak into an at-risk
population where host resistance is either greater or lower than that of the outbreak host
population. For the purposes of this manuscript, I consider the outbreak to be the area (and
its host plants) that the initial disease generation occupies and the at-risk population to be all
hosts outside of the outbreak. It is possible that the answer to this question could be purely
demographic in nature - simply that the reduction or increase in relative reproductive rates
is the primary determinant of later disease severity in an at-risk population. However,
the shape and degree of dispersal kernel kurtosis can generate a strong impact on the
subsequent patterns of spread and the spatial patterns of disease intensification from an
outbreak as it spreads into the at-risk population [14,16,19–21].

I used a series of in silico experiments to understand whether the dispersal kernel type,
exponentially bound or non-exponentially bound, substantively influences the patterns
of disease projections when disease transitions between outbreak and at-risk host popula-
tions that differ in disease susceptibility. I focused on wheat stripe rust, an economically
important, world-wide, disease of wheat caused by the fungus Puccinia striiformis var tritici
(hereafter Pst), a well-studied and relatively well characterized plant pathosystem from
an epidemiological perspective. In particular, I was interested in evaluating whether one
or both dispersal kernel types (exponentially bound or non-exponentially bound) could
yield relationships that are consistently predictable over a range of disease outbreak levels
and whether those projections are similar enough to suggest that a simplified approxima-
tion could be made about the potential interactions. For example, it is possible that the
overall difference in susceptibility between the outbreak and at-risk populations propor-
tionally increases or decreases the amount of disease in the at-risk population according to
a predictable linear relationship.

2. Materials and Methods

2.1. Wheat Stripe Rust

Wheat stripe rust (WSR) is caused by the fungus Puccinia striiformis var tritici (Pst)
and it is an obligate parasite of its host plant (obligate plant pathogens require relatively
healthy and vigorous hosts for disease to occur). WSR can be encountered wherever
wheat is grown [22–25] and its alternative host plants appear to be Berberis spp. [26,27].
However, it is unlikely that Berberis spp. are necessary for WSR epidemics as Pst spores
can overwinter in the soil and thatch when conditions are mostly above freezing [23,28].
Pst produces spores (~10 to 20 microns which appear to be somewhat environmentally
resilient to temperature and some UV light exposure [29]) that are borne on uredinia
in small aggregates referred to as pustules. Groups of pustules form lesions, which are
presented linearly on the upper and lower leaf surfaces, and elongate over time parallel to
wheat leaf veins, yielding the “striped” appearance of WSR. Spores are produced in large
amounts, several hundred or more uridineospores/day per square millimeter of lesion [25],
and R0 (the basic reproductive number, the mean number of daughter infections arising
from a single infection) can be very high (ranging from 35 to ~800) depending on host
availability and pre-existing disease levels [30,31]. Disease occurs as long as the wheat
plant can physiologically support either new infections or the expansion of existing lesions.
As WSR outbreaks intensify, the disease grows at an exponential rate [10], but successful
dispersal events can occur over large distances even from relatively small outbreaks [32]
and rarer long-distance events are known at continental scales [28,33].

Although wheat stripe rust can be theoretically well-managed through the appro-
priate timing of fungicide applications [34], WSR epidemics can cause massive damage
on susceptible wheat cultivars [23,24,28,35]. Unfortunately, there is also recent evidence
that some Pst lineages have evolved fungicide resistant mutations [36], which has caused
considerable problems for the management other wheat fungal diseases on wheat such
as Septoria leaf blotch (Zymoseptoria trittici) [37–40], eyespot (Oculimacula spp.) [41], and
wheat blast (Magnaporthe oryzae) [42]. With the increasing incidence of fungicide resistant
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wheat plant diseases across the world, including Pst, control will probably be accomplished
through the breeding of durable disease resistance [43]. This means that understanding how
disease susceptibility may alter epidemic behavior is an important aspect to understand
going forward.

2.2. Wheat Stripe Rust Disease Spread Simulations

I used an updated and highly modified version of the plant disease simulation pro-
gram EPIMUL [44] to run the in silico projected disease spread experiments. EPIMUL
is a spatially explicit, compartmental disease event simulator, which is parameterized
to represent real space in a wheat field. Each compartment was filled with virtual host
plants that were similar in density to production fields and previously published empirical
studies of WSR spread. Plants within the compartment were assigned properties (e.g., den-
sity, disease carrying capacity, latent and infectious periods, disease reproduction rates,
infection probability, outbreak or at-risk population) and effective disease spores were
distributed across this landscape according to a specified dispersal kernel. The epidemi-
ological variables used in the present model originated from published intensive field
studies performed in western and central Oregon, USA (see below for simulation and
parameter details). For this study, I used deterministic simulations as I was interested in the
mean differences between scenarios rather than focusing on the variation within a single
scenario and how that variation overlaps with a slightly different set of parameter values.
In EPIMUL, stochasticity is built into the dispersal gradient as a Poisson resampling of
the original dispersal gradient [10]. In previous simulations, the mean disease levels over
space and time in each compartment from 100 stochastic simulations was nearly equivalent
to one deterministic run in EPIMUL [10], so while there was information in variability to
be gained from stochastic simulations this approach was not necessary given the goals of
the present study.

Compartment parameters for the simulations were consistent with previous WSR
simulations [17,45] and updated with more accurate parameter values when supported
by newer published data. The simulation field size was 800 × 800 compartments, with
each compartment having dimensions of 1.52 m × 1.52 m (the width of a wheat planter)
and each compartment had a carrying capacity of 200,000 infection sites, which is the
average number of sites estimated from a standard wheat planting density over the life
of the average wheat plant [17]. I used a latent and infectious period of 12 days, which
is common for WSR outbreaks in the late spring and early summer when conditions
are optimal for the disease in central Oregon. R0, the basic reproduction number [46],
which is the mean number of daughter infections arising from a single mother infection,
was set at 70 for the completely susceptible genotype and reduced proportionally with a
decrease in susceptibility (an increase in disease resistance). This method is described below
in a separate paragraph. The fully susceptible host R0 = 70 is consistent with previous
experiments featuring fully susceptible and partially susceptible wheat genotypes [45,47]
and studies of WSR development [30] over a range of environmental conditions that were
comparable to central Oregon.

I used two different dispersal kernels to simulate WSR disease spread in the exact
same virtual field arrangement to understand the influence of each dispersal kernel type
on epidemic projections. The first gradient was the modified power law dispersal kernel
reported by Farber et al. [32]. This is the most accurately and precisely described dispersal
gradient for WSR available in the published literature. For the modified power law, the
dispersal kernel was described by the formula y = a (x + c)−b where “a” was a value that
adjusts the amount of disease produced at the source; b modified the steepness of the
dispersal kernel; and the c value allowed for the power law dispersal kernel to have a
non-zero value when x = 0 and also modified the kernel shape. For the modified power law
simulations, the values of each variable were: a = 425, b = 2.28, c = 0.23. The exponential
function was calculated from the original data used by Farber et al. [32] (which was
originally and appropriately best-fit to the power law kernel above) and an exponential
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model was forced on the Farber et al. [32] raw data with the method traditionally used by
plant pathologists to fit disease gradients to an exponential kernel [48]. The exponential
dispersal kernel was described by the following formula: y = a exp (−bx); for this study
a = 19.2, b = 0.1903. WSR infections were dispersed equally (radially) from the source using
the downwind dispersal gradient reported by Farber et al. [32].

I also evaluated the potential influence of the amount of disease in the outbreak on
the projections. Disease levels in the outbreak can have a strong and dominant impact
on the severity of the subsequent WSR epidemic in the at-risk population, in field experi-
ments [45,47] and in simulations [10]. It is possible there were dispersal kernel × outbreak
disease level interactions that influence epidemic severity when host populations differ in
disease susceptibility. The outbreak levels of disease in my simulations were set at 0.05%,
1.0%, and 5.0% of the total sites available (disease carrying capacity), and these values span
the range of biologically reasonable outbreak levels (0.05% and 1.0%) and exceptionally
high outbreak levels (5%).

I set up two virtual landscapes that were used with both dispersal kernels and each
disease outbreak level to project the interactions of epidemic severity given the differences
in host disease susceptibility in a standardized landscape. Both fields contained an outbreak
(focus) that was one compartment (1.52 m × 1.52 m) in the center of an 800 × 800 com-
partment landscape. All compartments other than the outbreak represent the at-risk host
population. In one scenario, the outbreak compartment was always 100% susceptible but
the at-risk population host susceptibility varied in increments of 10% (from 100% to 10%).
A susceptibility of 0 would not generate disease in the model as these hosts are completely
resistant and useless in the present study. In the second scenario, the at-risk population
was always 100% susceptible but the outbreak varied in susceptibility by increments of 10%
(Figure 1). To compare the relative effect of the transition from populations of host that
differed in susceptibilities, an internal control, I simulated disease spread in monocultures
for the same increments of susceptibility (e.g., 10% focus to 10% at-risk, 50% focus to 50%
at-risk, 100% focus to 100% at-risk).

Figure 1. Schematic representation of two different landscape simulation scenarios where the out-
break (focus) and the at-risk population differed in the degree of quantitative resistance (susceptibility)
by increments of 10% through the proportional reduction of R0 (see methods below). The left field
depicts the scenario where the outbreak (focus) is comprised of a 100% WSR susceptible genotype
and the at-risk population (the remainder of the field) decreases in the degree of susceptibility by
increments of 10%. The right field depicts the opposite scenario where the focus is comprised of host
plants that are variably susceptible and the at-risk population is 100% susceptible. Note that the focus
and the at-risk field is not to the scale of the simulations. In the simulations the focus is considerably
smaller relative to the at-risk field size.
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To model the differences in host susceptibility within the two landscape scenarios,
I proportionally decreased R0 in 10% increments and assigned the desired levels of sus-
ceptibility to the outbreak and at-risk compartments (e.g., 100% susceptible hosts had an
R0 = 70, 10% susceptible hosts have an R0 = 7). I held the infection probability the same for
the dispersed effective spores which, in combination with a decreased R0, reduced their
capacity for disease production if infected. Although, this approach is overly simplistic, as
biologically resistance can arise from different mechanisms (e.g., reduced infection proba-
bility, reduced virulence, smaller lesions, lower sporulation rates), proportionally reducing
the R0 is a straightforward method to represent hypothetical quantitative resistance from
any mechanism and evaluate the resultant patterns of epidemic progression. To index the
relative amount of disease that accumulated in the at-risk population from the outbreak
after five disease generations (60 days), I calculated the area under the disease gradient
(AUDG) for a 1 × 301 compartment area extending from the outbreak in a straight line
(Figure 1). I subtracted the amount of disease in the outbreak compartment to arrive at an
end epidemic AUDG value for the at-risk population. Calculating the amount of disease
along a transect in the simulations mimics empirical studies of plant disease spread that
sample disease at points along a straight line from the source [16,17,45,47,48]. I plotted
the AUDG values for all different combinations of outbreak disease levels, monocultures,
and disease accumulated in the at-risk populations and grouped the simulations by the
two different landscape scenarios for comparison.

3. Results

There were general patterns of disease increase that were consistent regardless of the
dispersal model. Overall, the AUDG values (an index of relative epidemic severity) was
predictably greater when the amount of disease in the outbreak was greater (Figure 2).
Additionally, when the outbreak and at-risk populations were both at 100% susceptibility,
the projected amount of disease was the greatest observed, and when either the outbreak or
at-risk population was comprised of host plants with 10% susceptibility, epidemic severity
was the lowest observed (Figure 2). However, projections from the two dispersal kernel
types yielded differently shaped responses in the amount of disease accumulated after
5 generations.

The exponential dispersal kernel projected relatively consistent epidemic responses
when disease developed from an outbreak and intensified over time in at-risk population
which differed from the outbreak in the degree of disease susceptibility (Figure 2D–F).
When the at-risk population was 100% susceptible, the at-risk population susceptibility
exerted a dominant influence on the amount of disease that accumulated over time in the at-
risk population, regardless of host susceptibility in the outbreak (Figure 2D–F orange lines).
When the outbreak was 100% susceptible, the at-risk population degree of susceptibility
also strongly influenced the amount of disease that accumulated in the at-risk population
(Figure 2D–F blue lines). For both landscape scenarios, the projected relationships were
approximately linear at the lower outbreak disease levels (0.05% and 1%), suggesting
that host susceptibility of the at-risk population drives epidemic severity in a potentially
straightforward and predictable manner. Only at the greatest outbreak disease level (5%),
did the projected relationships become more curvilinear (Figure 2F), but the influence of
the at-risk host population susceptibility on the end epidemic severity was consistent with
lower outbreak disease levels.

There was no consistent pattern of end epidemic severity when disease was dispersed
with the modified power law (Figure 2A–C). For each outbreak disease level, the influence
of either the outbreak or the at-risk population’s level of susceptibility appeared to generate
different projections of end epidemic severity (Figure 2A–C). In all circumstances, including
the monocultures, the projected epidemic severity relationships did not appear to behave in
any obvious generalizable manner and different outbreak disease levels projected different
relationships. For example, at the lowest outbreak disease level, 0.05%, the projected
epidemic severities were strongly curvilinear while at the greatest outbreak disease level
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(5% disease) the projected relationships were more linear than curvilinear compared with
lower outbreak disease levels. Unlike the exponential dispersal kernel simulations, the
outbreak could either strongly influence the epidemic outcome (Figure 2A), be roughly
equivalent in its influence to that of the at-risk population (Figure 2B), or be slightly
suppressed by the level of susceptibility of the at-risk population (Figure 2C).

Figure 2. (A) (0.05% outbreak disease levels), (B) (1% outbreak disease levels), (C) (5% outbreak
disease levels) are the trends projected from AUDG (area under the disease gradient) values generated
from the two field scenario simulations where the outbreak and at-risk populations varied in their
relative degree of susceptibility (quantitative resistance to WSR) using the modified power law
dispersal kernel. (D) (0.05% outbreak disease levels), (E) (1% outbreak disease levels), (F) (5% outbreak
disease levels) are the same projections and disease summary statistics that were generated by the
simulations using the exponential dispersal kernel (note that the susceptibility is the same, but it is
presented differently on the x-axis, with (*10) to draw attention that these figures were generated
from the exponential dispersal kernel). Gray dots and trend lines represent simulation results from
monocultures (e.g., 10% focus to 10% at-risk, to 100% focus to 100% at-risk), the blue dots and trend
lines represent the scenario where the focus is 100% susceptible but the at-risk population has variable
susceptibility, and the orange dots and trend line represents the scenario where the focus varies in
susceptibility but the at-risk population is 100% susceptible.

4. Discussion

WSR disease spread simulations, which were calibrated against well-characterized
demographic, epidemiological and dispersal parameters, yielded conflicting projections
of how disease susceptibility may alter epidemic severity when the outbreak and at-risk
host populations differ in their degree of resistance. These differences emerged as an
interaction between the dispersal kernel type and the amount of disease that founded the
outbreak. Host arrangement, including the virtual field size, compartment number and its
dimensions, the location of the outbreak within the virtual field, the area from which disease
was estimated, the latent and infectious periods, host density, generation time, infection
probability and R0 (for 100% susceptible genotypes) were standardized throughout the
simulations. Disease was also dispersed in a radially symmetric manner from the focus
(there was no asymmetric anisotropy; e.g., upwind, downwind, changing wind directions
and magnitude) to keep the scenarios as straightforward as possible for comparison. Only
the dispersal kernel, the amount of disease in the focus at the outbreak onset, and the
susceptibility of host plants in specific compartments (through the proportional reduction
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of R0) were modified. Despite this degree of standardization and constant conditions that
are obvious departures from a “real life” WSR outbreak, simulations suggested that rule of
thumb guidelines for predicting where, when and how much disease may be generated may
be possible for organisms with exponential dispersal kernels but unrealistic for organisms
characterized by long-distance dispersal. The penalty for over-simplification (a truncated
dispersal gradient) was a suite of facile but potentially seriously misleading epidemic
projections. These projections were attractive for suggesting a potential predictable pattern
of disease spread, whereas attempting to reflect a more biological realistic scenario (through
a well-fit dispersal kernel) gave a less intuitive assemblage of epidemic projections. There
appeared to be an important tradeoff threshold between convenient interpretation and
attempting to reasonably represent the biological reality of long-distance dispersal due
specifically to the dispersal kernel.

For the sake of disease management and projecting the impacts of having a mosaic
landscape of hosts that differ in disease resistance, it would be convenient if WSR was
dispersed according to an exponential function. If WSR dispersal was realistically approxi-
mated by an exponential type kernel, understanding and projecting WSR impacts would
be relatively tractable, as the constant rate of disease spread after an initial and short period
of increasing velocity [15] could be approximated by a diffusion rate [49]. Diffusion rate
projections are often applied in invasive species models [7,50,51] as they are in plant epi-
demiological models [48,49,52]. Furthermore, the exponential dispersal kernel simulations
consistently projected a dominant influence of the at-risk population disease resistance
properties (susceptibility) on the end epidemic severity (Figure 2). Conceptually, disease
resistance properties and host density within the at-risk population are the fundamental
underpinnings and assumptions of effective modern disease management tactics, such as
quarantine zones, vaccinations, and ring culls [1,53–55]. Although, the prioritization of the
at-risk population to control disease outbreaks is intuitive, as on-the-ground approaches
often prioritize protecting and modifying the at-risk population to contain and dampen the
impacts of any disease outbreak, it may be only a partial solution [55].

In contrast to the relatively consistent and potentially straightforward projections of
the exponential dispersal kernel simulations, the modified power law dispersal kernel
projections were markedly variable and not intuitively predictable over the range of con-
ditions evaluated. Modified power law kernel simulations suggested that the outbreak
may generate a strong and dominant influence on the resulting epidemic severity when
compared to the at-risk population, especially at low outbreak disease levels. These disease
projection results are counter to most disease mitigation approaches which are directed
towards treating and prioritizing the at-risk population (e.g., quarantines, vaccinations,
ring culling). There is theoretical [56], empirical [10,45,47] and in silico support [45] for a
dominant influence of the outbreak on the epidemic severity in the at-risk population, but
the mechanisms governing this phenomenon are not yet well-understood. However, at
higher outbreak disease levels, >1% of the total possible infections at the outbreak onset,
the power law dispersal kernel projections suggested that the outbreak and at-risk popula-
tion susceptibility properties may exert a roughly equal contribution to the end epidemic
severity and at higher outbreak disease levels the at-risk population was projected to have
a greater influence than the outbreak (Figure 2A vs. Figure 2B,C). These results suggest
that the contributions of the outbreak and the at-risk population may be highly context
dependent and challenging to predict if non-exponentially bound, heavy-tailed dispersal
kernels are used to more realistically account for the potential of long-distance dispersal.
This suggests that with increasing biological accuracy in the dispersal kernel, epidemic
projections will likely become both more complex, context dependent, and unfortunately
maybe necessarily nuanced.

The landscape scenarios I used in this study were straightforward (Figure 1) and rela-
tively simple compared with the host spatial complexity of cultivar mixtures, intercropping,
and a patchwork landscape mosaic of variably sized agricultural fields featuring different
wheat cultivars interspersed with fields/habitats without WSR host plants. Regardless,
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when applying a modified power law dispersal kernel, which empirical data strongly
supports over an exponential dispersal kernel [17,18,32], it is clear that the most biolog-
ically accurate of the two dispersal kernels yields unintuitive WSR disease projections
even though there was no anisotropic disease dispersal (a well-known feature of wind
dispersed pathogens [49,57]), homogenous host distribution, and host plants with invariant
physiological states (both of which are not biologically true). As attractive, convenient,
and readily interpretable as the disease projections from the exponential model appear to
be, such biologically inaccurate models have the distinct potential to lead epidemiological
understanding and the resulting control management practices down a deceptive path.
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Abstract: Cadmium (Cd) stress is an obstacle for crop production, quality crops, and sustainable
agriculture. An important role is played by the application of eco-friendly approaches to improve
plant growth and stress tolerance. In the current study, a pre-sowing seed treatment with Rhizobium
leguminosarum strains, isolated from the leguminous plants Phaseolus vulgaris (strain Pvu5), Vicia
sylvatica (strain VSy12), Trifolium hybridium (strain Thy2), and T. pratense (strain TPr4), demonstrated
different effects on wheat (Triticum aestivum L.) plant growth under normal conditions. Among all
tested strains, Thy2 significantly increased seed germination, seedling length, fresh and dry biomass,
and leaf chlorophyll (Chl) content. Further analysis showed that Thy2 was capable of producing
indole-3-acetic acid and siderophores and fixing nitrogen. Under Cd stress, Thy2 reduced the negative
effect of Cd on wheat growth and photosynthesis and had a protective effect on the antioxidant system.
This was expressed in the additional accumulation of glutathione and proline and the activation
of glutathione reductase. In addition, Thy2 led to a significant reduction in oxidative stress, which
was evidenced by the data on the stabilization of the ascorbate content and the activity of ascorbate
peroxidase. In addition, Thy2 markedly reduced Cd-induced membrane lipid peroxidation and
electrolyte leakage in the plants. Thus, the findings demonstrated the ability of the R. leguminosarum
strain Thy2, isolated from T. hybridium nodules, to exert a growth-promoting and anti-stress effect
on wheat plants. These results suggest that the Thy2 strain may enhance wheat plant growth by
mitigating Cd stress, particularly through improving photosynthesis and antioxidant capacity and
reducing the severity of oxidative damage. This may provide a basic and biological approach to use
the Thy2 strain as a promising, eco-friendly candidate to combat Cd stress in wheat production.

Keywords: Rhizobium leguminosarum; PGPR; Triticum aestivum L.; cadmium stress; tolerance;
ascorbate; glutathione; malondialdehyde; chlorophylls

1. Introduction

Increasing agricultural crop productivity, especially cereals such as wheat, is relevant
and extremely important [1–4]. One of the guiding principles of modern agricultural pro-
duction is the introduction of environmentally sound and harmless approaches that are safe
for human health [1,5–7]. Of particular importance and interest for solving this problem is
the use of microbiological approaches that are based on the use of the potential of plants
and microorganisms and the biological mechanisms of interaction between the components
of plant–microbial systems [1,8,9]. The use of biologicals based on plant growth-promoting
rhizobacterial (PGPR) strains of the genus of Rizobium leguminosarum, demonstrating bene-
ficial properties of plants, is of interest. They can be successful symbionts for various plant
species [10–15]. The presence of the bacteria R. leguminosarum can regulate in plants such
processes as the increased associative fixation of molecular nitrogen [1,15,16], additional
production of physiologically active compounds, including phytohormones [8,16], and
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improvement of the water regime of plants [16]. In addition, rhizobacteria can participate
in the dissolution of hard-to-reach phosphorus compounds [17], produce antibiotic com-
pounds that protect roots from bacterial and fungal infections [9], and modulate stress
reactions in plants, thereby increasing their resistance to adverse external factors and other
influences [16,18].

The complex and positive effects of the influence of PGPR on plants is widely used
in plant growing practices as a seed inoculation (bacterization) technique [4]. It should be
noted that the pre-sowing inoculation of seeds with microbial preparations that accelerate
the growth and development of plants is an important element of crop cultivation tech-
nology aimed at obtaining friendly seedlings of cereal crops and, as a result, increasing
yields [4]. It does not require complex equipment, and it provides a stable positive effect.
It can be noted that the effect of microbiopreparations on plants is being studied quite
actively [4,19]. However, insufficient attention has been paid to the study of the response
of cereal crops to bacterization by growth-stimulating microorganisms. The application
of PGPR is a sustainable approach to improving the physiological processes of crops and
overcoming abiotic stresses. The effectiveness of the use of a particular bacterial preparation
is often related to a particular crop, and this does not guarantee a positive effect on another
crop or variety [10–14,16]. The maximum effect from the use of associative strains can be
obtained only based on a careful selection of strains that have a greater positive effect on
a particular culture. While it is important to evaluate both the growth-stimulating and
protective effects of the strain, photosynthesis, components of the system’s regulating redox
metabolism, and osmoprotection play an important role in the growth and development of
plants under normal growing conditions [14,20]. Under stress conditions, timely changes
in the operation of these systems determine the level of adaptation of a plant to stress, and
the survival rate of that plant.

In connection with the growth of technogenic production, an acute problem is the
pollution of soils with heavy metal ions, in particular, cadmium (Cd) ions [6,7]. Mining,
smelting, and synthetic fertilizers are the main sources of Cd toxicity. Cd inhibits plant
growth. Moreover, the accumulation of Cd in wheat grains poses a health risk to humans [7].
Cd ions negatively affect the seed germination, growth, grain quality, and productivity
of wheat plants. In addition, Cd ions inhibit photosynthetic processes and cause the
development of oxidative stress in cells [7,21]. The literature describes many different
mitigation strategies to combat Cd toxicity in wheat [14,16,20]. Due to Cd ions entering
wheat plants from through soil, a number of these strategies aim to reduce Cd content
and its availability to wheat roots. Inexpensive and accessible strategies are often used to
achieve this, such as the application of fertilizers or biochar to the soil [3,7]. In addition,
the pre-sowing treatment of seeds with various phytohormones, nanoparticles, lasers, and
microwaves is used [3,4,7]. In order to increase the resistance of plants to Cd, plants are
treated with microbial growth regulators [1]. The use of PGPR effectively reduces the
level of the negative effects of Cd on plants [10–15]. It was found that strains of the genus
of Rhizobium leguminosarum, i.e., the rhizospheric bacterial strains Pvu5 (isolated from
Phaseolus vulgaris), VSy12 (Vicia sylvatica), Thy2 (Trifolium hybridium), and TPr4 (T. pratense),
stimulated the growth of roots of cucumber seedlings [22]. At the same time, the R.
leguminosarum strain VSy12 also stimulated the growth of the roots of tomato and amaranth
seedlings, while the R. leguminosarum strain Pvu5 only stimulated the growth of amaranth,
and none of the strains exhibited growth-promoting activity on carrot roots. These results
indicate that the studied strains have growth-stimulating activities for dicot plants. These
strains were obtained by the researchers in [22] and there is no information about their
effect on monocot plants such as wheat. This is very surprising as wheat is an important
crop all over the world. The current research aims to investigate the effects of the R.
leguminosarum strains Pvu5, VSy12, Thy2, and TPr4 on wheat growth and their ability to
alleviate Cd stress.
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2. Materials and Methods

2.1. Bacterial Strains

The Rhizobium leguminosarum strains Pvu5, VSy12, Thy2, and TPr4 were obtained from
the Collection of Symbiotic Microorganisms “Symbiont” of the Institute of Biochemistry
and Genetics of the Ufa Federal Research Center of the Russian Academy of Sciences
(Ufa, Russia). The root nodule rhizobia strains were earlier isolated from wild-growing
leguminous plants of the Southern Urals: the R. leguminosarum strain Pvu5—from Phaseolus
vulgaris; the R. leguminosarum strain VSy12—from Vicia sylvatica; the R. leguminosarum strain
Thy2—from Trifolium hybridium; and the R. leguminosarum strain TPr4—from T. pratense.

The isolation of pure cultures of the bacteria from nodules of the leguminous plants
was carried out by the standard method [23], with some modifications [24]. DNA from the
bacteria was isolated by cell lysis in a 1% Triton X100 (Serva, Heidelberg, Germany) and
1% Chelex 100 (Bio-Rad, Hercules, CA, USA) suspension [25]. Nucleotide sequences were
determined on an Applied Biosystems 3500 automatic sequencer (Applied Biosystems, Inc.,
Sequencer Applied Biosystems, Inc., Waltham, MA, USA) using Big Dye Terminator v. 3.1.

Fragments of the 16S rRNA gene, approximately 1500 bp, were amplified using the uni-
versal primers fD1 5′-cccgggatccaagcttaaggaggtgatccagcc-3′ and
rD1 5′-ccgaattcgtcgacaacagagttgatcctggctcag-3′. Phylogenetic analysis of the studied strains
was performed using the MegaBlast program based on the data from the multiple align-
ments of the sequenced fragments of the 16S rRNA gene [26].

2.2. Inoculum Preparation and Seed Treatment

Cells of the R. leguminosarum strains Pvu5, VSy12, Thy2, and TPr4 were cultured for
2 days in glass flasks in liquid yeast mannitol YM medium (wt. % in an aqueous solution:
mannitol, 1; yeast extract, 0.04; sodium chloride (NaCl), 0.01; and magnesium sulfate
(MgSO4), 0.01) at 28 ◦C and 140 rpm to a concentration of 108 CFU mL−1. To obtain an
inoculum at a concentration of 105 CFU mL−1, the stock 108 CFU mL−1 was diluted with
sterile water and monitored at 600 nm (SmartSpecTM Plus spectrophotometer, Bio-Rad,
Oceanside, CA, USA).

2.3. Analysis of Plant Growth-Promoting (PGP) Characteristics of the Tested Bacterial Strains

A determination of indole-3-acetic acid (IAA) production was made using the Salkowski
reagent [27]. The purified and freshly grown cultures on the average slopes of Luria-Bertani
(LB) were transferred into tubes containing 5 mL of LB broth supplemented by 1 mg mL−1

of L-tryptophan (L-TRP). It was incubated at 28 ± 1 ◦C for 2 days. Then, the culture was
centrifuged for 5 min at 1300 rpm. The Salkowski reagent (2% ferric chloride (FeCl3) at
0.5 M in 35% perchloric acid (HClO4)) was added to the supernatant at a rate of 1:2. After
20–25 min, when the color of the supernatant containing the IAA turned red, the color
absorption was measured with a spectrophotometer (BioSpec_Mini, Shimadzu, Japan) at
535 nm. The uninoculated broth served as a control. The typical curve was prepared with
1, 2, 3, 4, 5, 10, 15, and 20 mg L−1 IAA.

The production of siderophores was detected by the universal method described
in [28] using blue agar plates containing Chromium Azurol S (CAS) dye. To prepare 100 mL
of the medium, 6.5 g of liquid CAS was added to 5 mL of water and mixed with 1 mL of a
solution containing 1 mM of FeCl3 and 10 mM of hydrochloric acid (HCl). Then, 4 mL of
a solution containing 7.3 mg of hexadecyltrimethylammonium bromide (HDTMA) was
added to the CAS solution. The mixture was autoclaved and then added to 100 mL of
LB agar medium with a pH = 6.8. Bacteria were grown on Petri dishes with “blue agar”
for 7 days. The formation of a yellow halo around the blue colony was an indication of
siderophore production.

The phosphate solubilization activity was tested in a Pikovskaya medium (PVK).
This medium consisted of (g L−1): (calcium orthophosphate (Ca3(P04)2)—5, glucose—20,
NaCl—0.2, magnesium sulfate (MgS04)-0.1, manganese sulfate (MnS04)—traces, ferrous sul-
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fate (FeS04)-traces, and agar-agar-20) [29]. The bacteria were cultivated in this environment
for seven days.

Nitrogen fixation was tested using Ashby’s nitrogen-free medium [30]. The bacteria
were grown at 28 ◦C for 3 days.

2.4. Plant Materials and Growth Conditions

Wheat seeds (Triticum aestivum L., cv. Salavat Yulaev) were provided by the Chish-
minsky Breeding Station UFRC RAS (Bashkortostan, Russia). The seeds were sterilized
in 96% ethanol for 1 min, then washed with sterile water for 2–3 min (until the smell of
alcohol disappeared). Thereafter, the seeds were immersed into solutions of the strains
Pvu5, VSy12, TPr4, and Thy2 (105 CFU mL−1) or water (control) for 30 min. The seeds
(100 pieces) were grown for three days on filter paper moistened with water under illumi-
nation (200 μmoL m−2 s−1) at 22–23 ◦C with a long-day photoperiod (16 h light/8 h dark)
to select a strain that had a significant growth-stimulating effect.

To assess the protective effect of the bacterial strain, the control and inoculated seeds
were grown in Petri dishes (on filter paper moistened with water (Control) and Cd—1 mM
(CH3COO)2Cd) [5] under a 16/8 h light/dark photoperiod regime (200 mmoL m−1 s−1) at
22–24 ◦C for three days. After germination, the 3-day old seedlings were transplanted into
beakers with 10% Hoagland–Arnon solution and grown for 7 days. In stressful variants
of the experiment, the plants were constantly grown on a 1 mM Cd solution prepared
on the 10% Hoglanad–Arnon. Plant samples of the 7-day old seedlings (roots, shoots,
or whole seedlings) were taken to assess their physiological-biochemical attributes. To
determine the content of the photosynthetic pigments, chlorophyll (Chl) a and Chl b, the
plants’ leaves were taken. Whole plants were used to determine the content of glutathione
(GSH), ascorbic acid (AsA), and proline and the activity of glutathione reductase (GR) and
ascorbate peroxidase (APX), as well as the level of lipid peroxidation (i.e., malondialdehyde
(MDA) content) and electrolyte leakage (EL).

2.5. Assessment of Growth Parameters

The germination rate was determined by how many seeds had germinated after seven
days [31]. The fresh weight (FW) of the roots and shoots were recorded on the same day.
For dry weight (DW) measurements, the samples were placed in a 70 ◦C furnace. After
48 h, measurements (DW) were carried out [32]. Data regarding shoot and root length were
measured with the help of a meter rod [31]. Each variant included 30 seedlings in three
biological replicates.

2.6. Measurement of Photosynthetic Pigments

The fresh harvested plant leaves (0.05 g) were homogenized in 90% ethanol (10 mL)
with the addition of calcium carbonate (CaCO3) and then filtered. The optical density of
the filtered extracts was measured using a SmartSpecTM Plus spectrophotometer (Bio-Rad,
Oceanside, CA, USA) at 663 nm (Chl a) and 646 nm (Chl b). The Chl a and Chl b contents
were expressed as mg g−1 FW [33].

2.7. Measurement of Non-Enzymatic Antioxidants
2.7.1. Glutathione (GSH) and Oxidized Glutathione (GSSG) Contents

The GSH and GSSG contents from one plant mount were determined using the
spectrofluoromeric method. This method is based on obtaining an o-phthalic aldehyde
fluorescent product (Sigma, Australia) in accordance with the pH of the medium. Whole
plant samples (approximately 0.5 g) were homogenized in 4 mL of a mixture consisting
of 0.1 M potassium phosphate buffer (pH 8.0) and 25% metaphosphoric acid (HPO3)
solution in a ratio of 3.75:1 (by volume) as recommended in [34]. The homogenate was
centrifuged for 10 min at 8000× g, and then the supernatant was centrifuged again for
5 min at 13,000× g. The quantitative assessment of the GSH and GSSG in the obtained
supernatant was carried out by applying the reagents specified in [35]. To assess the GSH
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and GSSG contents, the kinetics of the fluorescence intensity of the formed complexes were
recorded at pH 8.0 and pH 12.0, respectively, using an EnSpire Model 2300 Multilabel
Microplate Reader (PerkinElmer, Boston, MA, USA) at 420 nm (excitation wavelength
350 nm). The levels of glutathione forms were expressed in μmoL mg−1 protein.

2.7.2. Ascorbic Acid (AsA) Content

The amount of AsA was determined by the titration method [35]. The wheat samples
(10 g) were crushed in a porcelain mortar, extracted with 10 mL of distilled water, agitated,
and filtered through a paper filter. An amount of 20 mL of filtrate was taken into a conical
flask and 1 mL of 2% hydrochloric acid (HCl), 0.5 mL of 1% potassium iodide (KI), and
2 mL of 0.5% starch were added, and then stirred. The resultant mixture was titrated with
0.001 moL L−1 potassium iodate (KIO3) until it reached a stable blue color staining. The
concentration of AsA was reported as mg% FW [35].

2.8. Measurement of the Enzymatic Antioxidants
2.8.1. Glutathione Reductase (GR) Activity

GR (EC 1.6.4.2) activity was assessed by the ability of the enzyme to catalyze the
reduction of GSSG using NADPH as a reductant and measuring the formation of NADP+, as
expressed in units of nmoL min−1 mg−1 protein; in the calculation, the extinction coefficient
for nicotinamide adenine dinucleotide phosphate (NADPH) was equal to 6.22 mM−1

1 cm−1 [36]. Seedlings (0.25 g) were ground in liquid nitrogen by adding 0.75 mL of
50 mM Tris-HCl buffer (pH 7.6). The homogenate was centrifuged at 22,000× g at 4 ◦C for
30 min and the supernatant was used for the enzyme assay. The reaction mixture contained
50 mM Tris-HCl buffer (pH 7.6) (1.91 mL), 0.15 mM NADPH (0.02 mL), and enzyme extract
(0.05 mL). Before measurement, 1 mM GSSG (0.02 mL) was added to the experimental
cuvette. The reaction was monitored by a decreased in absorbance of NADPH at 340 nm.

2.8.2. Ascorbate Peroxidase (APX) Activity

The activity of ascorbate peroxidase (APX, EC 1.11.1.11) was estimated by monitoring
the oxidation of the ascorbate at 290 nm. [37]. The reaction mixture (2.93 mL) consisted
of 50 mM phosphate buffer (pH 7.0), 17 mM (0.03 mL) ascorbic acid (C6H8O6), 0.03 mL
ethylenediamine tetra acetic acid (EDTA), and 0.01 mL extract. The response started with
the addition of 0.03 mL of 0.06% H2 O2 and was determined in the first 100 s. The data
received were expressed as μmoL ascorbate oxidized mg−1 protein min−1.

The activity of all the studied antioxidant enzymes was presented, taking into ac-
count the protein content of the sample. The total soluble protein was estimated according
to the Bradford method [38]. Bovine serum albumin (BSA) served as the standard. For
spectrophotometric analyses, a UNICO 2800 spectrophotometer (United Products @ Instru-
ments, Middlesex, NJ, USA) was used.

2.9. Malondialdehyde (MDA) Content

To determine the MDA concentration in the wheat seedlings, samples of 0.5 g were
ground in distilled water and then homogenized in 20% trichloroacetic acid (C2HCl3O2).
The homogeneous samples were centrifuged (10,000× g, 10 min), and the supernatant was
mixed with 0.5% thiobarbituric acid (C4H4N2O2S) prepared in 20% C2HCl3O2 and kept
in a boiling water bath (100 ◦C for 30 min) and then quickly cooled. The absorbance was
spectrophotometrically (SmartSpecTM Plus, Bio-Rad, Oceanside, CA, USA) measured at
532 nm and 600 nm. The MDA content was calculated using an extinction coefficient of
155 mM−1 cm−1 and expressed as nmoL g−1 FW.

2.10. Measurement of Electrolyte Leakage (EL)

The state of permeability of the cell membranes was evaluated by following the EL
from plant tissues registered with the use of an OK 102/1 conductivity meter HI8733 (Hanna
Instruments, Inc., Sarmeola di Rubano, Padova, Italy) by measuring the ohmic resistance of
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the water extracts on a constant current [35]. The plant samples (1 g) were washed with
running water and cut into equally sized fragments; thereafter, they were washed with
running water for 3 min, rinsed with distilled water, slightly dried, supplied with 20 mL
distilled water, and incubated for 1 h at 25 ◦C. Then, the samples were filtered and the
electroconductivity of the obtained solution was measured and expressed as μSi g−1 FW.

2.11. Proline Content

The level of proline was evaluated according to [39], with modifications [40]. Fresh
plants (0.5 g) and boiling water (2.0 mL) were added to the test tubes. The test pieces
were placed in a water bath and boiled over a period of 30 min. After, the tubes were
removed and cooled. The extract (1 mL) was mixed with an equal volume of acid ninhydrin
(C9H6O4) solution and glacial acetic acid (CH3COOH). The samples were then incubated
at 100 ◦C for 1 h and cooled in an ice container. The optical densities of the solutions were
measured at 520 nm (SmartSpecTM Plus spectrophotometer, Bio-Rad, Hercules, CA, USA).
The proline contents (μmoL g−1 FW) were calculated using a calibration curve.

2.12. Statistical Analysis

All microbiological, molecular, biochemical, and physiological experiments were
performed in three or more bioassays and three or four analytical tests. The arithmetic
average values and confidence intervals calculated from the standard error are shown in
the table and graphs (± SEM). Statistically significant differences between the mean values
were evaluated using analysis of variance (ANOVA), followed by the Tukey test (p < 0.05).

3. Results

3.1. Effect of Rhizobacteria Strains on the Growth Parameters and Leaf Chlorophyll Content in
Wheat Plants under Normal Conditions

Analysis was carried out on R. leguminosarum (strains Pvu5, VSy12, Thy2, and TPr4)-
treated wheat seeds 7 days post-germination under normal conditions. It was revealed
that the strain Thy2 increased the vigor of seed germination by 4% (Table 1), the length of
seedlings by 120% (Figure 1A), and the FW and DW by 115%. Seed pre-treatment with TPr4
increased seed germination, the length of seedlings, and biomass, though not significantly.
At the same time, the strain VSy12 had an inhibitory effect on these parameters. Taking
together, these results demonstrated that wheat seeds differently responded to treatment
with tested strains, showing a positive response to the Thy2 and TPr4 strains and a negative
response to the VSy12 strain. For the Pvu5 strain, the studied parameters were at the
control level (Table 1 and Figure 1).

Table 1. Effect of the strains of R. leguminosarum on wheat seed germination. The presented data are
the averages of three repetitions (n = 100).

R. leguminosarum Strains

Control Pvu5 VSy12 Thy2 TPr4

Seed germination, % 96 ± 2 94 ± 1 80 ± 2 99 ± 1 97 ± 1

The appearance of the plants presented in Figure 2 demonstrates that the Thy2-
pretreated plants looked larger compared to plants of the control and the other bacterial
treatments. Plants grown from seeds pretreated with the strain TPr4 were significantly
shorter than the Thy2-treated plants, but taller than the Pvu5- and VSy12-treated ones. The
plant growth of the Pvu5-pretreated plants was at the level of the control, while the plants
pretreated with the Vsy12 strain appeared to grow much slower than control (Figure 2).
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Figure 1. Effect of the strains of R. leguminosarum on the length of 7-day-old wheat seedlings: (A) fresh
weight FW and (B) dry weight DW under normal growth conditions. The bars indicate the mean
values of three replicates ± SEM. Different letters indicate a significant difference between the means
at the level of p < 0.05.

Figure 2. Appearance of the T. aestivum L. 7-day-old wheat seedlings. The seeds were inoculated
with different strains of R. leguminosarum.

It was revealed that in the wheat leaves pretreated with Thy2, the content of Chl a
increased by 160% and Chl b by 140% above the control values (Figure 3). Seed treatment
with the strain TPr4 increased the content of Chl a and Chl b, but significantly less than the
strain Thy2. The content of chlorophyll in wheat leaves pretreated with Pvu5 was at the
level of the control values. The strain VSy12 reduced the content of Chl a by 70% and Chl b
by 83% relative to the control level (Figure 3).
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Figure 3. Effects of the strains of R. leguminosarum on the contents of Chl a (A) and Chl b (B) in the
leaves of the 7-day-old wheat seedlings. The bars indicate the mean values of three replicates ± SEM.
Different letters indicate a significant difference between the means at the level of p < 0.05.

3.2. Thy2 Strain Exerts the Main PGP Traits

The results showed that the Thy2 strain had the ability to produce siderophores
(Table 2, Figure 4A) and IAA and was capable of nitrogen fixation (Figure 4B). The ability
to solubilize phosphate was not detected in the tested strain (Table 2).

Table 2. Plant growth promotion activity of the Thy2 strain.

PGP Traits Thy2

IAA (mg L−1) 10 ± 0.5
P solubization (mg L−1) −
Siderophore production +

Nitrogen fixation +

Figure 4. Siderophore production (A) and nitrogen fixation (B) activity of the Thy2 strain.
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3.3. Evaluation of the Protective Effect of the Thy2 Strain on the Growth and Physio-Biochemical
Parameters of Wheat Plants
3.3.1. Effect of Thy2 Strain on Wheat Growth under Cd Stress

Cd stress leads to a decrease in seed germination of 60% (Table 3). Two-fold reductions
in the length and biomass (FW and DW) of the stressed wheat plants were revealed
(Figures 5 and 6). Wheat grown from the seeds inoculated with the Thy2 strain showed
improved seed germination that was 58% higher than the uninoculated ones under the
same stress conditions (Table 3). In addition, the bacterial-inoculated and Cd-stressed
plants were longer and heavier than the uninoculated and the same stressed variants of the
experiment by more than 1.5 times (Figures 5 and 6).

Table 3. Effect of Cd stress on the seed germination (seven days after sowing) percentage of the
uninoculated (control) and Thy2 strain-inoculated wheat plants. The presented data are the averages
of three repetitions.

Variant Seed Germination, %

Control 95 ± 1
1 mM Cd 56 ± 2

Thy2 99 ± 1
Thy2 + Cd 89 ± 3

Figure 5. Influence of the presence of cadmium (Cd) on the length (A) and weight (B) of the
uninoculated and inoculated (with R. leguminosarum Thy2) 7-day-old wheat plants. The bars indicate
the mean values of three replicates ± SEM. Different letters indicate a significant difference between
the means at the level of p < 0.05.
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Figure 6. Appearance of the pretreated (with the R. leguminosarum strain Thy2) and untreated
7-day-old wheat plants grown under normal and Cd stress conditions.

3.3.2. Effect of the Thy2 Strain on the Content of Chlorophyll in the Leaves of Wheat Plants
under Cd Stress

The incubation of plants in the Cd solution led to an almost two-fold drop in the
content of Chl a (Figure 7A) and Chl b (Figure 7B) in the leaves. In the plants pretreated
with the Thy2 strain, the content of chlorophyll was 62–67% higher than that in the stressed
plants (Figure 7). The appearance of the plants treated with Thy2, as shown in Figure 6,
demonstrated that the pretreated plants appeared physiologically to be more safely stressed.

Figure 7. Effect of Thy2 on the content of Chl a (A) and Chl b (B) in the leaves of the 7-day-old wheat
seedlings under Cd stress. The bars indicate the mean values of three replicates ± SEM. Different
letters indicate a significant difference between the means at the level of p < 0.05.

3.3.3. Effect of the Thy2 Strain on the Content of Non-Enzymatic Antioxidants in the Wheat
Plants under Cd Stress

Exposure to Cd stress led to a two-fold fall in GSH and the same level of GSSG ac-
cumulation (Figure 8A). Cd stress led to a two-fold drop in ascorbic acid (AsA) content
(Figure 7B). Seed treatment with the Thy2 strain resulted in a slight accumulation of GSH
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and AsA under normal growth conditions. At the same time, the content of GSSG remained
at the level of the control values. Seed pretreatment with R. leguminosarum Thy2 led to an
additional GSH accumulation (by 15% relative to the control) and a decrease in the level of
GSSG (by 60%) (Figure 8A). The level of AsA in these plants was two times higher than
that in the stressed plants, but it did not reach the control value (Figure 8B).

Figure 8. Effect of Thy2 on the content of GSH, GSSG (A), and AsA (B) in the 7-day-old wheat
seedlings under normal and Cd stress conditions. The bars indicate the mean values of three
replicates ± SEM. Different letters indicate a significant difference between the means at the level of
p < 0.05.

3.3.4. Effect of Thy2 on the Activity of Enzymatic Antioxidants in the Wheat Plants under
Cd Stress

Cd stress led to an increase of 1.8 and 3 times the activity of GR and APX in wheat
plants, respectively. Pretreatment with the Thy2 strain did not affect the activities of
enzymes, as their levels remained at the control values (Figure 9). Under stress conditions,
the plants pretreated with Thy2 were characterized by additional GR activation (130%) of
the stress level (Figure 9A), while the APX activity in these plants was 76% lower than its
level in the stressed control (untreated) plants (Figure 9B).

Figure 9. Effect of Thy2 on the activity of GR (A) and APX (B) in the 7-day-old wheat seedlings
under normal and Cd stress conditions. The bars indicate the mean values of three replicates ± SEM.
Different letters indicate a significant difference between the means at the level of p < 0.05.
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3.3.5. Effect of Thy2 on Proline in the Wheat Plants under Cd Stress

It was revealed that Cd stress resulted in a three-fold proline rise in wheat seedlings
(Figure 10). However, pretreatment with the Thy2 strain reduced the concentration of
stress-induced proline accumulation by 68% (Figure 10). Under normal growth conditions,
pre-treatment with the Thy2 strain left the proline at the control level.

Figure 10. Effect of Thy2 on the proline content of the 7-day-old wheat seedlings under normal and
Cd stress conditions. The bars indicate the mean values of three replicates ± SEM. Different letters
indicate a significant difference between the means at the level of p < 0.05.

3.3.6. Effect of Thy2 on the Membrane Stability in the Wheat Plants under Cd Stress

The results showed that Cd stress led to a more than two-fold increase in membrane
lipid peroxidation (as judged by MDA concentration) and leakage of electrolytes (EL) from
plant tissues (Table 4). However, pretreatment with the Thy2 strain significantly mitigated
the stress-caused damages. Thus, the content of MDA and the leakage of electrolytes was
higher (relative to the control) by 1.5 times and by 1.6 times, respectively. At the same time,
treatment with the Thy2 strain itself did not affect the state of the membrane structures.

Table 4. Malondialdehyde (MDA) content and electrolyte leakage (EL) in the untreated (control) and
Thy2-pretreated 7-day-old wheat seedlings under Cd stress.

Variants MDA (nmoL g−1 FW) EL (μS−1 FW)

Control 45 ± 4.2 50 ± 5.2
Cd 101 ± 8.9 120 ± 9.9

Thy2 47 ± 4.9 52 ± 5.3
Thy + Cd 68 ± 4.9 80 ± 7.5

4. Discussion

An important indicator for assessing the prospects for the use of bacteria is the assess-
ment of their influence on seed germination and growth parameters. During the work, it
was found that the Thy2 strain stimulated the germination of seeds (Table 1) and the growth
of roots and shoots (Figure 1A). It should be noted that other strains had an ambiguous
effect on the growth rates of wheat. This corresponds to the literature data indicating
the absence of a universal stimulating effect of bacteria on the germination and further
development of plants [41]. In addition, the Thy2 strain caused a significant accumulation
of both the fresh and dry biomass of wheat plants (Figure 1B). It is well known that dry
biomass is a product of the photosynthetic activity of plants [2]. The Thy2 strain increased
the content of chlorophylls a and b, which indicated an increased level of photo- synthetic
activity in the leaves of these plants (Figure 3). Thus, based on the data obtained, it can
be concluded that the Thy2 strain stimulates the growth of wheat plants, which was con-
firmed by the visual assessment of the tested plants (Figures 1 and 2). Moreover, the Thy2
strain showed PGP characteristic such as IAA synthesis, siderophores production, and
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nitrogen fixation activity. The production of IAA is an essential tool for PGPR to stimulate
and facilitate plant growth [42]. IAA synthesizing rhizobacteria stimulates the growth
of the root system and the number of lateral roots, which leads to a better acquisition of
nutrients and an increase in the development and productivity of plants [43]. Park et al.
2021 [44] obtained a bacterial strain from food waste that synthesized IAA (16.6 mg L−1)
and demonstrated a growth-promoting effect on apple mint and chrysanthemums. Our
results showed that the Thy2 strain synthesized 10 mg L−1 and also stimulated wheat
growth (Table 2). Moreover, the Thy2 strain showed the ability to produce siderophores,
which is another one of the most important signs of PGPR traits that are involved in
plant growth stimulation [16,18]. Siderophores are molecules of low molecular weight
(<1000 Da) with a great specificity and affinity for chelate or the link Fe3+. They play an
important role in stimulating plant growth, enhancing sustainability and protecting against
pathogens. [45]. Since the Thy2 strain was found to grow on a nitrogen-free medium, it has
the potential for nitrogen fixation. Nitrogen is a vital element for plant growth; it is required
for the synthesis of macromolecules such as amino acids, nucleic acids, and chlorophyll.
According to the literature data, nitrogen fixation is one of the most important functions
of Rizobium leguminosarum L. [1]. The obtained data proved that the Thy2 strain has PGP
traits (Table 2).

In addition, the results showed that Thy2 had a protective effect on the growth of wheat
seedlings exposed to Cd stress (Table 3). Inoculation with Thy2 increased germination
percentage, the size of seedlings (roots, shoots), and their fresh and dry weights under
Cd conditions when compared to the control (Figures 5 and 6). Further, the Thy2 strain
significantly reduced the Cd-caused degradation of chlorophylls a and b (Figure 7).

The application of PGPR increased the wheat growth and photosynthesis and de-
creased Cd uptake both in shoots and roots [1]. These studies showed that microbes can be
used for the reduction of Cd toxicity in plants. Rhizobia, along with other amendments
such as biochar, have enhanced the growth and yield of crops under either normal or
stressful conditions [46,47].

Thereby, Thy2 has the ability to decrease the adverse effects of Cd stress in wheat
plants and increase the level of photosynthetic activity. This is also evidenced by the
appearance of the plants. Many studies have shown that PGPR treatment has a positive
effect on plants, even in the presence of heavy metals (HMs) in the medium. For example,
in the alfalfa plant Medicago sativa L. treated with PGPR and grown in the presence of Cu,
Pb, and Zn, shoot length increased by 22–77% and shoot biomass increased up to 220%
compared with untreated plants [14,20]. Treatment of the Atriplex halimus and Arthrocnemum
macrostachyum plants growing in the presence of HMs led to an improvement in their
morphometric parameters compared to untreated controls. This may be due to the fact that
microorganisms produce siderophores, improve plant nutrition by nitrogen fixation, and
boost plant growth by secreting auxins [10,12,13]. Thus, the resistance of plants to the toxic
effect of Cd may be due to more efficient root growth because of the positive effects of the
substances released by microorganisms.

It is well known that the antioxidant system plays a fundamental role in maintaining
the redox homeostasis of plants under stress [48]. As expected, the presence of Cd in the
growth medium led to the development of oxidative stress [7,48], which was accompanied
by the depletion of glutathione (GSH) and ascorbate (AsA) pools, as well as the stress-
induced activation of GR and APX. The overaccumulation of ROS led to the excessive
synthesis of MDA and an increase in the permeability of the membrane structures. An
excess of MDA, the end product of lipid peroxidation, and depletion of GSH, which is a
fundamental molecule regulating mitosis [3,35], led to the inhibition of plant growth under
stress. Seed treatment with the Thy2 bacteria contributed to the additional accumulation
GSH (Figure 8A) and the activation of GR (Figure 9A), the key enzyme for maintaining
GSH pools under stress [35]. In addition, the stabilization of AsA-APX components were
observed in these plants (Figures 8B and 9B), which indicates that these plants survive
stress more easily. The contents of AsA and GSH can characterize the resistance and
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adaptive capacity of plants in response to any type of stress [48]. Thus, pretreatment with
the Thy2 strain increased the adaptation of the wheat plants to the effects of the Cd ions.
This was also confirmed by data on the stabilization of the state of the membrane structures
of these plants.

Another indicator of the physiological state of plants is the level of accumulation of
proline, which performs the function of being an osmoprotectant and an antioxidant [48,49].
Exogenous proline treatment enhanced Brassica juncea’s tolerance to Cd via a decrease of Cd
accumulation and the reestablishment of redox homeostasis [50]. Proline is an important
metabolite for plant adaptation, protection, and tolerance to Cd stress. The accumulation
of proline in plants is recognized as a strategy for counteracting Cd stress by adjusting
osmotic potential, stabilizing membrane structures, and reducing oxidative stress [7]. It
can be assumed that a significant contribution to the realization of the resistance of wheat
plants when treated with the Thy2 strain under conditions of Cd stress is the additional
accumulation of proline (Figure 10). This effect of the bacteria provides a decrease in the
damaging effect of Cd ions to wheat (Table 4).

5. Conclusions

The present study showed that seed inoculation with R. leguminosarum Thy2, isolated
from T. hybridium nodules, had a growth-promoting and protective effect on wheat plants
under Cd stress. Particularly, the Thy2 strain exhibits PGP properties, producing IAA,
siderophores, and fixing N, and its application in a liquid formulation enhanced wheat
growth and biomass compared to the control under Cd stress. Moreover, the Thy2 strain
contributed to the additional accumulation of proline and glutathione and the activation
of glutathione reductase in wheat plants. These led to a decrease in oxidative stress and
stabilized membrane structures, measured in terms of the MDA and electrolyte leakage.
Thus, R. leguminosarum Thy2, isolated from T. hybridium nodules, revealed several growth-
promoting traits and induced resistance in wheat plants under Cd stress through improved
photosynthesis and antioxidant capacity, and it reduced the severity of oxidative damages.
Evaluation of the current study suggests that the Thy2 strain can potentially be utilized
as a promising alternative and an environmentally friendly approach to facilitating wheat
growth and tolerance under Cd stress. With that, further field experiments are required to
evaluate its full potential for mitigating heavy metals-caused stress in plants.

Author Contributions: Conceptualization: D.M.; supervision: D.M. and O.L.; methodology: D.M.,
D.B., E.A., K.N. and O.C.; software: A.I., D.B., and A.B.; validation: D.M., D.B. and O.L.; formal
analysis: K.N., A.I. and D.B.; investigation: D.M., D.B., O.L. and O.C.; visualization: D.M., K.N., A.I.,
A.B. and D.B.; resources: O.C., A.B. and E.A.; data curation: D.M. and O.L. writing—original draft:
D.M., D.B., O.C. and O.L.; review and editing: D.M., O.L., D.B. and O.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The research was carried out within the framework of the state assignment of
Russia (registration number AAAA-A21-121011990120-7).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hassan, W.; Bashir, S.; Ali, F.; Ijaz, M.; Hussain, M.; David, J. Role of ACC-deaminase and/or nitrogen fixing rhizo- bacteria in
growth promotion of wheat (Triticum aestivum L.) under cadmium pollution. Environ. Earth Sci. 2016, 75, 267. [CrossRef]

2. El-Hendawy, S.; Al-Suhaibani, N.; Alotaibi, M.; Hassan, W.; Elsayed, S.; Tahir, M.U.; Mohamed, A.I.; Schmidhalter, U. Estimating
growth and photosynthetic properties of wheat grown in simulated saline field conditions using hyperspectral reflectance sensing
and multivariate analysis. Sci. Rep. 2019, 9, 16473. [CrossRef] [PubMed]

242



Life 2022, 12, 1675

3. Zhou, M.; Li, Z. Recent advances in minimizing cadmium accumulation in wheat. Toxics 2022, 10, 187. [CrossRef]
4. Cardarelli, M.; Woo, S.L.; Rouphael, Y.; Colla, G. Seed treatments with microorganisms can have a siostimulant effect by

Influencing germination and seedling growth of crops. Plants 2022, 11, 259. [CrossRef]
5. Shakirova, F.M.; Allagulova, C.R.; Maslennikova, D.R.; Klyuchnikova, E.O.; Avalbaev, A.M.; Bezrukova, M.V. Salicylic acid-

induced protection against cadmium toxicity in wheat plants. Environ. Exp. Bot. 2016, 122, 19–28. [CrossRef]
6. Haider, F.U.; Liqun, C.; Coulter, J.A.; Sardar, A.C.; Wu, J.; Zhang, R.; Wenjun, M.; Farooq, M. Cadmium toxicity in plants: Impacts

and remediation strategies. Ecotoxicol. Environ. Saf. 2021, 211, 111887. [CrossRef] [PubMed]
7. Zulfiqar, U.; Ayub, A.; Hussain, S.; Waraich, E.A.; El-Esawi, M.A.; Ishfaq, M.; Ahmad, M.; Ali, N.; Maqsood, M.F. Cadmium

toxicity in plants: Recent progress on morpho-physiological effects and remediation strategies. J. Soil Sci. Plant Nutr. 2022, 22,
212–269. [CrossRef]

8. Kudoyarova, G.; Arkhipova, T.; Korshunova, T.; Bakaeva, M.; Loginov, O.; Dodd, I.C. Phytohormone mediation of interactions
between plants and non-symbiotic growth promoting bacteria under edaphic stresses. Front. Plant Sci. 2019, 10, 1368. [CrossRef]

9. Mumtaz, M.Z.; Ahmad, M.; Mehmood, K.; Sheikh, A.S.; Malik, A.; Hussain, A.; Nadeem, S.M.; Zahir, A.Z. Role of plant
growth-promoting rhizobacteria in combating abiotic and biotic stresses in plants. In Microbial Biotechnology for Sustainable
Agriculture; Springer: Singapore, 2022; pp. 43–105.

10. Sharma, R.K.; Archana, G. Cadmium minimization in food crops by cadmium resistant plant growth promoting rhizobacteria.
Appl. Soil Ecol. 2016, 107, 66–78. [CrossRef]

11. Paredes-Páliz, K.; Rodríguez-Vázquez, R.; Duarte, B.; Caviedes, M.A.; Mateos-Naranjo, E.; Redondo-Gómez, S.; Caçador, M.I.;
Rodríguez-Llorente, I.D.; Pajuelo, E. Investigating the mechanisms underlying phytoprotection by plant growth-promoting
rhizobacteria in Spartina densiflora undermetal stress. Plant Biol. 2018, 20, 497–506. [CrossRef]

12. Mesnoua, M.; Mateos-Naranjo, E.; Pérez-Romero, J.A.; Barcia-Piedras, J.M.; Lotmani, B.; Redondo-Gómez, S. Combined effect of
Cr-toxicity and temperature rise on physiological and biochemical responses of Atriplex halimus L. Plant Physiol. Biochem. 2018,
132, 675–682. [CrossRef]

13. Navarro-Torre, S.; Rodríguez-Llorente, I.D.; Meddich, A.; Redondo-Gómez, S.; Pajuelo, E. Safe cultivation of Medicago sativa in
metal-polluted soils from semi-arid regions assisted by heat- and metallo-resistant PGPR. Microorganisms 2019, 7, 212. [CrossRef]

14. Konkolewska, A.; Piechalak, A.; Ciszewska, L.; Antos-Krzemińska, N.; Skrzypczak, T.; Hanć, A.; Sitko, K.; Małkowski, E.;
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Abstract: Cold stress limits plant growth and development; however, the precise mechanisms
underpinning plant acclimation to cold stress remain largely unknown. In this study, the Ser/Thr
protein kinase SOS2-LIKE PROTEIN KINASE5 (PKS5) was shown to play a positive role in plant
responses to cold stress. A PKS5 loss-of-function mutant (pks5-1) exhibited elevated sensitivity to cold
stress, as well as a lower survival rate and increased ion leakage. Conversely, PKS5 gain-of-function
mutants (pks5-3, pks5-4) were more tolerant to cold stress and exhibited higher survival rates and
decreased ion leakage. Stomatal aperture analysis revealed that stomatal closure was slower during
the first 25 min after cold exposure in pks5-1 compared to wild-type, whereas pks5-3 and pks5-4
displayed accelerated stomatal closure over the same time period. Further stomatal aperture analysis
under an abscisic acid (ABA) treatment showed slower closure in pks5-1 and more rapid closure in
pks5-3 and pks5-4. Finally, expression levels of cold-responsive genes were regulated by PKS5 under
cold stress conditions, while cold stress and ABA treatment can regulate PKS5 expression. Taken
together, these results suggest that PKS5 plays a positive role in short-term plant acclimation to cold
stress by regulating stomatal aperture, possibly via ABA pathways, and in long-term acclimation by
regulating cold-responsive genes.

Keywords: cold stress; PKS5; stomatal aperture

1. Introduction

Cold stress is a major environmental factor restricting plant growth and develop-
ment [1]. Cold stress decreases plant growth and yields by damaging cell structures and by
inhibiting cell activities, for example, by damage to cell membranes and proteins by ice crys-
tals, and by cold inhibition of photosynthesis [2]. Plants have evolved complex mechanisms
to adapt to cold stress and improve their tolerance to freezing. The ICE1-CBF pathway
plays a key role in cold stress responses in diverse plant species [1]. Upon exposure to cold
stress, transcription factor ICE1 stimulates expression of CBF genes within 3 h. Within 24 h,
CBFs activate the expression of cold-regulated (COR) genes that facilitate cold tolerance in
plants [3,4]. Stomatal apertures are also thought to be involved in cold stress responses in
plants [5,6]. Cold stress damage can be partially alleviated by H2S regulation of stomatal
movement in concert with MPK4 [5,7]. At low soil temperatures (≤2 ◦C), photosynthesis
rates and stomatal conductance were significantly reduced in high-elevation grasslands,
indicating a role for stomatal movement in cold stress response [8]. Similarly, stomatal
conductance decreased in Scots pine seedlings within 45 min of a cold stress treatment,
whereas conductance started to increase with the extension of cold treatment time [6].

Abscisic acid (ABA) is an important plant hormone that regulates growth, develop-
ment, and stress responses [9,10]. Under normal physiological conditions, ABA signaling
is restricted by the inhibition of SnRK activity by clade A PP2Cs. Upon exposure to stress,
ABA accumulates quickly and is recognized by its intracellular receptors (PYLs), then
PYLs and PP2Cs form complexes to further release SnRK2 activity [11]. Protein kinases
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play roles in ABA-regulated stress responses. They include SnRK2.6, which is involved
in regulating stomatal closure under osmotic and drought stresses [9], and Raf-like pro-
tein kinases, which regulate SnRK2 activity under osmotic stress [12]. ABA can regulate
stomatal movements, and thereby photosynthetic rates, under various stress conditions,
such as drought, salt, and cold exposure [13,14]. Although the mechanisms underlying
ABA-regulated stomatal movements under osmotic and drought stresses have been well
characterized [9], the regulatory mechanisms controlling stomatal movements under cold
stress remain largely unknown.

SOS2-like protein kinase5 (PKS5) is a Ser/Thr protein kinase that plays an important
role in the regulation of plant physiological activities. In the absence of salt stress, PKS5
negatively regulates plasma membrane (PM) H+-ATPase activity by preventing 14-3-3
protein binding to AHA2 [15]. PKS5 also inhibits SOS2 kinase activity by the promotion
of 14-3-3 protein binding to SOS2 [16]. However, under salt stress, PKS5 interacts with
J3 protein to release the activity of PM H+-ATPase, and PKS5 inhibition of SOS2 activity
is released by the interaction between 14-3-3 and PKS5 [16,17]. PKS5 is also involved in
ABA signal transduction via phosphorylation of abscisic acid-insensitive5 (ABI5), which
regulates seed germination [18]. The stress-responsive roles of PKS5 in ABA signal trans-
duction and PM H+-ATPase modulation suggest a role for PKS5 in stomatal movement
regulation under stress conditions. PKS5 is thought to participate in stomatal movement
regulation via formation of CBL5–PKS5 complexes and by stimulation of slow anion
channel-associated1 (SLAC1) anion channel activity in stomatal guard cells [19]. Although
changes in stomatal movement have been observed during cold stress [5], the underlying
regulatory mechanisms remain unknown.

Whether PKS5 plays a role in plant cold stress response has not been reported. In this
study, Arabidopsis PKS5 was found to act as a positive regulator during the response to cold
stress. Seedlings of PKS5 loss-of-function mutants exhibited a cold-sensitive phenotype
and slower stomatal closure under cold stress than wild-type plants. These results, together
with the involvement of PKS5 in ABA signaling in previous studies and the similar pattern
of stomatal movement between cold stress and ABA treatment in this study, suggest
that PKS5 mediates plant cold responses, at least partially, via the regulation of ABA
signal transduction.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The following Arabidopsis strains were used in this study: pks5-1 (SALK_108074)
mutant and its wild-type Col-0, tilling mutants of pks5-3 and pks5-4 and their wild-type Col
erecta105 (BigM) [16].

Plants were grown on MS medium at 22 ◦C in a controlled environment growth
chamber (YKNJ, Hefei youke, China) under a 16-h-light/8-h-dark photoperiod with the
light intensity of 144 μmol·m−2·s−1. The growth chamber was equipped with LED light
sources composed of red, blue, and far-red lights, with peak blue light at 460 nm and peak
red light at 665 nm.

2.2. Freezing Tolerance Assay

The freezing tolerance assay was performed as described previously [3]. Arabidopsis
seedlings were grown on MS medium containing 0.4% phytagel for two weeks at 22 ◦C. For
the non-acclimated freezing tolerance treatment, plants were subjected to freezing at −5.5 ◦C
for 5 h, then transferred to 4 ◦C under dark conditions for 12 h, and then shifted to normal
growth condition of 22 ◦C with 16-h-light/8-h-dark photoperiod for the recovery of growth.
For the cold-acclimated freezing tolerance treatment, plants were first pretreated at 4 ◦C for 3 d,
then subjected to freezing at −9.5 ◦C for 6 h, then transferred to 4 ◦C under dark conditions
for 12 h, and then shifted to normal growth conditions of 22 ◦C with 16-h-light/8-h-dark
photoperiod for recovery of growth. Representative images were taken using a Nikon D5000
camera during the recovery growth at 22 ◦C under a 16-h-light/8-h-dark photoperiod.
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For survival rate analysis, freezing-treated seedlings were recovered under normal
growth condition of 22 ◦C with 16-h-light/8-h-dark photoperiod. The seedlings that could
still grow new leaves were recorded as survivors, and the survival rates were calculated by
the ratio of survived seedlings to total seedlings.

2.3. Ion Leakage Assay

The ion leakage assay was performed as previously described [3]. The freezing-
treated seedlings were placed in a 15 mL tube containing 10 mL deionized water, whose
electrical conductivity was detected and recorded as S0. The tube containing seedlings
was vacuumed for about 5 min until the seedlings were totally immersed in the water, and
then the tube was incubated for another 15 min on a shaking table at room temperature to
obtain the electrical conductivity of S1. The tube was further boiled at 100 ◦C for 10 min,
and the electrical conductivity was detected, which was recorded as S2. Finally, ion leakage
was calculated by the formula: (S1 − S0)/(S2 − S0) × 100.

2.4. Stomatal Aperture Assay

The stomatal aperture assay was performed as previously described with minor
changes [20]. Briefly, leaves of four-week-old seedlings were used for the assay. The abaxial
epidermis was obtained by placing the abaxial surface of the leaf on a tape and removing
mesophyll cells and adaxial epidermis quickly with another tape. Epidermal strips were
then floated onto the opening buffer of 30 mM KCl, 10 mM MES-KOH, pH 6.15 for 1 h at
22 ◦C. For the stomatal aperture assay cold stressed leaves, strips were placed in the same
opening buffer that had been pre-cooled at 4 ◦C for at least 1 h, and then investigated at the
indicated times. For the stomatal aperture assay after ABA treatment, strips were moved
from the opening buffer to the opening buffer with 100 μmol ABA, and then investigated
at the indicated times. To maintain the accuracy of the experiments, the images of stoma
at the indicated times were taken quickly, and then another ABA-treated strips at the
indicated times were quickly put on the microscope and images were taken. Representative
images were taken using a Nikon D5000 camera coupled to a Nikon Eclipse 55i microscope
(magnification 20×). The stomatal aperture was measured using ImageJ.

2.5. qRT-PCR Analysis

Total RNAs were extracted from 14-d-old seedlings grown on MS medium using
TRIzol reagent (Invitrogen). The extracted RNA was treated with RNase-free DNase I
(Takara, Kusatsu, Japan) and reverse transcriptase (Promega, Madison, WI, USA) to remove
genomic DNA and perform reverse transcription according to the manufacturer’s protocols.
cDNA was then used for qPCR analysis. qPCR was performed on a 7500 real time PCR
system (Life Technologies, USA) using the SYBR Premix Ex Taq Kit (Takara) according
to the manufacturer’s protocol. Actin was used as an internal control and the relative
expression levels of the detected genes were calculated as described previously [3]. Primers
used in this study are listed in Table 1.

Table 1. Primers for RT-PCR in this study.

Primer Sequence (5′-3′)

PKS5-F GAAGGTGCTAAAGTTGATGTATGGTCT
PKS5-R CGTCATCGTGGAACTTGATCTGTTT
CBF1-F GCATGTCTCAACTTCGCTGA
CBF1-R ATCGTCTCCTCCATGTCCAG
CBF2-F TGACGTGTCCTTATGGAGCTA
CBF2-R CTGCACTCAAAAACATTTGCA
CBF3-F GATGACGACGTATCGTTATGGA
CBF3-R TACACTCGTTTCTCAGTTTTACAAAC
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Table 1. Cont.

Primer Sequence (5′-3′)

COR15A-F GCTTCAGATTTCGTGACGGATAAAAC
COR15A-R GCAAAACATTAAAGAATGTGACGGTG

KIN1-F ACCAACAAGAATGCCTTCCA
KIN1-R CCGCATCCGATACACTCTTT

RD29A-F GCCGAGAAACTTCAGATTGG
RD29A-R CCATTCCTCCTCCTCCTTTC

ACTIN2/8-F GGTAACATTGTGCTCAGTGGTGG
ACTIN2/8-R AACGACCTTAATCTTCATGCTGC

3. Results

3.1. PKS5 Is Essential for Plant Freezing Tolerance

PKS5 has multiple regulatory roles in plant physiological processes. To identify
whether PKS5 was involved in plant cold stress responses, a PKS5 loss-of-function mutant,
pks5-1, was assessed in a freezing tolerance assay. As shown in Figure 1A, compared with
wild-type Col-0 plants, pks5-1 mutants exposed to a freezing treatment displayed elevated
leaf withering under both non-acclimated and cold-acclimated conditions, indicating that
PKS5 was essential for tolerance to cold stress.

Figure 1. A deficiency of PKS5 impairs plant cold stress response. (A) Freezing phenotypes pks5-1
under non−acclimated (NA) and cold−acclimated (CA) conditions. The wild−type Col−0 and pks5-1
were grown on MS medium at 22 ◦C for 2 weeks before being subjected to the freezing treatment.
For the NA treatment, seedlings were treated at −5.5 ◦C for 5 h; for the CA treatment, seedlings
were pretreated at 4 ◦C for 3 d and then treated at −9.5 ◦C for 6 h. The freezing−treated seedlings
were then transferred to 4 ◦C under a dark condition for 12 h, and then shifted to a normal growth
condition at 22 ◦C for recovery of growth. Representative images were taken during the recovery
growth at 22 ◦C. (B) Survival rates of pks5-1 under NA and CA conditions. (C) Ion leakages of pks5-1
under NA and CA conditions. Student’s t−test was used to analyze the statistical significance; each
bar is the mean ± SD of three biological replications. Significant differences (p ≤ 0.05) in (B,C) are
indicated by asterisks.
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Freezing treatment impairs cell structure and activity during cold exposure, and plants
exposed to freezing exhibit decreased survival rates even after resumption of growth at
normal temperatures. Compared with Col-0 seedlings, pks5-1 mutant seedlings displayed
a decreased survival rate after freezing under both non-acclimated and cold-acclimated
conditions (Figure 1B).

Previous research reported that membrane damage caused by cold stress resulted in
ion flow out of cells [3]. Ion leakage analysis of freeze-treated seedlings showed that pks5-1
seedlings had a higher ion leakage rate than Col-0 plants under both non-acclimated and
cold-acclimated conditions (Figure 1C). The cold-sensitive phenotype, decreased survival
rate, and increased ion leakage exhibited by the pks5-1 mutant under cold stress are indica-
tive of an essential role for PKS5 in cold tolerance responses, with PKS5 playing a positive
role in the response to cold stress.

3.2. Increases in PKS5 Activity Enhance Plant Freezing Tolerance

The regulatory role of PKS5 in the response to cold stress was further assessed using
two previously developed PKS5 gain-of-function mutants, pks5-3 and pks5-4, which have
elevated PKS5 activity levels [17]. Seedlings of pks5-3, pks5-4, and the corresponding wild-
type (BigM), were exposed to freezing treatment. Compared with BigM, pks5-3 and pks5-4
displayed a freezing-tolerant phenotype under both non-acclimated and cold-acclimated
conditions (Figure 2A). This result indicates that increasing PKS5 activity can improve
plant freezing tolerance.

Figure 2. The increase of PKS5 activity improves plant cold stress response. (A) Freezing phenotypes
pks5-3 and pks5-4 under NA and CA conditions. The wild−type BigM, pks5-3 and pks5-4 were
grown on MS medium at 22 ◦C for 2 weeks before being subjected to freezing treatment. For the NA
treatment, seedlings were treated at −5.5 ◦C for 5 h; for the CA treatment, seedlings were pretreated at
4 ◦C for 3 d and then treated at −9.5 ◦C for 6 h. The freezing−treated seedlings were then transferred
to 4 ◦C under a dark condition for 12 h, and then shifted to a normal growth condition at 22 ◦C
for recovery of growth. Representative images were taken during the recovery growth at 22 ◦C.
(B) Survival rates of pks5-3 and pks5-4 under NA and CA conditions. (C) Ion leakage of pks5-3 and
pks5-4 under NA and CA conditions. Student’s t−test was used to analyze the statistical significance;
each bar is the mean ± SD of three biological replications. Significant differences (p ≤ 0.05) in
(B,C) are indicated by asterisks.
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Analysis of seedling survival after freezing treatment showed that pks5-3 and pks5-4
displayed higher survival rates than BigM under both non-acclimated and cold-acclimated
conditions (Figure 2B). The ion leakage assay of the freeze-treated seedlings also showed
that, compared with BigM, pks5-3 and pks5-4 displayed lower ion leakage after freezing
treatment (Figure 2C).

These results indicate that increasing PKS5 activity enhances plant freezing tolerance
and suggest that PKS5 positively regulates freezing tolerance in Arabidopsis.

3.3. PKS5 Regulates Stomatal Movements under Cold Stress

Photosynthesis and stomatal movement are regulated during plant responses to cold
stress [8]. To investigate whether PKS5 can regulate plant cold stress responses via the
regulation of stomatal movement, stomatal aperture in response to cold stress was assessed in
loss-of-function pks5-1 seedlings. Stomata in both Col-0 and loss-of-function pks5-1 seedlings
were closed in 25 min after initiation of cold exposure; however, pks5-1 stomata closed more
slowly than those in Col-0, with a significant difference in stomatal closure observed between
Col-0 and pks5-1 at 10 min after cold initiation (Figure 3A–C). This result indicates that loss of
PKS5 function impairs the regulation of stomatal movement during exposure to cold stress.

Figure 3. PKS5 regulates stomatal movements under cold stress. (A) Representative stomatal aperture
of Col−0 and pks5-1 under cold treatment at 0, 5, 10, 15, 20 and 25 min. Abaxial epidermal strips
were cultured in the opening buffer in the light for 1 h to open the stomata. Strips were then treated
at 4 ◦C and investigated at the indicated times. Scale bar = 10 μm. (B) Stomatal apertures measured
from (A). (C) Statistical analysis of stomatal aperture of Col−0 and pks5-1 after 10 min cold treatment
from (A). (D) Representative stomatal aperture of BigM, pks5-3, and pks5-4 under cold treatment at 0,
5, 10, 15, 20 and 25 min. Abaxial epidermal strips were cultured in the opening buffer in the light for
1 h to open the stomata. Strips were then treated at 4 ◦C and investigated at the indicated times. Scale
bar = 10 μm; (E) Stomatal apertures measured from (D). (F) Statistical analysis of stomatal aperture of
BigM, pks5-3, and pks5-4 after 10 min cold treatment from D. Student’s t−test was used to analyze the
statistical significance; each bar is the mean ± SD of three biological replications (n > 50). Significant
differences (p ≤ 0.05) in (C,F) are indicated by asterisks.

The role of PKS5 in stomatal movement was assessed further using pks5-3 and pks5-4
gain-of-function mutants. Stomata in pks5-3, pks5-4, and BigM were closed in 25 min after
cold treatment initiation (Figure 3D). However, closure of stomata occurred more quickly in
pks5-3 and pks5-4 than in BigM, and a significant difference in stomatal closure was observed
between BigM and pks5-3 and pks5-4 at 10 min after cold initiation (Figure 3E,F). This suggests
that increasing PKS5 activity increases the rate of stomatal closure under cold stress.
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Together, these observations indicate that PKS5 plays a regulatory role in stomatal
movements during plant cold stress responses.

3.4. PKS5 Mediates ABA-Regulated Stomatal Movements

ABA levels were previously shown to increase upon exposure to cold stress, and ABA
is known to play a role in the regulation of stomatal movement [13,21,22]. To investigate
whether the PKS5-regulated stomatal movement observed after cold exposure was related
to ABA signaling, stomatal apertures were examined after ABA treatment in the PKS5 loss-
of-function mutant, pks5-1, and gain-of-function mutants pks5-3 and pks5-4. ABA treatment
induced stomatal closure in both Col-0 and pks5-1, but pks5-1 stomata closed more slowly
than those in Col-0 (Figure 4A,B). A significant difference in stomatal closure was observed
between Col-0 and pks5-1 at 10 min after treatment (Figure 4C). ABA treatment also induced
stomatal closure in pks5-3, pks5-4, and BigM, and pks5-3 and pks5-4 stomata closed more
quickly than those in BigM (Figure 4D,E). A significant difference in stomatal closure
was observed between BigM and the pks5-3 and pks5-4 mutants at 10 min after treatment
(Figure 4F). These results suggest that the regulatory role of PKS5 in stomatal movement is
related to ABA signaling, and that cold-induced ABA accumulation may contribute to the
regulation of stomatal movement by PKS5 under cold stress.

Figure 4. PKS5 mediates ABA−regulated stomatal movements. (A) Representative stomatal aperture
of Col−0 and pks5-1 under ABA treatment at 0, 5, 10, 15, 20 and 25 min. Abaxial epidermal strips
were cultured in the opening buffer in the light for 1 h to open the stomata. Strips were then treated
with ABA−containing buffer and investigated at the indicated times. Scale bar = 10 μm. (B) Stomatal
apertures measured from (A). (C) Statistical analysis of stomatal aperture of Col−0 and pks5-1 after
10 min ABA treatment from (A). (D) Representative stomatal aperture of BigM, pks5-3, and pks5-4
under ABA treatment at 0, 5, 10, 15, 20 and 25 min. Abaxial epidermal strips were cultured in the
opening buffer in the light for 1 h to open the stomata. Strips were then treated with ABA−containing
buffer and investigated at the indicated times. Scale bar = 10 μm. (E) Stomatal apertures measured
from (D). (F) Statistical analysis of stomatal aperture of BigM, pks5-3, and pks5-4 after 10 min ABA
treatment from (D). Student’s t−test was used to analyze the statistical significance; each bar is the
mean ± SD of three biological replications (n > 50). Significant differences (p ≤ 0.05) in (C,F) are
indicated by asterisks.

3.5. Cold-Responsive Genes Regulated by PKS5 under Cold Stress

Cold-responsive genes, such as CBF and COR, are upregulated upon exposure to
cold stress in plants [1]. To explore whether CBF and COR genes were involved in the
PKS5-regulated cold stress response, expression levels of cold-responsive genes, including
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CBF1, CBF2, CBF3, COR15A, KIN1, and RD29A, were examined in wild-type, pks5-1, pks5-3,
and pks5-4 plants. At 22 ◦C, gene expression was comparable between pks5-1 and Col-0,
and between pks5-3, pks5-4, and BigM (Figure 5A–D). However, cold-induced expression
of CBF genes was lower in pks5-1, and higher in pks5-3 and pks5-4, compared to their
respective wild-types (Figure 5A,C). Moreover, three CBF-regulated genes, COR15A, KIN1,
and RD29A, also exhibited lower expression in pks5-1, and higher expression in pks5-3
and pks5-4, compared to their respective wild-types (Figure 5B,D). These results suggest
that PKS5 has a positive regulatory role in acclimation of plants to cold stress, and that
this regulation is mediated, at least partially, via regulation of expression of CBF and
CBF-regulated genes.

Figure 5. PKS5 regulates cold−responsive genes under cold stress. (A) Expression level analysis of
CBF genes in pks5-1. (B) Expression level analysis of CBF target genes in pks5-1. (C) Expression level
analysis of CBF genes in pks5-3 and pks5-4. (D) Expression level analysis of CBF target genes in pks5-3
and pks5-4. Seedlings grown for 2 weeks on MS medium at 22 ◦C were treated at 4 ◦C for 3 h (A,C) to
analyze CBF gene expression and were treated at 4 ◦C for 24 h to analyze CBF target gene expression.
Gene expression levels in untreated wild−type seedlings (Col−0 in A and B, BigM in (C,D)) were set
to 1. Student’s t−test was used to analyze the statistical significance; each bar is the mean ± SD of
three biological replications. Significant differences (p ≤ 0.05) in (A–D) are indicated by asterisks.

3.6. Cold Stress and ABA Treatment Regulate PKS5 Expression

To further explore whether the expression of PKS5 was induced by cold stress, ex-
pression levels of PKS5 were analyzed under freezing treatment. The results showed that
a freezing treatment of −5.5 ◦C induced elevated expression of PKS5, especially during the
transition period at 4 ◦C overnight (Figure 6A). In this study and previous studies, cold ac-
climation at 4 ◦C for 3 d could significantly improve plant freezing tolerance [3]. Consistent
with the improved freezing phenotype, PKS5 expression level could also be induced during
the cold acclimation process (Figure 6B). Freezing treatment on cold-acclimated seedlings
also showed that PKS5 expression could be induced by the freezing treatment, especially
during the transition period at 4◦C overnight (Figure 6C). However, the freezing-treated,
cold-acclimated seedlings showed a substantially greater increase of PKS5 expression level
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(about 8-fold) compared with that in non-acclimated seedlings (about 4-fold) during the
transition period at 4 ◦C overnight (Figure 6A,C). These results indicate that the PKS5 gene
can be induced by cold stress.

Figure 6. Expression level analysis of PKS5 under cold stress and ABA treatment. (A) Expression level
analysis of PKS5 under cold stress in non−acclimated seedlings. (B) Expression level analysis of PKS5
after cold acclimation. (C) Expression level analysis of PKS5 under cold stress in cold−acclimated
seedlings. (D) The expression level analysis of PKS5 under ABA treatment. (E) ABA effect on PKS5
expression under freezing stress in non−acclimated seedlings. (F) ABA effect on PKS5 expression
under freezing stress in cold−acclimated seedlings. The two−week old Col−0 seedlings grown on
MS medium at 22 ◦C were subjected to various treatments. For freezing treatment in non−acclimated
seedlings, seedlings were frozen at −5.5 ◦C and collected for PKS5 expression level analysis. For the
freezing treatment in cold−acclimated seedlings, seedlings underwent a cold acclimation process
of 4 ◦C for 3 d, and were then subjected to freezing at −9.5 ◦C. For the ABA treatment, seedlings
were first sprayed with ddH2O containing 10 μM ABA, and then the seedlings were collected for
PKS5 expression. For the ABA−pretreatment, seedlings were pretreated with 10 μM ABA for 3 h,
and then non−acclimated seedlings and cold−acclimated seedlings were subjected to freezing. T:
transition period at 4 ◦C under dark for 12 h. Actin was used as an internal control. Gene expression
levels in wild−type Col−0 seedlings at 0 h were set to 1. Student’s t−test was used to analyze
the statistical significance; each bar is the mean ± SD of three biological replications. Significant
differences (p ≤ 0.05) in (A–D) are indicated by asterisks.

To further investigate ABA effect on PKS5 expression, PKS5 expression was first
examined by ABA treatment under normal temperature. The result showed that PKS5
expression could be induced by ABA treatment, with the highest induced level at 3 h
(Figure 6D). To investigate the effect of cold-induced ABA accumulation on PKS5 expression,
seedlings of non-acclimated and cold-acclimated were both pretreated with 10 μM ABA for
3 h, and then treated with freezing stress; however, no increase in PKS5 expression was
observed in both non-acclimated seedlings and cold-acclimated seedlings (Figure 6E,F).
These results suggest that cold-induced PKS5 expression might be regulated by ABA
accumulated under cold stress.
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4. Discussion

Exposure of plants to cold stress stimulates a cascade of short-term and long-term
physiological activities that mitigate cellular damage. Regulation of gene expression in
response to cold exposure is well understood, and includes CBF genes, which are upregulated
within 1–3 h of exposure, and COR genes, which are upregulated later, 12–24 h after cold
exposure [3]. Previous research showed that cold stress induced stomatal movement. Stomatal
conductance in Scots pine seedlings first decreased within 45 min of the freezing period of
freeze-thaw treatment, then subsequently increased with the extension of freezing treatment
time [6]. In this study, the PKS5 loss-of-function mutant pks5-1, which exhibited a cold-sensitive
phenotype, exhibited slower stomatal closure during the first 25 min after cold exposure than
wild-type seedlings, and also exhibited lower expression of CBF and COR genes 3 h and
24 h after cold exposure, respectively. Conversely, PKS5 gain-of-function mutants pks5-3 and
pks5-4, which were cold-tolerant, exhibited faster stomatal closure during the first 25 min after
cold exposure than wild-type, and also exhibited higher expression of CBF and COR genes
3 h and 24 h after cold exposure, respectively. Stomatal aperture regulation was examined
at 10 min intervals from 25 min to 3 h after cold exposure, but no clear regulatory pattern
was apparent (data not shown). These observations in Arabidopsis are similar to previous
research results examining stomatal closure in Scots pine seedlings, which also responded to
cold stress by regulating stomatal closure shortly after cold exposure [6]. This study confirms
the involvement of PKS5 in stomatal aperture regulation under cold stress in Arabidopsis;
however, the detailed regulatory mechanisms require further elucidation.

Cold stress can be divided into chilling stress (0–15 ◦C) and freezing stress (<0 ◦C) [1].
Since freezing stress leads to ice formation, and is more harmful to the plant, plants have
evolved cold acclimation to response to freezing stress. CBFs expression is rapidly upregu-
lated under chilling stress at 4 ◦C, which further activates downstream COR genes, leading
to an increase of freezing tolerance via the biosynthesis of osmolytes, such as soluble
sugars [1,21]. It is reported that 14-3-3 proteins negatively regulate freezing tolerance [23].
Under cold stress, plasma membrane kinase CRPK1 phosphorylates 14-3-3 proteins, which
are then translocated from cytosol into nucleus to facilitate the degradation of CBF pro-
teins [23]. It is interesting that PKS5 can interact with 14-3-3 proteins under salt stress,
and 14-3-3 proteins can bind to salt-induced Ca2+ and repress PKS5 activity. Although
the CBF cold signaling pathway has been extensively studied, the upstream components
regulated by calcium signaling remain largely unknown. Whether PKS5-regulated cold
stress response involves calcium signaling needs further study.

PKS5 was previously shown to have a role in ABA signal transduction, and ABA
treatment in this study resulted in similar stomatal closure patterns to those seen after cold
treatment. However, the downstream or upstream elements involved in PKS5-regualted
stomatal movement, and the mechanism by which PKS5 mediates ABA-regulated stomatal
movements, require further investigation. Under normal cultivation conditions, PKS5
can interact with and phosphorylate SOS2 at Ser-294, inhibiting SOS2 activity [16]. PKS5
can also phosphorylate PM H+-ATPase at Ser-931 to inhibit PM H+-ATPase activity [15].
Conversely, upon exposure to salt stress, PKS5 can interact with J3 and 14-3-3 to activate
PM H+-ATPase and SOS2 [16,17]. During ABA-regulated seed germination, PKS5 can
interact with ABI5 and phosphorylate ABI5 at Ser-42 to play a positive role in ABA signal-
ing [18]. PKS5 also participates in plant defense responses via phosphorylation of NPR1
(Nonexpressor of Pathogenesis-Related gene 1) at the C-terminal region [24]. The guard cell
anion channel SLAC1 has a fundamental role in the regulation of stomatal aperture control,
and PKS5 can form CBL5–CIPK11 complexes to stimulate SLAC1 activity [19]. These
PKS5-interacting proteins may participate in PKS5-regulated stomatal aperture closure
under cold stress conditions.

Cold stress induces a rapid increase of cytosolic calcium (Ca2+) and the accumulation
of ABA. Whether 14-3-3 proteins can bind to cold-induced Ca2+ and regulate PKS5 activity
may help decode Ca2+ signaling in the cold stress response. SLAC1 is required for plant
guard cell S-type anion channel function in stomatal signaling [25], and PKS5 can regulate
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SLAC1 anion channel activity through formation of the CBL5-PKS5 complex [19]. Whether
SLAC1 plays a role in the cold stress response, and whether PKS5 involves this process,
are still unknown and need further study. PM H+-ATPase in plant is an essential enzyme
with multiple physiological functions, and is highly regulated, mainly by phosphoryla-
tion [26]. PM H+-ATPase regulates stomatal movements under various conditions, such
as jasmonate-regulated stomatal closure [27], light-induced stomatal opening [28], and
salt stress response [17]. Although PM H+-ATPase has been reported to be involved in
cold stress responses [29], there is still no direct evidence about how it regulates cold
stress responses. PKS5 might be a link between PM H+-ATPase and cold stress response.
Whether PKS5 plays a role mediating Ca2+ signaling in the cold stress response, and which
transcriptional factors (TFs) mediate its regulation of CBFs and CORs genes, needs further
study. The model depicted in Figure 7, as a combination of this study and previous studies,
may help explain the mechanism of plant responses to cold stress.

Figure 7. Model for PKS5 in regulating freezing tolerance in Arabidopsis. Cold stress induces rapid
increase of cytosolic calcium (Ca2+) and the accumulation of ABA. Cold−induced ABA accumulation,
on the one hand, induces PKS5 expression under cold stress and, on the other hand, regulates PKS5
role in the regulation of stomatal movement under cold stress. PKS5 may stimulate SLAC1 anion
channel activity through the formation of CBL5−PKS5 complex, or directly inhibit PM H+−ATPase
activity by the phosphorylation of AHA2 at Ser−931 to regulate stomatal movement under cold stress
in short−term plant acclimation to cold stress. In long−term plant acclimation to cold stress, PKS5 can
indirectly upregulate the expression of CBFs and CORs genes through unknown transcriptional factors
(TFs) to increase the osmolyte synthesis to improve plant freezing tolerance. The 14−3−3 proteins play
negative roles in plant response to cold stress, which, on the one hand, inhibit PKS5 activity through
their interaction and, on the other hand, can be phosphorylated by CRPK1 and translocated into nucleus,
leading to CBF degradation. Broken arrows indicate activation unconfirmed to occur under cold stress.
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Abstract: Agriculture production faces many abiotic stresses, mainly drought, salinity, low and
high temperature. These abiotic stresses inhibit plants’ genetic potential, which is the cause of huge
reduction in crop productivity, decrease potent yields for important crop plants by more than 50% and
imbalance agriculture’s sustainability. They lead to changes in the physio-morphological, molecular,
and biochemical nature of the plants and change plants’ regular metabolism, which makes them a
leading cause of losses in crop productivity. These changes in plant systems also help to mitigate
abiotic stress conditions. To initiate the signal during stress conditions, sensor molecules of the plant
perceive the stress signal from the outside and commence a signaling cascade to send a message
and stimulate nuclear transcription factors to provoke specific gene expression. To mitigate the
abiotic stress, plants contain several methods of avoidance, adaption, and acclimation. In addition
to these, to manage stress conditions, plants possess several tolerance mechanisms which involve
ion transporters, osmoprotectants, proteins, and other factors associated with transcriptional control,
and signaling cascades are stimulated to offset abiotic stress-associated biochemical and molecular
changes. Plant growth and survival depends on the ability to respond to the stress stimulus, produce
the signal, and start suitable biochemical and physiological changes. Various important factors,
such as the biochemical, physiological, and molecular mechanisms of plants, including the use of
microbiomes and nanotechnology to combat abiotic stresses, are highlighted in this article.

Keywords: microbiota; natural farming; physical factors; physiological changes; signal transduction
and stressed conditions

1. Introduction

Stress is defined as a stimulus that inhibits the growth of plants and their metabolism
and development at the time of both abiotic and biotic stress [1]. Abiotic stresses, such as
higher or insufficient water supply, low and high temperature, heavy metals, ultraviolet
radiation and salinity, are damaging to plant development and growth, and cause con-
siderable losses in agricultural productivity worldwide [2,3]. When the stress threshold
is exceeded, the plant is stressed, followed by activation of physiological, biochemical,
morphological, and molecular-level mechanisms. The activation of these mechanisms can
show the development of a fresh physiological state and the restoration of homeostasis in
plants [4]. Due to abiotic stress, it has been estimated that crop production yield decreases
by up to 70% in several commercially significant crops and they execute at just 30% of their
genetic makeup in terms of yield [5].

Plants survive in environments that are repeatedly changing and frequently not
suitable for plant growth as well as development. These harsh situations for the growth
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and development of plants arise mainly due to abiotic stress [6]. Moreover, abiotic stresses
are anticipated to intensify and occur more frequently in the near future due to climate
change, which may cause severe salinization of more than 50% of soil of the arable domain
by 2050 [7,8]. Therefore, productive agricultural land and crop yields may gradually decline
due to increasing temperature and recurrent flooding over several decades, particularly in
the mid-latitudes [7,8].

Along with these factors, anthropogenic activities may increase the amounts of con-
taminants in the water, soil and air, with which plants must contend. It has been estimated
that abiotic stress factors have a greater than 90% impact on plants and crop growth dur-
ing their growing season in rural areas [9]. On the other hand, the rapid growth of the
population has increased the demand for food and other necessary resources. Therefore,
to develop stress-resistant cultivars that can endure abiotic stress and feed the expand-
ing population, knowing plants’ stress responses is crucial. When plants faces variety of
stresses, activates the stress signal and respond accordingly [9]. Plants with abiotic stress
have primary signals for ion toxicity detection, low proline and chlorophyll content, low
CO2 assimilation, and osmotic effects, etc., in the cells (Figure 1). Secondary consequences
of these abiotic stresses are complicated and comprise oxidative stresses that harm various
cellular components such as nucleic acids, proteins present in membranes and lipids, and
metabolite malfunction. Thus, different abiotic stresses have distinctive and overlapping
signals [10].

Figure 1. Plant behaviors during abiotic stress conditions.

Drought and salt stress affect water potential homeostasis and distribution of ions at
cellular as well as molecular levels. Alterations in water and ion homeostasis can cause
growth inhibition, molecular damage, and even death [10]. Primary stress signals trigger
some cellular responses; however, the rest are triggered by secondary stress signals. One of
the vital features of these signals is the hyperosmotic signal, which increases phytochrome
and abscisic acid in plants and provides a protective role during different abiotic stresses
such as drought and salt stress [10]. Plants facing cold or chilling stress first indicate a
change in cell membrane structure that affects the plant development, then disrupts protein
or protein complex stability and lowers the ROS scavenging enzyme activity. These mech-
anisms cause photo-inhibition, decreased photosynthesis, and considerable membrane
damage [10–12]. In addition, stress triggers protein synthesis and gene expression, as it
triggers RNA secondary structure formations [13]. All these components of plant activ-
ity are critical for stress tolerance for minimizing the internal damage in the new stress
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environment so that homeostatic conditions must be reestablished and growth must be
restored, though at a slower rate [5].

Considerable achievements have been made towards the knowledge of plant cellu-
lar and molecular mechanisms under different stress conditions [14]. Recognition of a
stress environment causes changes in the expression of genes, resulting in changes in the
composition of the plant proteomes, transcriptomes, and metabolomes. Plants’ response
to different abiotic stress is not a simple pathway; however, it is an intricate integrated
circuit comprising several pathways and precise tissue and cellular compartments and their
interactions with additional cofactors, as well as signaling molecules for management of a
particular response to a current stimulus. Thiourea (TU), a synthetic plant growth regulator
with a composition of 36% nitrogen and 42% sulfur, has received much interest for its
participation in plant stress tolerance. Thiourea helps to modulate some of the pathways
associated with plants’ resistance to abiotic stress. Understanding the processes during
TU-induced tolerance may help improve crop production under stress situations [15].

E3-ubiquitin ligases control abiotic stress responses either positively or negatively. Ad-
ditionally, the target protein and the outcome of the changes in UPS-mediated breakdown,
activity regulation, or translocation depend on the involvement of ubiquitin ligases-E3 en-
zymes in plants’ abiotic stress behavior. Consequently, recognizing and depicting ubiquitin
ligases aims is vital during any stress response investigation [16]. The latest developments
in understanding the molecular mechanisms underlying plant behaviors to abiotic stress
highlight the complexity of these mechanisms, which involve a variety of processes in-
cluding sensing, signal activation, transcription with transcript processing, and translation
and posttranslational changes for combating the abiotic stress situations in plants (Table 1).
The improved knowledge and use of various approaches, including genetic, chemical, and
microbial techniques, enhance crop production and agricultural sustainability [17].

Table 1. Different studies concerning abiotic stress tolerance in plants.

Abiotic Stress Type Mechanism and Key Parameters Studied Plants/Crops References

Cold stress

The CBF (C repeat binding factor) transcriptional cascade,
CBF expression and CBF-independent regulons mediate the
transcriptional regulation and pre-mRNA processing, export,

and degradation involved in post-regulatory mechanisms

Arabidopsis

[18]

Low-temperature stress Alter hormonal expression [19]

Heat and drought stress Enhancing the accumulation of carbohydrates [20]

Heat stress Autophagy plays a vital role in cellular homeostasis,
metabolism, and other processes [21]

Heat stress

ceRNA networks are mediated by the differentially expressed
circRNA, by the influence of various important genes, and

participate in response to hydrogen peroxide, heat stress, and
phytochrome signaling pathway

[22]

Water stress
Lipid peroxidation decreases with scavenging reactive

oxygen species and higher excitation energy dissolution due
to photochemical quenching with reduced excitation pressure

[23]

Drought stress The physiological activities and antioxidant protective
systems modulate CarMT gene overexpression [24]

Drought stress H2S endogenous production rate increases and a noteworthy
transcriptional reorganization of pertinent miRNAs [25]

Drought stress
A transmembrane potassium ions efflux as well as calcium
and chloride ions influxes are induced due to endogenous

hydrogen sulfides
[26]
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Table 1. Cont.

Abiotic Stress Type Mechanism and Key Parameters Studied Plants/Crops References

Cold and drought stress Dehydrins concentrated in roots and stems Blueberry [27]

Heat stress Lower accumulation of H2O2 and damage to cells Strawberry [28,29]

Salinity stress Plant response is positively regulated due to OsH1RP1-ring
finger protein 1 Maize [30]

Cold stress Changes in DNA methylation

Rice

[31]

Heat stress Lipid peroxidation as well as antioxidant enzymes in roots
and leaves [32]

Drought stress E3-ubiquitin breakdown [16,33]

Heat stress Candidate genes as well as quantitative trait loci [34]

Cold stress

Linear electron transport chain is downregulated and PSII is
repressed, as represented by the lowering in the PSII

photochemistry efficiency along with electron
transport efficiency Hibiscus

[35]

Water deficit and heat stress Contribution of ferredoxin-mediated cyclic pathway
and chlororespiration [36]

Salinity stress Simultaneous expression of variable expressed genes [37]

Cold stress Enhances epidermal cell density, stomatal density and index,
width of xylem vessel and phloem tissue and sclerenchyma

Candyleaf

[38]

Salt stress Accumulation of biomass, ions concentration in tissue
and steviolglycosides [39]

Drought stress The use of steviol glycosides enhances the harvest index [40]

Salinity and drought stress

Sodium chloride serves as an activator, and mannitol works
for the downregulation of genes involved in the steviol

glycosides synthesis pathways that alter the steviol
glycosides production

[41]

Cold stress Photosynthetic electron transport chain protection by the
sub-cellular antioxidant system

Wheat

[42]

Heat and drought stress Signaling of phytohormone and epigenetic control [43,44]

Salinity stress Maintenance of osmoprotectants, photosynthetic activity and
sodium/potassium ions ratio [45,46]

Cold stress WRKY gene expression Grapevine [47]

Heat stress HSPs genes, along with antioxidant enzyme expression Tomato [48]

Salinity stress Reduced the accumulation of different ions such as sodium,
magnesium, and zinc in leaves and roots Commonbean [49]

Drought stress
Enhances plant metabolism with water relation parameters,
antioxidant enzyme water relation parameters, activities of

antioxidant enzymes and yield per plant increases
Lemon grass [50,51]

Salinity stress Antioxidants in leaves and lipid peroxidation
Tomato

[52]

Salinity stress Biomass production as well as stomatal conductance [53]

Drought stress Sugar and amino acid content accumulation Alfalfa [54]

2. Abiotic Stresses and Crop Plants

Generally, various stresses act simultaneously, such as combined water, heat, salt,
heavy metals, and other light stresses. As a result, these changes interfere with the regular
plant metabolism function and the source–sink interaction, which lowers plant growth,
metabolism, and production [55]. Moreover, these stresses alter the expression sequence
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of several plant genes and have huge effects on crop production worldwide, reducing the
usual yields of important crops such as wheat and rice [16,56].

2.1. Salt Stress

Soil salinity is a huge risk for agriculture in areas where water shortage and poor
drainage systems of irrigated farms lower the productivity of crops significantly [57].
According to the Food and Agricultural Organization (FAO 2016) [58], more than 6% of
total global land and 19.5% of total irrigated land is already affected by salt conditions. Both
human and natural factors can cause soil salinity. Of a total 932.2 Mha salt-affected soils
globally, 76.6 Mha soil salinization has been caused by human beings [59]. The salt-affected
lands having higher amounts of either exchangeable sodium or soluble salts, both perhaps
due to insufficient leaching of cations that forms the base. The chief soluble salts that act
as anions are sulfate (SO2

−4SO4
−), carbonate (CO2

−3CO3
−), chloride (Cl−) and nitrate

(NO−3NO3
−) salts and the cations are potassium, calcium, magnesium, and sodium. Many

metals, such as selenium, lithium, boron, strontium, silica, fluorine, rubidium, manganese,
aluminum, and molybdenum are present in hyper-saline soil water, some of which can be
harmful to human, animal, and plant health [6,57].

Salt accumulation slows down the growth of plants and lowers plants’ absorption
capacity for nutrients and water, a consequence of osmotic stress. The level of resistance
to salt stress changes from species to species. Cereal crops such as barley can resist up to
250 mM NaCl; moderately salt-resistant crops are bread wheat, maize, sorghum, while
wheat is less resistant to salinity [60]. Plant development is reduced by subsequent salt
exposure during two phases: ionic toxicity and osmotic stress [61].

2.2. Drought Stress

Rainfall distribution is unequal due to climate change, which is responsible for the
major stress reported: drought, which is the most prevalent abiotic stress globally, reducing
grain output drastically. It has a devastating impact on the ability to fulfill the food
requirements of the increasing worldwide population. Drought stress is linked to a lack
of water and cellular dehydration. A decrease in water potential, stomatal closure, and
turgor pressure results in poor plant growth and development [62]. Low-water stress
affects biochemical and physiological functions, including ion acquisition and chlorophyll
synthesis, photosynthesis, respiration, and carbohydrate and nutrient metabolism, resulting
in reduced plant growth [63]. Plant adaptation to low-water stress is a process that involves
physiological and biochemical alterations in the plant system. Under drought conditions,
plants limit their shoot development and metabolic demands. In maize, yield reduction is
observed up to 40%, and in wheat, 21%, with around 40% water shortage or reduction [64].
A yield decline ranging from 34 to 68% was reported in cowpea during drought stress [65].

2.3. Cold Stress

This stress has been identified as the main abiotic stress, which reduces agricultural
crop productivity by decreasing crop quality and postharvest life. Cold stress consists of
chilling from 0–15 ◦C and freezing at 0 ◦C, negatively affecting plant growth and agriculture
production [66,67]. During the comparison of both freezing and chilling stress, it has been
found that freezing stress is far more harmful to plants. Typically, freezing’s harmful effects
start with the formation of a nucleation of ice within the cells, then progressively grows and
forms ice crystals, causing water leakage and cell dehydration [68,69]. Several major crops
are still unable to cope with cold acclimation. For example, tomato (Solanum lycopersicum),
maize (Zea mays), rice (Oryza sativa), cotton (Gossypium hirusutum), and soybean (Glycine
max) cannot withstand lower temperatures and have the capacity to grow and survive only
in tropical and subtropical areas [70]. Hence, cold stress has a negative impact on plant
growth along with plant metabolism and development, resulting in the reduction of crop
yields globally [69,71].
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2.4. Heat Stress

During heat stress, plants are highly sensitive; at extremely high temperatures, plants
die. Generally, plants perform better at their optimum temperature; below and above the
optimum temperature plant growth and development are severely affected [72]. Most
biochemical and enzymatic reactions double at temperatures from 20 ◦C to 30 ◦C and change
with every 10 ◦C. Temperatures above and below the optimum range reduce the reaction
rate because enzymes are denatured and inactivated progressively. One or two degrees of
temperature change have a huge impact on plant growth and development, particularly
reproduction, causing a negative impact on early stages of male gametophyte formation
in various crops, including wheat, rice, sorghum, barley, maize, and chickpea [5,73]. Heat
stress causes male sterility and spikelet production abnormalities in rice and wheat [5]. In
wheat and rice, cold and heat stress results in tapetum breakdown, and changes in the
callose walls of microspores, exine formation and metabolism of carbohydrate, ultimately
ensuing in male sterility [5,74]. However, temperature stress shows no adverse effects on
female gametophyte development [75].

2.5. Heavy Metals Stress

Metal poisoning is one of the main environmental risks that impairs plants’ ability
to operate and engage in normal metabolic activities. Heavy metals (HMs) are a group of
non-biodegradable, persistent inorganic substances having an atomic weight of more than
20 and a density of more than 5 g cm−3, which affect and pollute the food chains, irrigation,
soils, aquifers, and nearby atmosphere before having mutagenic, cytotoxic, and genotoxic
effects on human, plant, and animal health [76,77].

Toxic metals are accumulated in the agricultural soils due to excessive use of chemical
fertilizers along with increasing industrialization, showing harmful consequences to the
soil–plant interaction system [78]. These metals concentrate and enter the plant system
at a slow rate via water and air and enter the food chains over a certain time [79]. This
poses a considerable threat to the natural food web and biogeochemical cycle [80]. The
unprecedented in vivo heavy metals accumulation and bioaccumulation in the environ-
ment presents a dilemma for all plants and organisms. Toxic concentrations of HM can
interact with various important cellular molecules, including nucleoproteins and DNA,
causing excessive production of ROS [6,81]. This will result in serious plant changes, e.g.,
proteolysis, shoot chlorosis, and lipid peroxidation [80,82]. Under abiotic stress, it was
thought that using osmolytes, nanoparticles, mineral nutrients, hydrogels, antioxidants,
protectants, potassium, and plant growth hormones such as uniconazole and salicylic
acid would boost plant production [83,84]. Additionally, plants may adapt to the negative
impacts of droughts by applying plant hormones such as brassinolide (BR), gibberellic acid
(GA), auxins, ABA, cytokinins, JA and ethylene, which govern several beneficial reactions
in plants [83,84].

3. Sensing and Responding Mechanisms of Plants during Abiotic Stress Conditions

Biological molecules that act as sensors detect undesirable environmental changes
and elicit quick stimuli to abiotic stress by signal molecules that activate the system.
Abiotic stress causes additional Ca2+ to enter the cytoplasm from apoplastic sources. Ca2+

entrance passages are one kind of sensor for detecting stress signals [85–88]. The Ca+,
nitric oxide, and reactive oxygen species (ROS) also work as messenger substances that
activate plant responses during cold stress. Reactive oxygen species such as hydrogen
peroxide, hydroxyl radicals, and superoxides are formed in response to various kinds
of stress [89]. Receptor-like kinases have an intracellular and extracellular domain at
which ligand binding occurs and protein-with-protein binding will occur. When a sensor
protein attaches to the extracellular domain, the histidine residues found in the intracellular
domain self-phosphorylate and are activated. The activated ligand or sensor proteins
may then induce signal-specific cellular response via a MAPKs cascade. Intracellular
signaling, i.e., protein dephosphorylation and phosphorylation, regulate a broad range of
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cellular functions: enzyme activation, macromolecule assemble, protein localization, and
degradation [90,91]. When plants detect abiotic stress, signaling cascades are activated,
followed by activation of kinase cascades, the assembly of ROS and plant hormones
accumulation, leading to the induction of precise set of genes responsible for combating
the plant abiotic stress, as shown in Figure 1.

The metabolism of cytokinins, ABA, and ethylene are all impacted by stress, and these
molecules then interact with certain kinases to control various biological functions, from
controlling shoot development under stress to stomata movement [92]. Abiotic stress in
plants, e.g., low water conditions (drought stress), low temperature, and excessive salinity
stimulate the expression of the huge range of genes present in plants. With gene expression,
different proteins are formed in different plant parts that prevent damage to the cell and
activate the large number of genes essential for several abiotic resistance processes in
plants. Various kinds of proteins are produced, such as chaperones and late embryogenesis
abundant proteins (LEA proteins), which are primarily involved in the development of
tolerance. At the same time, stress-associated genes are all concerned with generating the
stress response [93]. Plant genes responsible for stress are regulated at three stages, i.e.,
transcriptional, posttranscriptional, and posttranslational.

3.1. Gene Regulation at the Transcriptional Level

Transcriptional regulation, consisting of chromatin modification and remodeling en-
hancers and promoters, has regular binding sites positioned downstream and upstream of
the coding area known as cis-regulatory and trans-regulatory elements, typically transcrip-
tion factors. Various abiotic stresses cause alterations in the methylation pattern of histone
proteins and DNA, which repress or promote gene transcription. Promoters are unique
sequences that have a regulatory role, binding RNA polymerase and other transcription
factors to initiate transcription [94]. C-repeat binding factors (CBF), dehydration responsive
element binding (DREB), MYB, zinc finger families, and leucine zipper (bZIP) are examples
of the regulatory elements concerned in plant defense systems along with genes responsible
for stress during binding of the responsive gene promoter’s cis-element [95]. Drought toler-
ance was improved by Oryza sativa WRKY 11 (trans-regulatory element) overexpression
under heat shock protein 101 (HSP 101) promoter control [96,97]. A significant discovery is
new cis-acting elements, C-repeat and DRE, which respond to low temperature, drought
(low water stress), and excess salt stress [98]. C-repeat binding factor proteins have been
isolated progressively since their discovery by identification of DNA-associated proteins
which attach the DRE and CRT motifs [99]. C-repeat binding factors 1–3 are cold-induced
CBF genes found in Arabidopsis and are located on chromosome IV in tandem; CBF1-3
include Apetala2 or ethylene responsive type transcription factors, which directly bind
with the CRT/DRE-conserved motifs present in the promoters of CBF regulons, also known
as COR genes, and trigger gene expression during a low-temperature environment [99,100].
Transgenic Arabidopsis with CBF1 overexpression has more COR expression and is more
resistant to freezing [101]. Orthologous expression of CBFs has been reported in various
plants types such as tomato, wheat, rice, maize, and barley, along with heterologous expres-
sion of CBFs in Arabidopsis, which also improves their freezing tolerance mechanism [102],
and suggests that it shows tolerance to cold only in those plants with CBF genes from
tomato only. Hence, it is reported that CBF1-3 play an essential role in modulating cold
tolerance and it is not more conserved in every species, but also it is species-specific [102].

3.2. Gene Regulation at Posttranscriptional Level

Posttranscriptional gene regulation refers to the regulation that happens between the
stages of pre-mRNA and mRNA translation. It involves four levels: (A) pre-messenger
RNA processing via capping as well as splicing along with polyadenylation; (B) nucle-
oplasmic trafficking of mRNA; (C) mRNA turnover and stability; (D) translocation of
mRNA [103]. Alternative splicing is another strategy that plays an essential role in gene
regulation during heat and cold stress, e.g., a gene stabilized 1 (STAT1) encoding a nuclear
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pre-mRNA provides cold resistance in A. thaliana [18,104]. Cold responsive (COR) gene reg-
ulation is essential for posttranscriptional regulation in plants. A dead box gene expression
regulator (RCF1) plays an important role in the correct pre-mRNA splicing of various COR
genes during low-temperature stress [105]. It has been investigated that alternate splicing
pathways alter gene expression to cope with temperature stress [106]. Small RNA segments
consisting of 20 to 25 nucleotides are formed from non-coding dsRNA precursors via
dicer-like (DCL) RNases, generating several posttranscriptional gene silencing processes.
One of these processes, mediated by 21 nucleotide microRNAs, cleaves mRNAs or blocks
their translation [107].

3.3. Gene Regulation at the Posttranslational Level

Protein phosphorylation, ubiquitination, and sumoylation are the posttranscriptional
activities that play an essential role in modifying plant behavior to many abiotic stresses.
SNF1-related protein kinase (SnRKs) and MAPKs known as mitogen-activated protein
kinases are key players in various signal transduction cascades initiated by osmotic stress
and dehydration via phosphorylation of particular residues [108]. They include XERICO
and SnRK2 gene codes for an H2-type zinc finger, and E3-ubiquitin ligases, which are
associated in ABA-dependent response during water stress, such as stomata closure [109].

Posttranslational histone modifications and DNA methylation are linked to gene
expression changes in response to chilling or cold stress. Histone protein acetylation
and deacetylation are due to histone acetyl transferase (HAT) and histone deacetylases
(HDAs) being involved in the plant during cold stress [110]. HAD 6 of Arabidopsis is
overexpressed due to low temperature and positively enhances the freezing resistance [111].
During low-temperature stress, HDAs come into sight directly with maize DREB1 gene
activation and histone hyper-acetylation. It has been reported that histone acetylation of
ZmDREB1Aas well as ZmCOR413 in maize and OsDREB1 gene in rice histone is activated
by lower temperature [112,113]. In the case of Arabidopsis, the RNA-mediated methylation
4 (RMP4) protein was found to play an important role in RNA-directed DNA methylation
by combining with RNA polymerase Pol II and Pol V [114]. During cold stress, gene RDM4
is essential for Pol II possession at CBF2 and CBF3 gene promoters to fight abiotic stress in
plants [115].

4. Crucial Signal Transduction Mechanism for Abiotic Stress

Abiotic stresses, which induce signal transduction pathways, such as drought, cold,
light, heat and salt, are classified into three types. The first one is MAPK modules, which are
used in osmotic/oxidative stress signaling to create antioxidant substances, ROS scavenging
enzymes, and osmolytes; the second is calcium-dependent signaling, which promotes the
triggers of LEA-type genes; followed by calcium-dependent SOS (salt overlay sensitive),
which maintains ion homeostasis, as shown in Figure 2.

4.1. Oxidative or Osmotic Stress Signaling in Plants

All stresses involving salt, heat, drought, oxidative, and cold stress cause the formation
of ROS species and cause significant damage to plants [116]. A greater level of ROS
functions as a signal and one of the preventive plant responses is the production of ROS
scavengers. Osmotic stress triggers various protein kinases, such as MAPKs, in restoring
osmotic homeostasis. As a result, osmotic stress activates sensor or receptor proteins such
as G protein-coupled receptor proteins, tyrosine and histidine kinases, which activate the
MAPK network and signaling cascade, and are associated with the production of more
osmolytes, required during osmotic stress. The primary function of osmolytes in cell turgor
pressure maintenance is to act as a driving force for water uptake. Well-suited solutes
such as proline, glycine betaine, mannitol, and trehalose will serve as ROS and chemical
chaperones by stabilizing membrane proteins [117].
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Figure 2. Signaling mechanisms for abiotic stress tolerance in plants.

The MAP kinase network modulates and transmits the signals from the cell surface to
the nucleus. Three kinases are triggered consecutively by the upstream kinase in the core
MAPK cascades. The MAP kinase phosphorylates on threonine and serine residues after
the activation of MAPKKK, and once activated the MAPK either transfers to the nucleus
directly and triggers the transcription factor, stimulating other signal substances to regulate
gene expression to cope with stress [118].

4.2. Ca2+-Dependent Activation of LEA Genes

Abiotic stress increases with calcium ions’ entry into the cytoplasm. Calcium ion entry
channels serve as sensors for abiotic stress detection. Calcium ions trigger CDPKs (calcium-
dependent protein kinases) and are represented by multigene families; their expression
stages are modulated both geographically and temporarily during complete development.
The CDPK pathway plays an important role in the production of large numbers of anti-
desiccation proteins via the activation of LEA-type genes, indicating the damage and repair
processes, which are distinct from the pathways that regulate osmolyte synthesis [119,120].
Seeds are naturally desiccated during maturation to minimize desiccation shock at the
time of germination by accumulating high levels of LEA proteins [121]. Water deficiency,
low temperature, excessive osmolarity, and low-temperature stress cause crop plants to
accumulate LEA protein. These proteins are utilized to protect proteins from denaturation
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or renaturation, maintain membrane integrity and protein structure, and sequester ions
in affected tissues. Many scientific publications state that chaperones and LEA proteins
protect macromolecules against dehydration, such as lipids, enzymes, and mRNA [122,123].
LEA proteins specialize in membrane desiccation defense, while antioxidant enzymes and
compounds have a role in desiccation tolerance. Both LEA proteins and osmolytes work
in association with membrane structure and protein stabilization by conferring favored
hydration during moderate desiccation conditions and changing water levels to protect
against abiotic stress in plants [124].

4.3. Calcium Ion-Dependent SOS Signaling

Plants response to high salt concentration, change the ion transporter channel, helps
in the regulation of ion homeostasis during salinity. Higher intracellular or extracellular
sodium ions function during the SOS pathway, primarily increasing a cytoplasmic calcium
ions signal, which affects the expression and activity of different ion transporters, including
K+, sodium ions, and H+. A shift in turgor is used as the input for osmotic stress signal-
ing. Salt stress signaling pathways including osmotic and ionic homeostasis signaling
routes, detoxification pathways, and growth maintenance pathways are reported in Ara-
bidopsis [125,126]. During abiotic stress signaling, evidence shows that CDPKs and SOS3
of calcium ion sensors have a main role in coupling an inorganic signal with a specified
protein phosphorylation pathway and seem important for plant salinity resistance [127].

5. Functions of the Microbiome in Abiotic Stress Management

Plants are not isolated entities and are not able to live alone. Instead, they coexist
with various microbes, including bacteria, fungi, protists, viruses, and other microorgan-
isms [128]. These microorganisms coexist in various plant tissues, forming the plant’s
microbiome, which lives in three different places: the phyllosphere, endosphere, and rhi-
zosphere [127]. It is becoming increasingly proven that mycorrhizal fungi and useful soil
bacteria, including PGPB and PGPR, have a significant role in sustainable farming and agri-
culture by stimulating plant growth and increasing plant tolerance to abiotic stresses [127].
Many microbes are essential in plant development, metabolism, and growth under abiotic
stress situations (Table 2; Figure 3).

5.1. Arbuscular Mycorrhizal Fungi (AMF)

The development and health of plants may be impacted by AMF, which are symbiotic
soil-borne fungi [128]. Agroecosystem services related to AMF still have significant knowl-
edge gaps that need to be filled to be optimized, even though they are currently thought to
have significant potential stability and sustainability in the agriculture system, and huge
progress has been reported in the understanding of the arbuscular mycorrhizal symbiosis.

It has been found that AMF plays an essential role during abiotic stress, when various
stresses are combined [129]. Recently, the role of AMF for protection aligned with abiotic
stress in tomatoes has been reported [130]. In conjunction with halophytes and glycophytes,
AMF can protect against salt stress [131]. A researcher [132] demonstrated a contrary higher
dependence of glycophytes versus AMF compared to halophytes during salt stress. The
advantages of AMF under salt stress were the subject of meta-analyses of various genes
required for stress tolerance [130,133] (Auge et al. 2014, Chandrasekaran et al. 2021). The
osmolyte, carbohydrate, and antioxidant systems can all be improved by AMF [134]. A
high K+/Na+ level is maintained when they are in symbiosis with plants, preventing the
absorption or transfer of harmful Na+ [135].

AMF can also affect how efficiently carbon is used by maintaining larger grain yields,
faster rates of stomatal conductance, net photosynthesis, and poorer internal water use
efficiency during salinity stress [136]. AMF-associated mechanisms have recently been
discussed in [137], ranging from the uptake of nutrients to increased water use efficiency,
from osmoprotectant and ionic homeostasis to enhanced photosynthetic efficiency, from
cell structure protection to strengthening functions along with triggering antioxidant
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metabolism, till phytochrome profile modulation. AM-colonized plants show a modifica-
tion in plant metabolism, specifically, an enhancement in proline amount with greater H2O2
and isoprene emission in contrast to not-inoculated plants [135]. In the context of water
stress conditions, AMF also has shown a beneficial outcome in tomato plants; however,
the effects varied depending on the features and fungi species taken into account [138,139].
When three AMFs from various genera were examined to see how they affected tomato
resistance to salt or drought stress, it became clear that all studied AMFs shared certain
responses; however, others were unique to individual isolates [140].

Figure 3. Functions of different microbes in combating abiotic stress conditions.

269



Life 2022, 12, 1634

Table 2. Microbiome-mediated abiotic stress resistance and mechanism in plants.

Type of Microbes Abiotic Stress Type Plant and Tolerance Mechanism References

Pseudomonas putida P45 Drought Sunflower (Helianthus annuus) showed EPS production
and enhanced soil aggregation [141]

Pseudomonas Drought Pea (Pisum sativum) plants reduced the production
of ethylene [142]

Azospirillium sp. Drought Wheat (Triticum aestivum) has better water relations [143]

AM fungi Drought and salinity Sorghum (Sorghum bicolor) showed better
water relations [144]

Scytonema Coastal salinity Rice (Oryza sativa) with extracellular products and
gibberellic acid [145]

Burkholderia phytofirmans Cold Grapevine (Vitis vinifera) with
ACC-deaminase synthesis [146]

Burkholderia sp. and
Methylobacterium oryzae Cd and Ni toxicity Tomato (Solanum lycopersicum) with lower uptake

along with translocation of heavy metals [147]

Pseudomonas fluorescences Salinity Groundnut (Arachis hypogaea) with
ACC-deaminase synthesis [148]

Rhizobium tropici; P. polymyxa Drought Common bean (Phaseolus vulgaris) with change in
hormonal composition and stomatal conductance [149]

Glomus intraradices and
Pseudomonas mendocina Drought Lettuce (Lactuca sativa) has antioxidant

status improved [150]

Pseudomonas strain AMK-P6 Heat Sorghum (Sorghum bicolor) with better biochemical
status due to activation of heat shock proteins [151]

Glomus sp. and
Bacillus megaterium Drought Trifolium (Trifolium repens) with proline and

IAA production [152]

Paraphaeosphaeria quadriseptata Drought Arabidopsis (Arabidopsis thaliana) has HSP-heat shock
protein induction [153]

Bacillus subtilis Salinity
Arabidopsis (Arabidopsis thaliana) has reduced root Na+

import by reduced transcriptional expression of
AtHTK1 (a high-affinity KC transporter) genes

[153]

Pseudomonas putida Salinity Cotton (Gossypium hirusutum) stopped the
salinity-associated accumulation of ABA in seedlings [154]

Glomus etunicatum and
Glomus clarum Salinity

Wheat (Triticum aestivum), Chilli (Capsicum annum) and
mung bean (Vigna radiata) have increased KC

concentration in root and reduced NaC in shoots and root
[155]

PGPRs Heat Clover (Trifolium repens) plants with greater
nitrogen fixation [156]

Bacillus licheformis Drought Capsicum annum with expression and activation of
stress-related proteins and genes [157]

Bacillus thuringiensis Drought Wheat (Triticum aestivum) showed the organic
compound production [158]

Pantoea dispersa and
Azospirillium brailense Salinity Capsicum annuum has an increase in photosynthesis

rates well as stomatal conductance [159]

Burkholderia phytofirmans and
Enterobacter sp. Drought Maize (Zea mays) showed an increased rate of shoot

and root biomass [160]

Pseudomonas koreensis strain Salinity Soyabean (Glycine max) has increase KC level and
decreased Na+ level [161]

Enterobacter intermedius Zn toxicity
White mustard (Sinapis alba) with ACC deaminase,

IAA IAA, hydrocyanic acid, and solubilization
of phosphate

[162]
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Table 2. Cont.

Type of Microbes Abiotic Stress Type Plant and Tolerance Mechanism References

Serratia sp. and Bacillus cereus Drought
Cucumber (Cucumis sativa) showed the production of

genes responsible for the synthesis of proline, an
antioxidant enzyme, and monodehydroascorbate

[163] Wang
et al.; 2012

Photobacterium spp. Mercury toxicity Common reed (Phragmites australis) showed activity of
IAA and mercury reductase [164]

Rhizobium leguminosarum and
Pseudominas brassicacerum Zinc toxicity Mustard (Brassica juncea) with metal

chelating molecules [165]

Rhizobium Salinity Asian rice (Oryza sativa) with RAB 18 salt
stress-associated gene expression [166]

PB 50 strain of B. megaterium Drought

Rice (Oryza sativa) showed better plant growth under
osmotic stress, plants protected via stomatal closure
with enhanced soluble sugar, carotenoid content and

protein content

[167]

Bacillus albus and Bacillus cereus Drought
Maize (Zea mays) seeds have a higher germination rate

and increased seedling length with reduced
toxic effects

[168]

Gluconacetobacter diazotrophics
(Pal5) Drought

Rice (Oryza sativa L.) shows gor, P5CR, BADH and cat
genes expression with increase glycine betaine and

proline content
[169]

Penicillium sp. and Calcoaceticus Drought
Foxtail millet (Setaria italica) with increased glycine

betaine and proline content, sugars and chlorophyll a
and b with the decrease in lipid oxidation

[170]

Streptomyces pactum and
actinomyces Drought Wheat (T. aestivum) reduces stress via an enhancement

in sugar levels and antioxidant enzymes [171]

B. amyloliquefaciens;
Pseudomonas putida Drought Chick pea (Cicer arietinum) with better photosynthesis,

chlorophyll content, biomass and osmolyte content [172]

PGPR consortium Salinit Common bean (Phaseolus vulgaris) with available iron
content in the soil increased [173,174]

B. gladioli; P. aeruginosa Cd toxicity Tomato (Solanum lycopersicum) with higher expression
of metal transporter genes [175]

Mesorhizobium; Rhizobium Salinity Chickpea (Cicer arietinum) with enhanced
nitrogen fixation [176]

Bacillus megaterium Osmotic Maize (Zea mays) with higher expression of 2 ZmPIP
isoforms in roots [177]

Additionally, in drought circumstances, AMF has valuable effects on maize, promoting
plant development and photosynthesis by considerably increasing mineral absorption,
assimilation and chlorophyll content, compatible solute concentration, and triggering
the antioxidant defensive system [129]. The structures and functions of the photosystem
PSII and PSI are less likely to be harmed by water stress due to AMF, as has also been
shown [178–180]. The latest research discovered that the stimulation of fungal genes’ en-
coding for SOD scavenging enzymes and non-enzymatic defenses such as glutaredoxin,
metallothioein, etc., had a protective function against ROS burst [181]. The contrary im-
pacts of AMF on aquaporin expression and plant hormone levels rely on the type of
fungus, aquaporin, and applied stress [182]. Since dryness and salt cause generalized
stressors, it stands to reason that AMF, which enables plants to survive under high-salinity
environments, makes plants resistant to drought [182]. Transcriptomics has helped under-
stand how several crop species, including rice [182,183], tomatoes [184]), grapevines [185]
(Balestrini et al. 2017), as well as wheat [186], regulate expression of fungal as well as plant
genes in AM interactions.
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Transcriptomic analysis has recently been used in tomato roots colonized by AM to
confirm the contribution of the AM symbiosis to tomato plant response, nematode function,
and water stress, and revealed unique information regarding the response to AM symbiosis.
A function for arbuscular mycorrhizal colonization in initiating defensive behavior against
root-knot nematodes was also suggested by alterations in the tomato gene expression
associated with nematode attack during AM symbiosis [187].

5.2. Actinomycetes

Several studies have shown Actinomycetes to thrive in various stressful environments,
including drought, high temperatures, and high salt. They significantly reduce the harmful
effects of abiotic stresses while encouraging plant development [188]. Streptomyces play a
synergistic role in wheat crops under severe abiotic conditions and promote plant develop-
ment and their capacity to withstand such conditions [189]. Furthermore, because of their
unusual shape, they mix with the soil particles in the rhizosphere and create a solid link
with the plants. This approach assists the plant in strained soil and enables more effective
utilization of water and nutrients in the rhizosphere. These bacteria increase their capacity
to withstand abiotic stresses by an array of mechanisms, comprising changes in root and
cell wall morphology, 1-ACC deaminase activity, and the ability to protect from oxidative
damage with the production of proline and glycine betaine, which aid in osmoregulation
processes [190]. It has been found that wheat seeds soaked with streptomyces inoculum
showed greatly enhanced shoot length, root depth, and high root and shoot biomass, and
appreciably boosted the germination of roots under high-saline conditions [191]. Tomato
plants inoculated with Streptomyces sp. PGPA39, during salt stress, showed a substantial
reduction in leaf proline concentration and enhancement in plant biomass compared to the
non-treated plants [192].

Treating maize plants with Actinomycetes during low-water conditions produced
plants with higher growth, survival rate, shoot and root dry weight, and chlorophyll content
than untreated plants [193]. Furthermore, Hasegawa and colleagues [194] demonstrated
that endophytic Actinomycetes II improves drought resistance in Kalmia latifolia L. (mountain
laurel) by causing callose buildup and lignification in the cell wall. According to next-
generation sequencing methods used for microbial communities’ identification, it has been
investigated that Actinobacteria have regularly been discovered as one of the bacteria most
found in soils [195]. However, although actinomycetes have played an essential role in
reducing abiotic plant stress, slight knowledge regarding the dynamics of their interactions
with plants limits the potential for using these microorganisms in agriculture.

5.3. PGPR/Plant Growth-Promoting Bacteria

The plant rhizosphere is a highly delicate and dynamic ecosystem, with different hous-
ing types of microorganisms that play various roles in plant development and survival [196].
Numerous distinctive and illustrative PGPR bacteria, comprising the Bacillus, Pseudomonas,
Enterobacter, Agrobacterium, Klebsiella, Azotobacter, Ervinia, Bradyrhizobium, Burkholderia, and
Serratia, have been isolated and described [197,198]. Conversely, several variables, includ-
ing plant growth stage, species, cultivation method, soil ecology, and testing settings may
affect how effective PGPR treatment is at enhancing plant growth. Rhizobacteria that pro-
mote plant development can lessen the drought stress effects and increase yield in treated
plants [199,199]. It has been reported that Rhizobacterium induces drought endurance and
resilience, known as RIDER, which results in biochemical alterations, and allows PGPR
to decrease the drought stress effects [200,201]. Phytohormones development, bacterial
exopolysaccharides formation, cyclic metabolic pathway conventions, and optimization of
the antioxidant defense system are associated with the deposition of various carbon-based
substances, including amino acids; polyamines, sugars, and heat shock protein production
are examples of RIDER mechanisms [202,203].

Recently, it has been investigated that PGPB, along with other plant microbiomes,
acts as a biological technique for decreasing plant salt stress [173]. Rhizobacteria that
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encourage plant development can successfully lessen the effects of drought on Zea mays
and wheat grass. Two bacterial strains, namely Enterobacter sp. 16i and Bacillus sp. 12D6,
were employed to counteract drought stress in plants and it was reported that Bacillus
sp. 12D6 performed better under drought stress [204]. Azospirillum (GQ255950)-treated
maize plants perform better and have more root and shoot fresh weight biomass along with
proline, soluble sugars, amino acids, and osmotic levels compared to non-treated maize
plants [205]. A significant biotic stress element that reduces agricultural output is drought.
In prior research, Pseudomonas libanensis EU-LWNA-33 was used to treat wheat plants,
and measurements of growth parameters showed that the root length and biomass were
enhanced after treatment. Additionally, biochemical analysis revealed that at 75% stress,
levels of proline increased up to two times while levels of glycine betaine were enhanced
1.2-fold [206].

Plant survival under various types of stress is challenging and depends specifically
on the plant’s root microbiome. It has been demonstrated that bacteria isolated from
harsh environmental circumstances contain traits that make them resistant to salt stress.
P. fluorescens was isolated from Saharan rhizosphere soil and showed a PGPB property in
maize under salt stress. Numerous microorganisms living on plants with high salt content
exhibit adaptations to salinity stress and do well in these environments [207]. One study
was conducted in a greenhouse where the soil was treated with three isolated bacteria
from rice fields. The soil showed how drought stress might change microbial interactions,
and soil microbial interactions with plants were changed with water limitation, e.g., Acti-
nobacteria and Chloroflexi were abundant in the changing patterns, while Acidobacteria and
Deltaproteobacteria were lost. Plant survival under drought circumstances results from
compartment-specific reorganization [208].

Several methods of PGPB might respond to drought stress effects and promote
phytohormones as well as solute production, chlorophyll synthesis, and activation of
1-aminocyclopropane-1-carboxylate deaminase, exo-polysaccharides, and mineral solubi-
lization [209]. Bacillus amyloliquefaciens GB03 and Pseudomonas flurescencs WCS417R- treated
plants showed that activating the antioxidant defense system considerably decreased the
effects of drought stress [210].

Rhizobacteria that encourage plant development, including Enterobacter, Bacillus, Pseu-
domonas and Moraxella, have been identified. Under drought stress, wheat plants treated
with Bacillus species showed enhanced auxin production up to 25.9 g mL−1 along with an
increase in field capability of up to 10% as well as increased crop output of 34% [211]. In
Uttar Pradesh, India, PGPR strains including Pseudomonas putida and B. amyloliquefaciens
have been identified in alkaline soils, and the combined impact was studied in chick-
pea plants, which produced plants with boosted biomass, photosynthesis, osmolyte, and
chlorophyll content, and reduced abiotic stress, as well as being eco-friendly to the environ-
ment [172]. Wheat seedlings treated with Azospirillum brasilense Sp245 had enhanced water
control, greater mineral content, higher amounts of K, Mg, and Ca, and a 12.4% overall
improvement in grain yield when compared to untreated plants [143].

Foxtail millet crops were used in an experiment, treated with Penicillium and Acine-
tobacter, which revealed increased physiological growth and a reduction in the harmful
effects of drought stress [170]. During this study, buildup of proline, osmolytes, and glycine
betaine with elevated levels of chlorophyll content was reported that helped reduce drought
stress [170].

6. Nanoparticles’ Application in Combating Abiotic Stress in Plants

Numerous plant responses are triggered by abiotic stress, ranging from growth and
morphological changes to crop output and yield [212]. Nanotechnology is one of the newest
and most promising methods for treating abiotic stress conditions in plants, such as HMs
stress, heat stress, drought stress, and salinity stress. It is also an environmentally friendly
technique. With the increasing cellular antioxidants, nutrient uptake, photosynthetic
efficiency, and molecular as well as biochemical pathways, NPs dramatically increase the
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ability of plants to withstand abiotic stress [213]. Modernizing the agricultural sector with
prospective applications for improving plant growth as well as development under stress
conditions, nanotechnology has recently made strides [213].

Several studies have been reported on the possible use of NPs in the remediation of
HM-contaminated soil [214–216]. A study of FeO NPs found they can relieve drought
stress [217,218] and reduce Cd toxicity in wheat plants by enhancing biomass, chlorophyll
levels, and antioxidant enzymes [216]. Si NPs have been reported to reduce HM-induced
phytotoxicity in wheat as well as rice and pea [219,220]. To lessen the detrimental ef-
fects of HMs on plant growth and development, new nanoremediation techniques must
be developed.

It has been found that Si NP treatment enhances plants’ ability to withstand drought
stress [221]. By modifying the morpho-physiological characteristics of barley plants, Si NPs
showed promising drought stress recovery [222]. It has been revealed that in saline- and
water-deficient circumstances, Si NPs improved cucumber growth and yield [223]. Wheat
plants under drought stress exhibited higher relative water content, CAT, SOD activity,
yield, and biomass after application of chitosan [224]. Silver nanoparticles were used to
lessen the harmful effects of drought in lentil (Lens culinaris Medic.) plants [225]. Abscisic
acid administration aided by Si NPs was described as an efficient management technique
to increase drought resistance in Arabidopsis thaliana [226].

Wheat plants’ growth, chlorophyll concentrations, and antioxidant enzymes were
improved by treatment with FeO NPs, which reduced the effects of salt stress [216]. It has
been found that manganese NP seed-priming controls salt stress by altering the molecular
reactions in pepper (C. annuum L.) plants [227]. To better understand how NPs work to
increase plants’ resistance to salinity and other abiotic stress in plants, more molecular and
physiological research is required. Numerous studies have demonstrated the possible use
of NPs to increase the ability of plants to withstand heat stress [228,229]. Recently it has
been reported that the use of organically produced Se NPs (100 g/mL) enhanced wheat
development by enhancing plant tolerance to heat stress [230]. Researchers have discovered
that silver nanoparticles considerably improved the morphological characteristics of wheat
plants under heat stress conditions [231]. Overall, using metallic NPs as nanofertilizers can
help plants be more resilient to heat stress, which is important for sustainable agriculture.

7. Conclusions

Evidence from various studies regarding molecular, biochemical, and physio-morphological
characteristics, plant responses to diverse types of abiotic stresses, and the microbe interac-
tion mitigation methods in plants have been examined. These studies have improved our
knowledge of the processes behind gene cascades, microbial interactions, and metabolic
pathways, along with augmentation of different proteins, enzymes, metabolites, and the
down- and upregulation of numerous genes. This paper provides dynamic information
about plants’ response to different types of abiotic stress. This paper gives innovative
ideas for improving the current methods to mitigate abiotic stress by employing various
gene regulation-based and microbial-mediated plant interactions, facilitating improved
germination, increased ability to withstand and mitigate adverse environment conditions,
and better yield in plants. By supplying vital nutrients, nanotechnology can be a cost
effective and promising way to increase plants’ ability to withstand abiotic stress. However,
because of their widespread use, there are some possible worries regarding their adverse
impacts on the environment.

Plants have evolved built-in adaptation mechanisms to deal with various complex
abiotic challenges. With the aid of science and technological advancements, it is now
feasible to comprehend gene function, establish gene-manipulation strategies, and generate
plant characteristics to combat abiotic stress. Signaling pathways must be seen as intricate
networks. Hence, abiotic stress signal-transduction cascades are better understood by
molecular investigations of the signaling molecules. Abiotic stresses have a detrimental
effect on plants that is exacerbated by ongoing climate change, reducing agricultural
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production. Abiotic stress tolerance is a multigenic response that involves stress-responsive
gene expression, signal transduction, and sensing. As a result of these coordinated efforts,
agricultural production, productivity, and food security will improve.

8. Future Perspectives

Genetic modification and recombinant techniques should be integrated with tradi-
tional and marker-assisted breeding practices in the future to produce plants with modified
characteristics that cope with adverse conditions. In addition to this, nanotechnology will
be the most potent tool for combating the abiotic stresses in plants. Moreover, finding new
adaptable germplasm is crucial for directing breeding programs to identify plants for a
changing climate and future research should focus on developing NPs that are inexpensive,
nontoxic, self-degradable, and eco-friendly using green methods. By addressing the effects
of climate change, particularly stress caused by drought, heat and cold, these combined ini-
tiatives will significantly advance the cause of food security through increased agricultural
output and productivity.
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Abstract: Natural and/or human-caused salinization of soils has become a growing problem in the
world, and salinization endangers agro-ecosystems by causing salt stress in most cultivated plants,
which has a direct effect on food quality and quantity. Several techniques, as well as numerous
strategies, have been developed in recent years to help plants cope with the negative consequences
of salt stress and mitigate the impacts of salt stress on agricultural plants. Some of them are not
environmentally friendly. In this regard, it is crucial to develop long-term solutions that boost saline
soil productivity while also protecting the ecosystem. Organic amendments, such as vermicompost
(VC), vermiwash (VW), biochar (BC), bio-fertilizer (BF), and plant growth promoting rhizobacteria
(PGPR) are gaining attention in research. The organic amendment reduces salt stress and improves
crops growth, development and yield. The literature shows that organic amendment enhances
salinity tolerance and improves the growth and yield of plants by modifying ionic homeostasis,
photosynthetic apparatus, antioxidant machineries, and reducing oxidative damages. However, the
positive regulatory role of organic amendments in plants and their stress mitigation mechanisms is
not reviewed adequately. Therefore, the present review discusses the recent reports of organic amend-
ments in plants under salt stress and how stress is mitigated by organic amendments. The current
assessment also analyzes the limitations of applying organic amendments and their future potential.

Keywords: bio-fertilizer; ionic homeostasis; organic amendments; salinity; vermicompost

1. Introduction

Soil salinity is a key abiotic stress that interferes with crop growth, development, and
yield through altering morphological, physio-biochemical, and molecular processes [1–6].
Every year, 1–2% of cultivable land is reduced due to soil salinity and worldwide, about 800
million hectares (23%) of total arable lands are affected by soil salinity [7,8]. It is predicted
that salinity will affect 50% of the world’s arable land by 2050 [9]. It has been reported that
the rise in groundwater levels with high salt content, inefficient drainage and irrigation
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systems, and the overuse of fertilizers are responsible for soil salinity [10]. Plants use
a number of methods to counteract salt stress in order to survive in an ever changing
environment. Metabolic adjustments, increasing Na+ efflux or Na+ compartmentalization
to vacuoles, scavenging of free radicals, the safeguarding of cellular machinery, ionic home-
ostasis maintenance, certain proteins expression and the up-regulation of their genes and so
on are the plant adaptation mechanisms to salinity stress [11–14]. Additionally, it is widely
recognized that using microRNAs (miRNAs) is a significant tactic that can affect post-
transcriptional gene regulation under a variety of environmental conditions, including salt.
Salt stress interaction is strongly controlled by post-translational gene regulations because
various gene transcripts are differentially regulated by miRNAs during salt stress [15].
Furthermore, microRNAs serve important roles in embryogenesis, morphogenesis, life
cycle stage transformation, flower formation, increases fruit ripening, boosts anthocyanin
production, vegetative and reproductive stage transitions, tillering and branching, and
enhances salinity stress tolerance in plants [15–18].

To reduce excess soil salinity, plant scientists are employing techniques such as sub-
soiling, mixing sand, seed bed preparation, and salt scraping, as well as modern agronomic
practices, hydrophilic polymer, gypsum, sulfur acids, green manuring, humic substance,
farm yard manures, irrigation system, and salt-tolerant crops [19–22]. Recently, different
organic amendments such as the application of vermi-compost (VC), vermi-wash (VW),
biochar (BC), plant growth promoting rhizobacteria (PGPR), and bio-fertilizers (BF) are
being used widely to ameliorate the negative consequences of soil salinity [5,6,23–26].
For instance, VC enhances morphological traits, chlorophyll content, antioxidant enzyme
activities, and improves salinity tolerance of maize plants [27]. Several studies showed
that BF and BC enhance plant growth progressions under salinity stress by improving
antioxidant enzyme activities, and reduces oxidative damage in different plants [5,28,29].
In addition, the inoculation of PGPR under salt stress accelerates microbial population
and gene expression in the rhizosphere, boosts biomass production and enhances the salt
tolerance of different plants [6,30,31]. The organic amendments mitigate salt stress via
a wide range of mechanisms, including the regulation of ionic homeostasis, antioxidant
enzyme activities, and the reduction of oxidative damage. Several studies described that
PGPR and BC relieved the negative effects of salinity by increasing the photosynthetic rate,
antioxidant enzyme functions, secondary metabolites accumulation, and decreasing ROS
in plants [6,32–34]. Organic amendments such as VC and VW include a variety of plant
growth-regulating components such as micro and macro elements, vitamins, enzymes,
and hormones that have been shown to reduce the harmful effects of salts on plants [25].
Furthermore, several studies have stated that VC and VW have been shown to reduce soil
salinity through the enhancement of antioxidant enzymes and to lessen electrolyte leakage
and oxidative stress [35,36]. Similar to other organic supplements, BF has been shown to
attain a better environment through fixing atmospheric nitrogen, phosphate and potassium
solubilization or mineralization, releasing o plant growth regulating materials, producing
antibiotics, and degrading organic matter in the soil, all of which contribute to increased
plant salinity stress tolerance [37–39].

The world’s population grows significantly every day. To feed the increasing mil-
lions, researchers are attempting to develop modern, effective agronomic and eco-friendly
organic ways to reduce salinity stress and boost crop yields. Furthermore, investigating
environmentally safe and sustainable methods to lessen the negative consequences of
salinity is necessary due to the ongoing environmental degradation. The literature suggests
that organic approaches can alter biochemical and molecular systems to enable plants to
withstand salinity stress, and these strategies are proving to be quite effective. As a result,
this report highlighted the recent findings about organic amendments like VC, VW, BC, BF,
and PGPR used for salinity stress mitigation. Correspondingly, keeping in view the role of
organic amendments during saline conditions, this review explores the potentiality of the
modern and widely used organic amendments for the alleviation of salt stress and their
regulatory mechanisms. Despite the fact that other reviews of organic amendments for re-
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ducing salt stress have been published independently, this study offers a thorough analysis
of all commonly used organic amendments for reducing salt stress in a single frame.

2. Organic Amendments for Salinity Stress Mitigation

2.1. Vermicompost and Vermiwash

The VC is an organic fertilizer that is prepared through the conversion of organic
wastes by worms [40], and is rich in different enzymes including humic and fulvic acids [41].
It contains a number of plant growth regulating substances (micro and macro elements,
vitamins, enzymes, and hormones) and has anti-stress effects [42,43]. Earthworms in VC
have beneficial effects on soil qualities such as physical, chemical, and biological prop-
erties [44], as well as increasing plant development and production by making nutrients
available to the plant [45].

The VW and vermicompost leachate (VCL) are two important derivatives prepared
from vermicompost. The VW is a clear, translucent, pale-yellow fluid obtained by passing
water through a column of the vermi-worms’ excreta, which contains mucus secretions as
well as micronutrients from decomposed organic sources [46]. Khan et al. [47] reported
that VW has been utilized as an organic fertilizer for plants, and is a rich source of amino
acids, vitamins, N, P, Mg, Zn, Fe, Cu, auxins and cytokinins. The VCL is a liquid that is
collected when water drains over decomposing solids [48]. This liquid may drain out from
a traditional compost bin or a worm bin. Leachate is used as soil drench after dilution.
VCL appears to be an effective and environmental friendly VC derivative for lowering
salt’s harmful impact on bean seedlings [49]. It was demonstrated that vermicompost
promoted seed germination, root and shoot growth, proline accumulation, and oxidative
stress management (Figure 1, [50–52]). In addition, VCL alleviates salt stress by enhancing
photosynthetic efficiency, promoting antioxidant enzyme activity, and reducing electrolyte
leakage [42]. Among the various organic amendments practices, VC and VW are low-cost
techniques to reduce the detrimental impact of salts on plants (Table 1, [53]). The VC has
been shown to reduce salt toxicity and enhance the emergence rate and seedling growth
of different plants [54,55]. The VC enhances soil organic matter in salt soils by decreasing
electrical conductivity (EC), bulk density and increasing field capacity, saturated hydraulic
conductivity, and cation exchange capacity [56].

 

Figure 1. Stress relief and possible plant responses by VC, VW, BC, and PGPR.
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A number of studies show that VC enhanced salinity tolerance and improved the
morphological characteristics such as stem and root length, fresh and dry weight of root-
shoot, vigor index, leaf area, and dry weight per plant [54,57–59]. It has been reported that
VC boosted Na+ exclusion and K+ accumulation, alleviated stomatal restriction, raised leaf
pigment concentrations, improved root activity, decreased oxidative damage in Fountain
Grass, and improved salt tolerance [60]. In addition, VC application in maize and tomato
plants under salt stress improved Chl a, Chl b, Total Chl, carotenoids, CAT, POD, and SOD
and lowered H2O2 and MDA [27,61]. The addition of VC and VW to potato improved
growth metrics, plant height, stem diameter, and tuber features, reducing the impact of
salt stress [35]. Liu et al. [62] found that in coastal saline soil, VC application in maize
increased nutrient availability and soil macro-aggregates by up to 91.02 percent. The soil
amendment of VC increased exchangeable K+, Ca2+, and Mg2+, plant height, total dry
matter content, and decreased exchangeable Na+ in the saline soil [63–65]. In addition,
VC application reduced salt-induced injuries of plants grown in saline soil by increasing
relative water content, stomatal conductance, chlorophyll-a, superoxide dismutase (SOD),
ascorbate peroxidase (APX), and catalase (CAT) activities and decreased electrolyte leakage
and malondialdehyde (MDA) levels [55,66–68].

Table 1. Application of vermi-compost (VC) and its derivatives for minimizing soil salinity.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Tomato (Solanum
lycopersicum L.)

NaCl @ 150 mM VC @ 6 mL/L

Improved foliar growth, increased water
content of the leaves, reduced osmotic

potential at the root level and Na content
of the leaves; promoted the accumulation

of proline and total sugars.

[69]

NaCl @ 125 mM VCL @ 18 mLL−1
Improved plant growth and lowered Na+

deposition in salt-stressed plants; delayed
young leaf senescence.

[70]

NaCl @ 0, 50 and
150 mM VC @ 10, and 20%

Increased shoot length, stem diameter,
leaves number, root length, shoot and root

fresh, dry weight, Chl a, Chl b and
carotenoid; increased Cat; decreased
MDA; improved salinity tolerance.

[61]

Potato (Solanum
tuberosum L.)

NaCl @ 15, 20,
and 25 mM

VC @ 300, 580, and 860
g plant−1; VW @ 5-, 10-,

and 15-mL plant−1

The addition of VC and VW increased the
height of the plant and the diameter of the

stem. VC reduced salinity effects on
the plant.

[35]

2.85 dSm−1 Exogenous VC, proline
and glycine betaine

Increased growth, yield, bio-constituents
and antioxidant enzymatic activity.
Improved salt tolerance of potatoes

[71]

Maize (Zea mays L.)

NaCl @ 0, 50, 100,
150 and 200 mM

VC with bacteria
having ACC deaminase

activity

Improved seed germination and the
growth of seedlings; increased proline,
chlorophyll content and alleviated the

salt stress.

[72]

Coastal saline soil VC with humic acid
fertilizer

Increased soil macro-aggregates,
improved soil nutrient availability and

maize nutrient uptake.
[62]

NaCl @ 6, and 12
dS m−1 VC @ 5, and 10%

Increased root, shoot fresh and dry
weight; increased Chl a, Chl b, total Chl,
carotenoids; increased CAT, SOD, POD

activities; decreased H2O2, MDA content;
increased salinity tolerance.

[27]
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Table 1. Cont.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Moldavian
dragonhead

(Dracocephalum
moldavica L.)

NaCl @ 0,50, 100
and 150 mM

VC @ 0, 5, 10 and 15%
(v/v)

Increased plant biomass, chlorophyll
content and proline accumulation.

Reduced the effects of high sodium
chloride concentrations.

[59]

Lemon verbena
(Lippia citriodora) NaCl @70 mM VC @ 0%, 10% and 30%

of pot volume

Alleviated salt stress by improving the
growth and phenolic compounds of the

plants.
[73]

Basil (Ocimum
basilicum L.)

NaCl @ 0, 50 and
100 mM

Humates VC @ 0 and
1/60 v/v

Enhanced shoots and roots length, fresh
and dry biomass of root, stem, leaf and

leaf area. Reduced salinity.
[74]

Smoke tree (Cotinus
coggygria Scop.)

NaCl @ 1, 4 and 7
dS.m−1

VC @ 80% v/v soil +
20% v/v

Increased fresh and dry weight of shoots,
increased leaf area; Reduced sodium and
chloride of leaf and increased potassium.

Increased salt tolerance of plant.

[58]

Fenugreek
(Trigonellafoenum-

graecum
L.)

NaCl @ 0, 100 and
200 mM

VC @ 0, 5 and 10
weight%

Increased number of seed per pod,
number of pods, number of sub branch

and plant height. Reduced salinity effects.
[57]

Wheat (Triticum
durum Desf. cv.

Yelken)

High salt stress VC and fish flour (1:1)

Enhanced growth, seed vigor and total
phenolic-flavonoids,

chlorophyl-carotenoids contents, and
increased phenylalanine ammonialyase
(PAL), peroxidase (POD) activities. VC

decreased salinity effects.

[75]

Coastal salinity Soil amendment of VC

Increased soil macro-aggregates;
Improved shoot biomass, grain yield, soil

physical, chemical and biological
properties. Ameliorated

salt-induced stress.

[76]

Saline soil VC @ 10.0-ton ha−1;
Biochar @ 10-ton ha−1

Improved relative water content, total
chlorophyll, stomatal conductance, leaf K+

concentration; Reduced oxidative stress,
leaf Na+ concentration, and proline

content; improved yield related traits,
productivity, soil water level and chemical

properties. Eliminated the detrimental
effects of soil salinity.

[68]

Rice (Oryza sativa) Soil salinity VC and rice husk ash @
1000 kg per Rai for both

Increased exchangeable K+, Ca2+ and
Mg2+ in soil; reduced electrical

conductivity and risen tillers per clump;
improved the physiological and

biochemical responses. Increased the rice
growth in salt affected area.

[44]
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Table 1. Cont.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Lettuce (Lactuca
sativa)

NaCl @ 0, 4 and 8
dS m−1

VC @ 0, 2.5 and 5%
(w/w)

Enhanced soil organic matter, available P,
total N, available K and the cation

exchange capacity of the soils; Increased
field capacity, available water capacity,
saturated hydraulic conductivity, total

porosity, and aggregate stability;
Decreased EC values and the bulk density

of the soils.

[56]

NaCl @ 8.32
dS/m

VC 50% and pulverized
eggshell 12.5%

Decreased soil salinity for about 77%;
fasten the seed germination and

seedling growth.
[77]

NaCl @ 4, 8
dSm−1 VC 5% (w/w)

Increased P, K, Mg, Fe, Mn and Zn
concentrations; decreased Na contents.

Reduced toxic effects of salinity on
the plant.

[65]

NaCl @ 4 and 8
dSm–1

VC @ 0, 2.5 and 5%
(w/w)

Increased relative water content, stomatal
conductance, chlorophyll a content;

decreased electrolyte leakage,
malondialdehyde (MDA) contents;

increased superoxide dismutase (SOD)
and catalase (CAT) activities. Alleviated

the salt stress.

[67]

Pot marigold
(Calendula

officinalis L.)

NaCl @ 0, 50, 100,
150 and 200 mM

VC @ 0%, 5%, 10%, 15%
and 20%

Increased the activity of the antioxidant
system; increased proline and chlorophyll

content. Reduced salinity impacts and
boost-up yield.

[78]

Noni (Morinda
citrifolia L.)

Salinity stress @
0.5, 1.5, 3.0 and

4.5 dS m−1

Substrates with humus;
33.33 and 66.66% of

humus

Decreased the intensification of electrical
conductivity of irrigation water; mitigated

the negative effects of salts on plants.
[79]

Bean (Phaseolus
vulgaris L.)

NaCl @ 20, 40, 60
and 80 mmol l−1

VC: Sand = 0:100; 10:90;
25:75; 50:50 and 75:25

Increased photosynthetic rate and
potassium (K+) and calcium (Ca2+)

concentration in leaf and root; improved
the growth of bean plants. Alleviated

negative effects of salinity.

[49]

Pomegranate
(Punica granatum L.)

NaCl @ 0, 30, and
60 mM

Vermicompost leachate
(VCL) foliar spray

Leaf area, photosynthetic efficiency, and
shoot and root fresh and dry weight
significantly increased; improved the

activity of antioxidant enzymes; reduced
oxidative stress and electrolyte leakage.

VCL alleviated the damage caused by salt
stress

[42]

Tall fescue turfgrass
(Festuca arundinacea

cv Queen)

NaCl @ 0, 3, 6 and
12 dS/m

VC @ 0, 100, 200 and
300 g

Activities of CAT and APX were
increased; leaf area, shoot length and dry
shoot weight were highest. Reduced the
effects of high concentrations of sodium

chloride in saline soils.

[66]

Onion (Allium cepa
L. cv. Metan)

NaCl @ 50 and
100 mM Seed Priming with VC

Higher germination, seedling growth,
CAT, SOD and APX activities were found
in VC treated seeds. VC mitigated salinity

effects

[55]

Bell pepper
(Capsicum annuum

L.)
NaCl @ 160 mM Addition of 7 mL/L

VCL

Increased sugar concentration in roots and
proline content in leaves; increased leaf

fresh weight. VCL enhanced the property
of salt-stress resistance in bell peppers.

[52]
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Table 1. Cont.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Medicago (Medicago
rigidula L.)

NaCl @ 0, 50 and
100 mM VC @ 0, 10, 20 and 30%.

Increased plant survival capacity,
chlorophyll contents, shoot dry weight;

maximize leaf area values.
[80]

Sunflower
(Helianthus
annuus L.)

EC: 0.5, 4.8 and
8.6 dS/m VC @ 1 kg/pot

Increased plant growth, yield, nitrate and
protein content; decreased sodium (Na+),

chloride (Cl−), ammonium; Increased
N-assimilation.

[64]

Borage (Borago
officinalis)

NaCl @ 0, 4, 8 and
12 dSm−1

VC @ 0, 6, 12 and 18%
(w/w) of soil

Increased chlorophyll b, carotenoids and
MDA contents and reduced the negative

effects of salinity.
[81]

Milk thistle
(Silybum

marianum L.)

NaCl @ 0, −2, −4,
−6, and −8 bar

Superabsorbent
polymers with VC coats

Increased seedlings emergence rate, plant
vigor index, shoot dry weight, leaf area,
specific leaf area, relative water content,

and total chlorophyll.

[54]

Sugarcane
commercial variety

of ‘Bululawang
(BL)’

NaCl @
4.12 dS/m

VC @ 0, 10, 20 t/ha)
and nitrogen fertilizer

@ 50, 75 and 100 kg
N/ha

Increased N, K uptakes and the growth of
sugarcane and alleviated salinity effects. [82]

Rapeseed
(Brassica napus L.) NaCl @ 100 mM VCL (1:10, v/v)

VCL was shown to improve seed
germination and management of

oxidative stress.
[51]

Fountain Grass
(Pennisetum

alopecuroides)

NaCl @ 5.0 g per
kg soil VC

Enhanced Na+ exclusion and K+

accumulation, relieved stomatal
limitation, increased leaf pigment

contents, enhanced electron transport
efficiency and net photosynthesis,

improved root activity, and minimized the
oxidative damage.

[60]

2.2. Biochar

BC is a carbon-rich organic substance with a porous structure, a wide surface area, and
a high ion exchange ability that improves the physical qualities of agricultural soil [83,84].
A number of studies found that BC application improves the different physio-biochemical
processes such as photosynthesis, hormonal and enzymatic activity in plants and decreases
the harmful effects of salt stress on plants (Figure 1 and Table 2, [5,22,83–85]).

Morphological attributes such as seedling emergence, plant height, shoot biomass,
root biomass, leaf area, dry matter, and yield of plants under salinity stress have been
shown to be improved by BC incorporation [32,86,87]. Moreover, BC application boosted
photosynthetic rate, stomatal conductance, and transcription rate under salinity stress
conditions in wheat [84], sorghum [87], quinoa [83], and eggplant [32]. On the other hand,
the availability and uptake of different nutrients such as N, P, K in maize [88] and P, K,
Fe, Mn, Zn, and Cu in tomato [89] improved by the utilization of BC as amendment to
saline soil.

Furthermore, in saline conditions, BC traps excess Na+ in soil, releasing mineral
nutrients and decreasing osmotic stress [86]. Studies showed that the use of BC lowered the
concentration of Na+ and decreased the Na+/K+ ratio in a variety of plants, assisting in the
reduction of the negative effects of salt on plants [84,90]. Moreover, under salinity stress,
BC application improves osmotic balance by increasing water holding capacity and CO2
assimilation, which ultimately results in a better photosynthetic rate, stomatal conductance,
and transcription rate [32,83,86]. It has been reported that the leaf photosynthesis and net
assimilation rate of the rice population was greatly aided by biochar’s potential positive
effects on chlorophyll content, leaf N content, leaf area index, photosynthetic potential,
stomatal conductance, and transpiration rates [91,92]. Additionally, the biochar treatment
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greatly enhanced the salt tolerance of cabbage seedlings and dramatically raised LRWC, Chl
a, Chl b, and total Chl while reducing sucrose, proline, H2O2, and MDA [29]. In addition, BC
application reduced the effects of salt by lowering the levels of phytohormones such ABA,
ACC, and JA, as well as increasing the amount of IAA in beans [93]. Similarly, Nikpour-
Rashidabad et al. [94] reported that BC improved the vascular cylinder, parenchyma,
IAA/ABA and IAA/ACC ratios to ameliorate the effects of salinity. Furthermore, under
salt stress, the treatment with BC enhanced nodulation, nitrogen content, rubisco activity,
GDH, GS, GOGAT, and NR activities in various parts of the soybean plant [85]. Given
the findings of the preceding investigations, BC appears to be a promising strategy for
reducing salt stress and increasing plant growth and biomass in a variety of plants.

Table 2. Application of biochar (BC) for minimizing soil salinity.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Wheat (Triticum
aestivum L.)

Saline water
irrigation @ 10

dSm−1
BC @ 10, 20, 30 t/ha

Increased and relative water content,
photosynthesis. Decreased Na+/K+,

and leaf senescence.
[84]

NaCl @ 3000 ppm Soybean straw
BC

Increased plant growth, grain yield and
biomass production; increased leaf

chlorophyll content, water use efficiency,
PSII efficiency, and net photosynthesis rate;
decreased electrolyte leakage, H2O2, MDA;

increased CAT, APX, SOD, GR activities;
improved salinity tolerance.

[95]

Quinoa
(Chenopodium quinoa

L.)

Saline water
irrigation @ 400

mM
BC@ 5% (w/w)

Increased photosynthesis, stomatal
conductance, WUE and K+ content.
Decreased ABA and Na+ content.

[83]

Eggplant (Solanum
melongena L.)

Saline water
irrigation @ 2 and

4 dSm−1

Hardwood BC @ 5%,
Softwood BC @ 5%

Increased biomass, photosynthesis and
stomatal conductance. Decreased leaf

temperature and electrolyte leakage in leaf
tissue.

[32]

Maize (Zea mays L.) Saline soil Wheat straw BC @
12 t/ha

Increased LAI, Chlorophyll content, K, P
and N content. Reduced MDA, soluble

sugar, ascorbic acid and proline content.
[88]

Saline soil BC @ 5% (w/w)
Increased photosynthesis and stomatal
conductance, K+ content and K+/Na+.

Decreased ABA and Na+ content.
[96]

Soybean (Glycine
max L.)

NaCl @ 5 and
10 dSm−1

BC @ 50 and 100 g kg−1

soil

Improved nodulation, chlorophyll content,
N content, rubisco activity, GDH, GS,

GOGAT, and NR activities.
[85]

Bean (Phaseolus
vulgaris L.)

NaCl @ 6 and
12 dSm−1

BC @ 10% and 20%
w/w

Decreased Na+ concentration, PAO activity,
polyamines, ABA, ACC and JA; enhanced

IAA content.
[93]

Mungbean (Vigna
radiata L.)

NaCl @ 5 and
10 dS m−1 BC @ 50 and 100 g kg−1

Increased and relative water content, IAA
content, vascular cylinder, cortical
parenchyma areas, IAA/ABA and

IAA/ACC ratios; decreased ABA and ACC.

[94]

Sorghum (Sorghum
bicolor L.)

NaCl @ 0.26, 5.8
and 12.6 dSm−1

Soil mixer @ 2.5%, 5%
and 10% (w/w) of total

mass

Increased photosynthesis, stomatal
conductance, transpiration rate CAT, POD,

and SOD activity.
[87]

NaCl @ 0.8, 4.1,
and 7.7 dS m−1

BC @ 0, 2.5, 5, and 10%
(w/w)

Increased saddling emergence percentage,
dry matter accumulation, and relative water

content. Mitigated salinity stress.
[86]
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Table 2. Cont.

Plant Species Stress Level
Treatment and

Application Methods
Effects of Amendments References

Potato (Solanum
tuberosum L.)

NaCl @ 25 and 50
mM

BC @ 5% w/w of total
mass

Increased photosynthesis, stomatal
conductance, leaf water potential, K+

content; decreased Na+, Na+/K+ ratio and
ABA concentration.

[97]

Rice (Oryza sativa)

Saline soil BC @ 0%, 1.5%, 3.0%
and 4.5% w/w

Increased biomass, grain yield; decreased in
leaf Na+

concentration and Na+/K+ ratio; increased
in leaf K+ concentration; decreased ABA,

MDA content; increased leaf photosynthesis
rates (Pn), transpiration rates (Tr), stomatal

conductance (Gs); improved
salinity tolerance.

[91]

NaCl @ 3 g
per kg soil BC application

Decreased the value of EC, soluble Na+ and
Cl− contents; increased CEC, SOM, HA,

total nitrogen, and total phosphorus
contents in the soil; increased soil

microbial community.

[92]

Cabbage (Brassica
oleracea)

NaCl @ 0 and
150 mM BC @ 0%, 2.5%, and 5%

Increased stem diameter,
leaf area, shoot fresh weight, root fresh
weight, shoot dry weight, and root dry

weight; decreased malondialdehyde (MDA),
hydrogen peroxide

(H2O2), proline, and sucrose content;
reduced Cl and Na concentration, and

reactive oxygen species (ROS) production;
increased CAT and SOD activities.

[29]

Borage (Borago
officinalis)

NaCl @ 1250,
2500, 5000, and
7500 mg per kg

soil

BC @ 5%

Decreased leaf water potential (Yw),
osmotic potential (Ys), water saturation
deficit (WSD); increased relative water

content (RWC), water content (WC), and
water retention capacity (WTC); increased

K+, and K+/Na+ ratio; decreased MDA,
H2O2; increased POD, SOD activities;

improved salinity tolerance.

[98]

2.3. Bio-Fertilizer

BFs are one kind of fertilizer that contains living cells from various microorganisms
and can transform via biological mechanisms; nutrients are converted from the inaccessible
to the accessible form [99,100]. Recently, many studies have described the potential of
BF in salt tolerance enhancement (Table 3). The application of BF in wheat seedlings
lessened the negative effects of salinity by increasing chlorophyll content and decreasing
proline content, and improved plant growth and yield [28,37]. Under salt stress, amaranth
enhanced plant height and biomass production [101]. It has also been reported that the
application of BF to lavender enhanced its capacity to withstand salt stress by increasing
morphological attributes and RWC, Chl a, Chl b, and total Chl content as well as its essential
oil output [102]. Similarly, BF application on wheat (Triticum aestivum L.), okra (Abelmoschus
esculentus L.), yellow passion fruit (Passiflora edulis), cowpea (Vigna unguiculata L.), corn (Zea
mays L.), and olive plants (Olea europaea L.) enhanced growth and yield metrics, micro and
macronutrient content, and relieved salinity-related detrimental effects [28,37,38,103–106].
Souza et al. [104] showed that in yellow passion fruit, BF application reduced the salt
stress and enhanced the absolute growth rate, side branches, and yield. In addition, BF
application to olive and papaya plants increased growth and plant biomass, improved
osmotic adjustments between root and soil, increased microbial activity in the rhizosphere
zone, and reduced the toxic effects of salts [106,107].
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BF application increased antioxidant activity through the up-regulating of POX, SOD,
and CAT, and reduced MDA and H2O2 production in lettuce (Lactuca sativa L.), safflower
(Carthamus tinctorius L.) and cowpea (Vigna unguiculata L.) [105,108,109]. Al-Taey and
Majid [108] found that the functions of POD, CAT, SOD, and MDA were increased as a
result of the increased salinity stress in lettuce (Lactuca sativa L.). It has been reported that
BF ameliorates the effects of salt stress via the production of phytohormones (IAA, CK, and
ABA) and secondary metabolites (proline) in plants [109–111].

Overall, the discussion concluded that BFs increased plant growth and production
while also inducing salt tolerance by enhancing antioxidant enzyme activities, secondary
metabolite accumulation and phytohormone synthesis.

Table 3. Bio-fertilizer used for mitigating soil salinity.

Plant Species Stress Level
Treatment and Application

Methods
Effects of Amendments References

Wheat (Triticum
aestivum L.)

NaCl @ 0, 3000,
6000, 9000 ppm

Cerealien, Phosphorien and
Cerealien + Phosphorien in

addition mix-up with
wheat grains.

Increased growth, dry matter
accumulation, and yields. Decreased
proline content. Improved salinity

tolerance.

[37]

NaCl @ 0, 2.76,
5.53, and

8.3 dSm−1

Four (04) biofertilizer treatments
were applied: not at all

biofertilizer; seed injection by
Azotobacter chroococcum

Beijerinck strain 5; Pseudomonas
putida (Trevisan) Migula strain

186; joint inoculation of
Azotobacter + Pseudomonas

Increased chlorophyll index, relative
water content, and grain yield.
Concentrated dry matter, stem

reserve mobilizations to grain yield
and decreased proline content.

[28]

Lettuce (Lactuca
sativa L.)

Irrigated with
saline water @

1.2 dSm−1
Biofertilizer @ 5 kg/ha

Increased POD, CAT, MDA, SOD
activities. Decreased disruption of
endohormones, osmotic stress and

mitigates salinity stress.

[108]

Geranium plant
(Pelargonium
graveolens L.)

Irrigated with
saline water

NaCl1: NaC12
(1:1)

(Half dose of compost + Bio) &
(full dose of peanut compost +

Bio) added to the pot.

Increased oil percentage but N, P, K
contents remained unchanged.
Improved yield and mitigated

salinity stress.

[112]

Okra (Abelmoschus
esculentus L.)

Irrigated with
saline water with
3 levels 0.47, 2, &

4 dSm−1

Biofertilizers + Ascorbic acid @
100 & 200 mgL−1 was applied.

Increased chlorophyll content,
growth and yield but deceased

ascorbic acid and proline content in
okra plants.

[38]

Barley (Hordeum
vulgare) & Broad
beans (Vicia faba)

Irrigated with
saline water @ 0,
−1, −3, −5 Mpa

Seeds were presoaked with
biofertilizer (2 mL of

nanomaterial + 10 mL
cyanobacterial (algal culture) +
10 mL rhizobacterial strain + 10
mL MeSA) for one day and 12 h
and then added to the saline soil.

Increased bioavailability of
nutrients, production of growth
hormones and bio-stimulants.

Decreased Na+, Cl−, and proline
concentrations ultimately

reduced salinity.

[113]

Yellow passion fruit
(Passiflora edulis)

Irrigated with
saline water (EC
0.35 & 4 dSm−1)

Soil applied biofertilizer @ 0
and 50%

Increased absolute growth rate,
period for pruning the side branches,

and yield, and decreased the
adverse effect of salinity.

[104]

Soybean (Glycine
max L.)

Saline water @
3.13, 6.25, 9.38

dSm−1

Seeds were inoculated with
bio-fertilizers and applied on the

field.

Increased ascorbic acid, total indoles,
a- amylase activity and polyphenol

oxidase, decreased total soluble
phenols, total soluble sugars and

free proline. Decreased the
salinity effects.

[114]
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Table 3. Cont.

Plant Species Stress Level
Treatment and Application

Methods
Effects of Amendments References

Safflower
(Carthamus

tinctorius L.)
NaCl @ 250 mM Coated seeds with biofertilizers

& sugars were applied to the pot.

Increased antioxidant enzymes
(SOD, CAT, POD, and APX),

decreased proline and
malondialdehyde (MDA). Improved

salinity tolerance

[109]

Peanut (Arachis
hypogaea L.)

Irrigated with
saline water @ 0.5,

1.5, 2.5, 3.5, 4.5
and 5.5 dSm−1

Biofertilizer @ 15, 30 and 45

In the peanut, it promoted higher
vegetative growth and improved

photosynthesis rate. Decreased soil
salinity and improved yield.

[115]

Cowpea (Vigna
unguiculata L.)

NaCl @ 25, 50,
100, 200, and

300 mM

Biofertilizers mixed with sand @
0.8 g/Kg

Increased growth parameters, total
pigments, protein, proline contents

and activities of SOD and CAT.
Reduced H2O2 production and

alleviated salinity stress.

[105]

Pitombeira
seedlings (Talisia

esculenta)

NaCl @ 0.8, 2, 4, 6,
8 dSm−1

Biofertilizer @ 10% of the
total volume

Increased plant height, stem
diameter, number of leaves, leaf

area, total leaf area, Dickson quality
index, dry mass of root and stem.

Mitigated the harmful effects
of salinity.

[116]

Cotton (Gossypium
hirsutum L.) NaCl @ 15 dSm−1 Seeds were coated with

biofertilizers.

Increased shoot growth, root growth
and yield. Decreased leaf gas

exchange characteristics.
[117]

Corn (Zea mays L.)

Irrigated with
saline water @
0.47, 2.50, and

3.90 dSm−1

Biofertilizer “Halix” was applied
as an inoculum to corn seeds

before cultivation.

Increased the concentrations of
macro and micronutrients, total
chlorophyll, and ascorbic acid in

maize plants, as well as mitigated
the negative effects of salinity

on corn.

[104]

Olive (Olea
europaea L.)

Irrigated with
saline water @
2000, 3000 and

4000 ppm

Biofertilization treatments
control, Azotobacter chroococcum,

Mycorrhizae (Glomus
macrocarbium) and mix of
Azotobacter chroococcum +

Mycorrhizae

Enhanced growth and plant biomass,
improved microbial activity in the

rhizosphere zone. Decreased
intensity of salt toxic effects.

[106]

Papaya (Carica
papaya L.)

Irrigated with
saline water @ 0.5,

1, 2, 3 and 4
dSm−1

Biofertilizer applied @ 10% of
the substrate volume.

Enhanced growth and plant
biomass, provided greater osmotic
adjustments between root and soil

solution, increased absorption
efficiency of water and essential

nutrients stimulating plants to grow.
Decreased intensity of salt toxic

effects on growth.

[107]

Amaranth
(Amaranthus tricolor

L.)

NaCl @ 0, 2500,
5000, 7500, and

10,000 ppm

Bacillus sp., Lactobacillus sp.,
Saccharomyces sp., Streptomyces

sp., Azospirillum sp., Pseudomonas
sp., Azotobacter sp., Rhizobium sp.

Increased plant height, number of
leaves, and stem metaxylem

diameter.
[101]

Lavender
(Lavandula
angustifolia)

NaCl @ 0, 50, and
100 mM

Azotobacter, Azospirillum, and a
combination of Azotobacter and

Azospirillum

Increased plant height, stem length,
root length, fresh weight, dry
weight, relative water content,

chlorophyll a, chlorophyll b, total
chlorophyll, and essential oil yield;

improved salinity tolerance.

[102]
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2.4. PGPR

Plant-growth-promoting rhizobacteria (PGPR) are microorganisms that colonize plant
roots and are used as chemical alternatives in agricultural fields for crop production and
protection [6,118]. PGPR, which are resistant to salinity, help the plants to endure salty
conditions. These plant-associated rhizobacteria can synthesize a variety of substances, in-
cluding extracellular polymeric substance, 1-aminocyclopropane-1-carboxylate deaminase,
phytohormones, antioxidants and volatile chemical compounds [6,30]. Gao et al. [119]
reported that rhizosphere bacteria reduce salt stress while promoting plant development
by supplying nitrogen, phosphate, potassium, auxin, cytokinin, and abscisic acid to plants.
During several field tests, crops grown under saline soil conditions responded favorably to
the utilization of PGPR in terms of growth and yield (Table 4). Kumawat et al. [120] in his
study revealed that PGPR increased seed germination, height of the plant, biomass, and
chlorophyll contents under salt stress that ameliorate the negative effects of soil salinity. Wa-
ter potential and stomatal opening is a crucial plant physiological activity for their survival
which even salinity-stressed condition were found to be modified by PGPR to compensate
salt stress [121,122]. For example, Enterobacter cloacae, Pseudomonas fluorescence, Bacillus
pumilus, and Exiguobacterium aurantiacum were found to greatly alleviate the toxic effect
of salt stress in Triticum aestivum plants [122,123]. Moreover, Ali et al. [124] reported that
under salt stress circumstances, Enterobacter cloacae PM23 boosted maize growth, biomass,
photosynthetic pigment contents, carotenoids, and relative water content compared to
control treatment. Similar effects were observed when co-inoculation of Rhizobium sp. and
Enterococcus mundtii in Vigna radiata were carried out and obtained the grain production
was improved under saline stress by regulating ion homeostasis [120]. Additionally, when
infected with B. megaterium, Solanum lycopersicum and Arabidopsis thaliana both grew roots,
shoots, and more leaves under salt stress [125,126]. Furthermore, S. marcescens inoculation
enhanced Triticum aestivum shoot length, fresh weight, and chlorophyll (Chl) content [127].
Under saline stress conditions, the Enterobacter cloacae in Brassica napus enhanced seedling
development [128]. Inoculating Triticum aestivum with Pseudomonas fluorescens led to similar
outcomes, as did inoculating Oryza sativa with Alcaligenes faecalis, B. pumilus, and Ochrobac-
trum sp. [129]. In addition, the application of some PGPR has been shown to improve
nodule formation and fix nitrogen in plants under salt stress [130]. For example, Rhizobium
sp. and Bradyrhizobium japonicum’s co-inoculation improved root nodule formation in
Glycine max compared to control conditions, resulting in increased stress tolerance, plant
growth, and higher yield [130]. Likewise, Bacillus aryabhattai and Azotobacter vinelandii
inoculation enhanced root nodule numbers and N-contents in Trifolium repens compared
with the non-inoculated plants [131]. However, PGPR not only increased nodule numbers
but also increased plant dry weight, shoot dry weight, the extent of nitrogen yield and
protein content in some applications [132].

Many studies described that PGPR can alleviate the salt-induced growth inhibition
of plants by positively regulating ion homeostasis and antioxidant enzyme activity, im-
proving photosynthetic attributes, secondary metabolite accumulation, and oxidative stress
reduction (Figure 1 and Table 4, [6,118,133,134]). For instance, the use of PGPR reduced
the negative effects of salinity in pea (Pisum sativum) by enhancing the plants’ proline
and soluble sugar contents while lowering sodium (Na+) contents, which in turn reduced
the amount of electrolyte leakage and H2O2 content [135,136]. In addition, the harmful
effects of salinity are reduced by PGPR via declining lipid peroxidation and ROS in wheat
plants [137]. Singh et al. [125] and Kumawat et al. [120] reported that PGPR alters the
selectivity of Na+, K+, and Ca2+ under salt stress and thus maintains ionic balance due
to ion homeostasis. Moreover, inoculating Pseudomonas sp. or Glutamicibacter sp. with
the halophte Suaeda fruticosa led to noticeably greater shoot dry weight and decreased
buildup of Na+ and Cl− in shoots of salt-treated plants [138]. Similarly, the Piriformospora
indica inoculation in Zea mays decreased K+ flow from roots while increasing K+ concen-
tration in shoots under saline condition; this effect may be linked to a high-affinity K+

transporter where PGPR produced a proton-driven force through H+-ATPase [139]. More-
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over, Azotobacter isolates under salinity stress had greater K+/Na+ proportions in shoots
and decreased Na+ and Cl− amounts in maize leaves [140]. Additionally, some PGPR
lowered Cl2 and NO2 concentrations and increased the K+/Na+ ratio, which contributed
to enhanced stomatal conductance, and maintained hormonal balance and photosynthesis
under salt stress [6,141]. It has also been reported that PGPR incorporation enhances the
synthesis of the phytohormone that improves salt stress tolerance [6]. Such as, Some PGPR
i.e., Thalassobacillus denorans, Oceanobacillus kapialis, Pseudomonas strains, Bacillus tequilensis
and Bacillus aryabhattai synthesized more auxin and ABA, accumulated osmolytes in cell
cytoplasm that sustain their cell turgor to make ensure plant growth under osmotic stress
in Oryza sativa to endure high saline conditions [142]. In addition to the mechanisms
mentioned above, in order to survive under salt stress, PGPR may alter salt tolerant gene
expressions. The expression of TaABARE, TaOPR1, TaMYB, TaWRKY, TaST, SOS1, SOS4,
TaNHX1, TaHAK, and TaHKT1 genes were up-regulated in PGPR inoculated plants lead-
ing to the expression of stress related genes [143,144]. According to the findings, salinity
tolerance genes ZmNHX1, ZmNHX2, ZmN HX3, ZmWRKY58, and ZmDREB2A were
up-regulated, as well as the antioxidants ZmGR1 (Zea mays glutathione reductase) and
ZmAPX1’s (Zea mays ascorbate peroxidase) transcript levels [145,146]. Moreover, salin-
ity tolerance was increased when PGPR enhanced antioxidant enzymes’ gene expression
such as CAT, POD, APX, MnSOD, GR and GPX in inoculated plants [143]. Furthermore,
according to Ali et al. [124], the inoculation of maize with Enterobacter cloacae PM23 in-
creased APX, SOD, POD, total soluble sugars, and proteins while decreasing flavonoids
and phenolic contents under salt stress. Additionally, in Suaeda fruticosa under high salinity,
Glutamicibacter sp. inoculation dramatically decreased MDA levels while enhancing the
activities of SOD, CAT, APX, and GR. Habib et al. [147] reported that salinity circumstances
in the okra plant led to greater synthesis of APX and CAT by B. megaterium and Enterobacter
sp. It has also been found that the treatment of Arabidopsis seedlings with Enterobacter sp.
increased APX function and boosted salt tolerance [148]. Thus, from the reports of the
studies it is apparent that the exogenous application PGPR could bring positive growth and
yield results within the plants under saline condition and can be considered as a promising
modern agronomic tactic to develop the plants survival under a saline environment. In
future, dealing with extensive molecular research may reveal the efficacy of PGPR isolates
and mechanisms to improve its stress responsive capability within the short duration in a
wide area for sustainable agricultural production.

Table 4. Effects of PGPR on plant growth enhancement and salinity stress mitigation.

Plant Species PGPR Inoculation Salinity Stress Effects of Inoculation References

Wheat (Triticum
aestivum)

Pseudomonas fluorescence, Bacillus
pumilus, and Exiguobacterium

aurantiacum
10% NaCl solution

Maximum root growth and dry
biomass was observed; higher in
proline and total soluble proteins

contents; antioxidant activity
improved; improved water and

osmotic potential.

[122]

Enterobacter cloacae 10% and 15% NaCl
solution

Decreased the accumulation of Na+

and increased K+ uptake in shoots and
roots; higher K+/Na+ ratios; improved

antioxidant activity.

[123]

Bacillus subtilis and
Arthrobacter sp. 2–6 dSm−1

Improved antioxidant activity;
increased in dry biomass, total soluble

sugars and proline content.
[135]

Dietzia natronolimnaea 100 and 150 mM
NaCl

Modulated the expression of stress
responsive genes; improved ion

transporters TaNHX1, TaHAK, and
TaHKT1; improved the activities of

antioxidant enzymes.

[143]

297



Life 2022, 12, 1632

Table 4. Cont.

Plant Species PGPR Inoculation Salinity Stress Effects of Inoculation References

Serratia marcescens 150–200 mM NaCl

Higher osmo-protectants and growth
parameters; higher K+/Na+ ratios;

increased SOD, APX, and
CAT activity.

[127]

Maize (Zea
mays)

Kocuria rhizophila 100 and 200 mM
NaCl

Improved IAA and the ABA activity;
upregulation of salt tolerant genes
ZmNHX1, ZmNHX2, ZmNHX3,

ZmWRKY58 and ZmDREB2A; higher
K+/Na+ ratios; improved the growth

parameters; higher chlorophyll,
proline, and total soluble

sugar content.

[146]

Azotobacter chroococcum 0, 2.93 and 5.85 g
NaCl/kg soil

Increased in biomass and stomatal
conductance; higher K+/Na+ ratios;

improved antioxidant enzyme activity.
[140]

Enterobacter cloacae 0, 300, 600, and
900 mM NaCl

Enhanced plant growth, biomass, and
photosynthetic pigments under
salinity stress; enhanced radical

scavenging capacity, RWC, soluble
sugars, proteins, secondary

metabolite content.

[124]

Piriformospora indica 500 μM KCl and
100 μM CaCl2

Higher biomass and stomatal
conductance; lower K+ efflux from
roots and higher potassium content

in shoots.

[139]

Soybean
(Glycine max)

Rhizobium sp. Bradyrhizobium
japonicum and Hydrogenophaga

sp.

100, 250, and
500 mM NaCl

solution

Higher shoot biomass at the
vegetative stage, reproductive stages;

improved seed weight and shoot
K+/Na+ ratio.

[130]

Methylobacterium aminovorans
and Methylobacterium rhodinum;
Bradyrhizobium japonicum and

Bacillus megaterium

0.170 dSm−1

Increased nodule numbers and dry
weight of nodules; significantly
increased in N, P and K; higher
number of pods, seed index and

seed yield.

[132]

Rice (Oryza
sativa)

Pseudomonas pseudoalcaligenes and
Bacillus pumilus

5, 10, 15, 20, and 25
g NaCl L−1

Reduced lipid peroxidation and
superoxide dismutase activity;

reduced plant cell membrane index
cell caspase-like protease activity, and

programmed cell death.

[137]

Bacillus amyloliquefaciens 120 and 250 mM
NaCl

Higher synthesis of amino acids;
improved endogenous SA and ABA;

improved plant physiology.
[142]

Mung bean
(Vigna radiate)

Rhizobium sp. and
Enterococcus mundtii 10% NaCl solution

Higher seed germination and seedling
growth and biomass; enhanced

chlorophyll content and
macro-micronutrient uptake;

improved soil physical, chemical and
biological parameters.

[120]

Barley (Hordeum
vulgare)

Bacillus megatherium,
Pseudomonas fluorescens,

Bacillus circulans, Paenibacillus
polymyxa, Azotobacter

chroococcum, Azospirillum sp.
Paenibacillus polymyxa2,
Azospirillum brasilense,

Hyderella sp.

250, 500 or 1000
mM NaCl

Alleviated the deleterious effect of
salinity; higher dry masses and

relative water content.
[133]
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Table 4. Cont.

Plant Species PGPR Inoculation Salinity Stress Effects of Inoculation References

Pea (Pisum
sativum)

Acinetobacter bereziniae,
Enterobacter ludwigii, and

Alcaligenes faecalis

75 mM, 100 mM
and 150 mM NaCl

Improved the growth parameters;
higher chlorophyll, proline, and total

soluble sugar content; improved
electrolyte leakage; improved the
activities of antioxidant enzymes.

[136]

Pepper
(Capsicum
annuum)

Azospirillum brasilense and
Pantoea dispersa

40, 80 and 120 mM
NaCl

Higher K+ /Na+ ratio; improved leaf
photosynthesis and stomatal

conductance.
[141]

Burclover
(Medicago sp.)

Bacillus megaterium, E. medicae,
Ensifer Medicae and B. megaterium 0–2000 mM NaCl

Improved IAA and the ACC
deaminase activity; higher

chlorophyll, proline, and total soluble
sugar content.

[125]

Okra
(Abelmoschus

esculentus)

Bacillus megaterium and
Enterobacter sp. 75 mM NaCl

Enhanced ROS-scavenging enzyme
activity; increased antioxidant enzyme
SOD, APX, and CAT; upregulation of
ROS pathway genes CAT, APX, GR,

and DHAR.

[147]

Suaeda fruticosa Glutamicibacter sp. and
Pseudomonas sp. 600 mM NaCl

Increased shoot K+ and Ca2+ content;
lowered shoot MDA concentration

and less accumulation of Na+ and Cl−
in shoots.

[138]

Rapeseed
(Brassica napus) Enterobacter cloacae 50 and 100 mM

NaCl

Promoted seed germination and
seedling growth; improved

chlorophyll, water potential and other
physiological activity.

[128]

Avena sativa,
Medicago sativa,

and Cucumis
sativus

Advenella incenata, Providencia re-
Ttgeri, Acinetobacter calcoaceticus,

and Serratia plymuthica
Salinity stress

Enhanced ROS-scavenging enzyme
activity; increased SOD, APX, and

CAT activity; enhanced plant growth,
and photosynthetic pigments.

enhanced RWC and proteins, content

[145]

Tomato
(Solanum

lycopersicum)
Bacillus megaterium 200 mM NaCl

Improved the growth parameters and
biomass; higher chlorophyll, proline,

and total soluble sugar content.
[126]

3. Limitation of Organic Amendments and Future Perspectives

The organic amendments have particular physiochemical features and their applica-
tion in soil has a great influence on soil properties as well as plant growth and development.
It has been apparent from the above discussion that external organic activities operate as a
powerful growth regulator, enhancing plant growth performance in salt-stressed environ-
ments. Although organic farming approaches are particularly beneficial for agricultural
production in salt, they do have certain drawbacks.

• Its preparations, which are organically altered as natural weathering processes, need
more labor, time, space, and raw resources.

• More experienced and skilled people, as well as scientific understanding, are required
to maintain environmental conditions such as temperature, moisture, and respiration.

• Some organic methods, such as vermicomposting, biochar, and bio-fertilizer, emit
a foul stench and attract flies. On the worm-feeding materials, harmful molds and
bacteria are frequently produced in some cases.

Regardless of the fact that organic amendments take longer to prepare and require
additional forms of management. In order to increase plant nutrition in salt-stressed
agroecosystems, numerous proactive and preventive strategies have been used over time,
with well-defined adverse effects. Numerous methods, such as organic amendments,
have shown to be highly efficient in easing different agricultural restrictions, such as salt
stress. Multidisciplinary approaches and solutions, driven not only by plant and agri-
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environmental scientists but also by experts from other fields (remote sensing, artificial
intelligence, machine learning, big data analyses, etc.), can produce very helpful tools for
detecting, guarding against, and controlling salinization, thereby minimizing the harm
brought on by salt stress. However, many reports have been published about the role of
organic amendments in the alterations of physio-biochemical reactions to plants under salt
stress. To counteract salt stress, however, additional approaches and strategies based on
breeding assisted by genetic markers, genome editing, and advanced biotechnological pro-
cedures can be applied in addition to all standard treatments. In addition, there is currently
a paucity of knowledge regarding how secondary metabolites, distinct stress-responsive
genes, and the primary metabolic pathways that govern due to salinity. More studies are
required to better understand the morphological, physio-biochemical, transcriptomics,
and proteomics of organic amendment application in a saline environment to improve
crop productivity.

4. Conclusions

Abiotic stressors are significant barriers that reduce agricultural yields around the
world. One of the most damaging environmental variables limiting agricultural produc-
tivity is salinity. Salinity-induced oxidative stress and Na+ ion absorption lead to cellular
damage including ionic instability, which inhibits growth and has detrimental effects on the
morphological and biochemical characteristics of plants. It is absolutely necessary to look
for environmentally sound and long-term solutions to reduce the negative effects of salt on
plants. However, these negative impacts of salinity were lessened by the applications of VC,
VW, BC, BF, and PGPR. It is clear from the discussion that VC, VW, BC, BF, and PGPR pro-
mote plant growth and increase salt tolerance by maintaining ionic homeostasis, enhancing
antioxidant enzyme activities, lowering osmotic and oxidative stress, and regulating gene
expression, all of which lead to improved plant growth and productivity. Although several
studies on the regulatory functions of VC, VW, BC, BF, and PGPR in various crops under
salt stress have been carried out, there is still much that needs to be investigated at the
molecular, biochemical, and physiological level.
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Abstract: Dendrobium catenatum is an important herb and widely cultivated in China. GDSL-Type
Esterase/Lipase proteins (GELPs) are widely distributed in plants and play crucial roles in stress
responses, plant growth, and development. However, no identification or functional analysis of
GELPs was reported in D. catenatum. This study identifies 52 GELPs in D. catenatum genome, which
is classified into four groups by phylogenetic analysis. Four conservative blocks (Ser-Gly-Asn-His)
are found in most GELP domains. Transcriptome analysis reveals the expression profiles of GELPs in
different organs and flowering phases. Co-expression analysis of the transcriptome and lipidome
identifies a GELP gene, Dca016600, that positively correlates with 23 lipids. The purified Dca016600
protein shows the optimum pH is active from 8.0 to 8.5, and the optimum temperature is active from
30 ◦C to 40 ◦C. The kinetic study provides Vmax (233.43 μmol·min−1·mg−1) and Km (1.49 mM) for
substrate p-nitrophenyl palmitate (p-NPP). Integrated analysis of the transcriptome and proteome
identifies a GELP gene, Dca005399, which is specially induced by freezing. Interestingly, Dca005399
shows high expression in symbiotic germination seeds and sepals. This study provides new insights
into the function of D. catenatum GELPs in plant development and stress tolerance.

Keywords: Dendrobium catenatum; lipase; multi-omics; expression pattern; gene family

1. Introduction

GDSL-Type Esterase/Lipase proteins (GELPs) are a variety of hydrolytic enzymes with
broad substrate specificity and regiospecificity, with thioesterase, protease, arylesterase,
and lysophospholipase activity [1]. The conserved GDSL motif contains four invariant
important catalytic residues Ser, Gly, Asn, and His, which are also named SGNH hydro-
lases [2]. GELPs contain many members and widely exist in plants, such as more than
100 members in rice [3], 105 members in Arabidopsis [4], and 194 members in soybean [2].
GELPs have been suggested to play crucial roles in plant development and metabolism. In
rice, most GELPs are highly expressed in germinating seeds and are responsible for lipid
homeostasis [5]. GELPs also modulate phytohormone signaling in plant growth. A GDSL
lipase gene (LIP1) in Arabidopsis is induced by GA and repressed by DELLA proteins, which
mediates the enhanced germination potential [6]. GELPs are involved in auxin-induced
processes of suberin polymerization and degradation in root development [7]. MHZ11
encodes a GDSL-family lipase with acyl-hydrolyzing activity and is induced by ethylene.
MHZ11 also acts with the ethylene receptor ETHYLENE RESPONSE SENSOR2 (OsERS2)
and impairs CONSTITUTIVE TRIPLE RESPONSE2 (OsCTR2) phosphorylation for trigger-
ing ethylene signaling in rice [8]. The DAD1 (defective in anther dehiscence1) gene belongs to
the GELP family and encodes a particular phospholipase A1 (PLA1) that participates in
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jasmonic acid (JA) biosynthesis and linolenic acid metabolism. The defects of DAD1 lead
to anthers dehiscence, pollen maturation, and flower opening [9]. Moreover, GELPs are
closely associated with stomata development and are involved in plant response to abiotic
stress. A total of 19 putative GELPs control stomatal dynamics, development, and plant
water composition in Arabidopsis [10]. GELP is required for wax biosynthesis of stomatal
cuticular and affected plant drought tolerance in Arabidopsis [11]. Soybean GELP28 can
enhance the drought and salt tolerance of plants [2], but its biological function is still
unknown in vivo.

Dendrobium is a large subfamily of orchids including D. chrysotoxum, D. huoshanense,
D. catenatum, etc. [12,13]. D. catenatum is an important herb in southeast China, which
has valuable medicinal components, such as polysaccharides, alkaloids, terpenoids, and
flavonoids [14]. Recently, a total of 74 terpene metabolites are identified in D. catenatum
and a high content of amyrenones is first found in the root [15]. Amyrenones have anti-
hyperglycemic, lipid-lowering, and anti-obesity effects in vivo [16]. Thus, D. catenatum
growth and development deserve attention. Our previous transcriptomic analysis hints
that photosynthesis and membrane lipids are affected during freezing treatment (FT) and
post-recovery freezing (FR) [17]. Proteome and lipidome analyses were further performed
to investigate the lipid turnover during freezing and thawing. GELP family members play
important roles in plant growth and lipid metabolic regulation [1,18]. Thus, we want to
create a supporting basis for the functional prediction of the GELPs family in D. catenatum
and identify the key candidate GELPs genes for further detailed functional study.

2. Results

2.1. Comprehensive Identification of GDSL Esterase/Lipase Protein (GELP) Family

Based on the phylogenetic analysis of 52 GELPs from D. catenatum genome, the GELP
family was divided into four groups (Figure 1a). A total of 20 conserved motifs were
predicted with MEME and displayed in Figure S1. Motifs 1, 2, 3, and 4, respectively,
represented the conserved blocks I, II, III, and V of the GELP family, which are present in
almost all proteins (Figure 1b). To investigate the expression profiles of the GELP family in
D. catenatum growth, two transcriptome data sets were selected for analysis [19,20]. The
organ-specific expression patterns indicated that half of GELPs were primarily expressed
in flowers (Figure 1c). Furthermore, expression levels of GELPs were detected during
different flowering phases. About half of all GELPs were highly expressed in S1, and the
rest were highly expressed in S2 and S3, respectively (Figure 1d). GELPs biological activity
was tightly correlated with lipid metabolism. Seven lipid categories were identified from
the lipidome (Table S1). Clustering analyses of the lipidome of four tissues revealed that
most of the lipids were highly accumulated in leaf tissue. Three sphingolipids and one
glycerolipid were highly accumulated in the root. Fatty acid (FA), ceramides (Cer), and
hexosyl sphingosine (Hex1SPH) were highly accumulated in flowers (Figure 1e). These
results hinted that organ-specific expression patterns of GELPs were associated with lipid
tissue distribution.

2.2. Identification and Characterization of Dca016600

To explore the key GELPs involved in lipid metabolism, the co-expression analysis
revealed that 38 lipids and 35 GELPs were highly correlated (Pearson correlation coeffi-
cient > 0.9 or <−0.9), which generated 72 positively correlated pairs and 11 negatively
correlated pairs (Figure 2a). Among them, Dca016600 had 23 positively correlated pairs
with lipids (Figure 2a). A total of 504 GELPs from six species of plants were used to
construct a phylogenetic tree (Figure S2). This result indicated that Dca016600 was close
with O. sativa and P. equestris homologs (Figure 2b). However, these homologous proteins
had no reported function. The recombinant Dca016600-His protein, which had a molec-
ular weight of 33.28 kDa (signal peptide was cut off), was expressed in E. coli and was
purified for lipase activity assay (Figure S3). Dca016600 was active from pH 7.0 to pH
9.0, with the optimum pH at 8.0 and 8.5 (Figure 2c). The optimum temperature of puri-
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fied Dca016600 was 30 ◦C, but it was still active at 40 ◦C (Figure 2d). Under optimum
reaction conditions, 30 ◦C and pH 8.0, Vmax and Km of purified Dca016600 were detected
and calculated as 233.43 μmol·min−1·mg−1 and 1.49 mM by Lineweaver-Burk plot, respec-
tively (Figures 2e and S4). These results suggest that Dca016600 may be responsible for
intracellular lipid catabolism.

Figure 1. Comprehensive identification of GELP family. (a) Phylogenetic analysis of GELPs in
D. catenatum. A total of 52 GELPs were used to construct the unrooted maximum-likelihood phyloge-
nies. (b) Domain organization of GELPs. Conservative blocks (Block I, II, III, and V) of GELPs were
shown from up and down. Conservative amino acid residues Ser-Gly-Asn-His in blocks are marked
by black triangles. (c) Expression patterns of GELP genes in different tissues. (d) Expression patterns
of GELP genes in three flowering phases. S1, the flower buds were green in the early developmental
stage; S2, the flowers had purple pigmentation in the columns and the lips; S3, the sepals and petals
had turned yellow and red. (e) Lipidome analysis of four tissues in D. catenatum. Raw data is shown
in Table S1. Lipid abbreviations is listed in Table S2. Color scales represented the values of log2 in
gene expression levels or lipid content.
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Figure 2. Identification and characterization of Dca016600. (a) Correlation analysis of lipidome and
GELP expression levels. The dotted and solid lines, respectively, represent positive and negative
correlations. The thickness of the line is determined by a Pearson correlation coefficient >0.9 or
<−0.9, respectively. The dot sizes and colors represent the correlated number of lipids and genes.
(b) Phylogenetic analysis of Dca016600 was intercepted to Supplemental Figure S2. Effects of pH (c),
temperature (d), and the effect of substrate concentrations (e) for Dca016600 activity. Data represent
the mean ± SD of three independent experiments. Km and Vmax values are determined using
Lineweaver-Burk plot in Figure S4.

2.3. Identification and Expression Analysis of Dca005399

D. catenatum was greatly affected by cold damage during winter. Our previous
study had been performed using metabolome and transcriptome to reveal the response
of D. catenatum during freezing (FT) and post-freezing recovery (FR) [17]. Furthermore,
only one lipase, Dca005399, was significantly changed during FT and FR at the transcrip-
tional and translation levels (Figure 3a,b). The protein and mRNA expression levels of
Dca005399 were significantly decreased in FT vs. CK, while significantly increased in
FR vs. CK. Phylogenetic analysis showed that Dca005399 was close with AT3G16370 of
Arabidopsis (Figure 3c). AT3G16370 (GGL19) was preferentially expressed in leaf guard cells,
filaments, and sepals [10]. Our data also found that Dca005399 was highly expressed in
flowers, especially in sepals (Figures 1c and 3d). Interestingly, Dca005399 showed evident
expression in seed germination, and especially high expression in symbiotic germination
seed (Figure 3d). These results suggested that Dca005399 had important roles in cold stress,
plant development and growth.
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Figure 3. Identification and expression analysis of Dca005399. (a) The relationship between changes
in protein and mRNA abundances in FT vs. CK. (b) The relationship between changes in protein
and mRNA abundances in FR vs. CK. The colored points indicate significant upregulation or
downregulation of protein and mRNA levels. CK, control condition; FT, freezing treatment; FR,
post-freezing recovery. (c) Phylogenetic analysis of Dca005399 was intercepted to Supplemental
Figure S2. (d) Tissues expression analysis of Dca005399. Data represent the mean ± SD of three
independent experiments. MS, mature seed; SGS, symbiotic germination seed; AGS, asymbiotic
germination seed.

3. Discussion

GELPs have broad substrate specificity and maintain a high number of family mem-
bers. More than 100 members have been identified in different plant species [2,4,8]. In
Arabidopsis, the phylogenetic analysis reveals that 105 GELPs are divided into four classes
and half of them are expressed in special tissues. For example, the flower-specific expressed
genes, AtGELP42 and AtGELP83, improve pollen hydration on the stigma in the early
pollination stage [4,21]. A total of 194 GELP genes are identified in the soybean genome
and most of them show very low or no transcriptional abundance in plant growth and
different tissues. Among them, the overexpression of GmGELP28 enhances the drought
and salt tolerance in plants [2]. However, the number of GELPs in D. catenatum and its
close specie P. equestris are less than half of GELPs in rice, Arabidopsis, and S. moellendorffi
(Figure S2). The endosperm accumulates different types of storage compounds to support
the seedling during early post-germinative growth [22]. The hydrolysis of stored lipids
in the endosperm by lipase plays a crucial role during seed germination [5]. In all orchid
species, the endosperm is absent from the seed, including D. catenatum [12]. The lack of en-
dosperm in orchids may therefore be related to the reduction in the GELPs family. Another
possible reason may be that D. catenatum reference genome is not very well assembled and
leads to the deficiency of sequences annotation.
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GELPs have been identified in several important economic crops, and several GELPs
have been successfully cloned and characterized, primarily in Arabidopsis, rice, and tomato [23].
However, there have been no reports on lipases from orchids. We integrate multi-omics data
sets and identify two key GELPs in D. catenatum. The purified Dca016600 protein shows
the optimum temperature is active from 30 ◦C to 40 ◦C, and the optimum pH is active from
8.0 to 8.5 (Figure 2). Dca016600 is primarily expressed in leaves and has a highly positive
correlation with 23 lipids (Figures 1c and 2a). These results provide a valuable reference
for the study of the Dca016600 function. Another lipase Dca005399 is close to GGL19 of
Arabidopsis (Figure 3c). GGL19 is widely expressed in various tissues of each growth phase
of Arabidopsis, including the early seedling stage, true leaves, and reproductive stage [10].
While Dca005399 is primarily expressed in mature flowers (Figure 1c,d). In detail, we find
that Dca005399 is highly expressed in sepals (Figure 3d). Consistent with the flowers of other
orchids, D. catenatum has several distinguishing features in its floral morphology. The columns
are derived from the fusion of stamens and pistils. The three petal-like sepals are light green
during the early developmental stages of flowering and turn yellow during the full-bloom
stage [19]. Thus, Dca005399 may also be involved in regulating floral organ development
or fragrance composition, possibly with redundancy. Moreover, Dca005399 is involved in
seed germination and shows an especially high expression in symbiotic germination seeds
(Figure 3d). GELPs participating in the hydrolysis of stored lipids in the initial stage of seed
germination have been reported [5]. It is well known that the seeds of almost all orchids
rarely germinate in natural conditions. D. catenatum seeds depend on mycorrhizal fungi to
induce their germination [12]. Thus, we speculate that Dca005399 mediates the regulation of
symbiotic germination and is induced by infection of mycorrhizal fungi.

In recent years, various studies have combined multi-omics data sets to reveal bi-
ological progress in plants. Multi-omics technologies, including genome, epigenome,
transcriptome, proteome, and metabolome, provide more possibilities to study non-model
species. The GELP family contains plenty of members in D. catenatum. By routine gene
expression analysis, it is hard to find the key candidate genes during stress. With integrated
transcriptome, lipidome, and proteome analysis, we screen two GELPs may involve the
regulation of different tissues and environments. Dca016600 is primarily expressed in
leaves and has lipase activity in vivo. Dca005399 is primarily expressed in flowering and is
specially induced in symbiotic germination. Although orchid plants lack endosperm, we
think that it is important to lipid metabolism in D. catenatum seed germination.

4. Materials and Methods

4.1. Plant Materials

D. catenatum (two-year-old) was grown in soil in the greenhouse of Zhejiang University
(Hangzhou, China) under conditions of 25 ± 2 ◦C (12 h light/12 h dark), 80 μmol pho-
tons m−2s−1, and 65–75% relative humidity [14]. Surface-sterilized seeds of D. catenatum
were germinated on 1% (w/v) Murashige and Skoog (MS) agar medium for asymbiotic
germination. For symbiotic germination testing, surface-sterilized seeds were cultured
with Tulasnella sp. In oatmeal agar medium (0.25% oatmeal and 1% agar) under 25 ± 2 ◦C
(12 h light/12 h dark). Four tissues and seed samples of D. catenatum were immediately
frozen in liquid nitrogen for detection.

4.2. Lipidomic Analysis

Lipids were extracted according to a previous study [24]. The lipidomics and data
analyses were performed by Shanghai Applied Protein Technology Co., Ltd. (Shanghai,
China) [25]. Briefly, samples were grounded into powder in liquid nitrogen and mixed into
440 μL internal standard solution. A volume of 800 μL of methyl tert-butyl ether (MTBE)
was incubated with extraction for 30 min at room temperature. After centrifugation, the
organic solvent layer was dried under nitrogen. The lipid extracts were re-dissolved in
200 μL 10% ACN/isopropanol and 3 μL of the solution was injected into UHPLC (Nexera
LC-30A, Shimadzu, Japan) using CSH C18 column (1.7 μm, 2.1 mm × 100 mm, Wa-
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ters, Milford, MA, USA). The filtrate was separated by a linear gradient of 30% to 100%
ACN/isopropanol (1:9, v/v) containing 0.1% formic acid and 0.1 mM ammonium formate
with a flow rate of 300 μL min−1. ESI parameters of Q-Exactive Plus (Thermo Scientific,
Waltham, MA, USA) are set as follows: 300 ◦C source temperature; 350 ◦C capillary tem-
perature, 3000 V ion spray voltage, 200–1800 m/z scan range, 50% S-Lens RF level. Lipid
species were identified by LipidSearch Software (Thermo Scientific, Waltham, MA, USA)
based on 5 ppm mass tolerance of fragment and 5% product ion threshold.

4.3. Phylogenetic Analysis

To excavate the homologs of GELPs in the D. catenatum, the hidden Markov model
(HMM) file of GELP (PF00657) was provided from the PFAM website (http://pfam.xfam.
org/; accessed on 1 September 2022). HMMER 3.0 was used to search the GELPs genes from
D. catenatum reference genome [12] and the cutoff value was set to 0.01. The phylogenetic
tree was calculated using the Neighbor-Joining (NJ) method of MEGA X, with the following
parameters: Poisson model, pairwise deletion, and 1000 bootstrap replications [26]. The
iTOL webpage tool (https://itol.embl.de/; accessed on 12 September 2022) was used
to draw the phylogenetic tree [27]. The MEME online program (http://meme.nbcr.net/
meme/intro.html; accessed on 12 September 2022) was used to identify the conserved
motifs. The SignalP web server (http://www.cbs.dtu.dk/services/SignalP/; accessed on
12 September 2022) was used to analyze signal peptides.

4.4. Dca016600 Activity Analysis

Dca016600 sequence was amplified from D. catenatum cDNA using the forward primer
5′- CATATGTCTGGTGGCTGTGGATTTGATCCTC-3′ paired with the reverse primer
5′- AAGCTT ATTTAGTGATGCACCATATTTCTGG-3′. The fragment was ligated into the
pET28a vector by NdeI and HindIII digestion. The construct was transformed into E. coli BL21
for Dca016600 protein expression. The protein was purified using Ni-NTA resin (Sangon,
China) according to the previous study [24]. Purified protein was used for lipase activity
assays according to the methods described previously, one enzyme unit was defined as the
amount of enzyme that produced 1 μmol of p-nitrophenyl per min [28]. Briefly, 985 μL of
substrate solution containing 30 μM p-NPP and 50 mM Tris-HCl buffer (pH 8.0) was incubated
at 30 ◦C for 10 min. The substrate solution then was mixed with 10 μL of 0.5 M CaCl2 and
5 μL of enzyme solution (contained 1 μg protein) at 30 ◦C for 10 min. Reactions were stopped
by the addition of 200 μL of methanol. UV-visible detection was performed at 405 nm. To
assess the effect of pH on the enzyme activity, the substrate solution was chosen 50 mM
different buffers (pH 5.0–6.0 citrate, pH 7.0 sodium phosphate, pH 8.0 Tris-HCl, and pH
9.0–10.0 Glycine-NaOH). To assess the kinetic curve of the enzyme activity, the substrate
solution contained 1, 3, 5, 10, 15, 20 and 30 mM p-NPP, respectively. Reaction conditions were
as above.

4.5. Real-Time Quantitative PCR

Total RNA was extracted from seed samples using the TransZol reagent (TransGen
Biotech, Beijing, China). RNA solution was treated with DNaseI (NEB, Hert, UK) to clear
DNA. First-strand cDNA was transcripted from the RNA template by reverse transcription
using the TIANscriptRTKit according to the manufacturer’s instructions (TransGen Biotech,
Beijing, China). The real-time quantitative PCR processes were performed according to our
previous study [29].

4.6. Data Analysis

Transcriptome data set of FT and FR were supported by a previous study [17]. Pro-
teome and lipidome data were treated by hierarchical clustering using the R package
pheatmap (v1.0.12) and by PCA using the R package FactoMineR (v2.6) according to our
previous study [15]. GO enrichment analysis was used in the R package GOplot (v1.0.2)
and clusterProfiler (v4.2.2). For DAPs (differential accumulation proteins) selection, protein
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levels of two comparisons were determined by FC (fold change) > 1.5 or FC < 0.7 and with
a statistical significance (p-value < 0.05). DALs (differential accumulation lipids) of compar-
isons were selected by FC > 2 or FC < 0.5, with a statistical significance (p-value < 0.05).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life12101563/s1, Figure S1: The conserved motifs analysis of GELPs. Four blocks (Block I, II, III
and V) were showed in Figure 1a, Figure S2: Phylogenetic analysis of GELPs in Arabidopsis thaliana
(115 GELPs), Dendrobium catenatum (52 GELPs), Oryza sativa (122 GELPs), Phalaenopsis equestris
(61 GELPs), Selaginella moellendorffi (145 GELPs), and Chlamydomonas reinhardtii (9 GELPs). Total
of 504 GELPs were used to construct the unrooted maximum likelihood phylogenies, Figure S3:
Dca016600 was expressed in E. coli cells and was purified for the enzymatic activity assay, Figure S4:
Lineweaver-Burk plot for Dca016600 activity, Table S1: Lipidomics classification in four tissues,
Table S2: Lipid abbreviations list.
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Simple Summary: This review paper discusses the importance of phenolic compounds isolated
from seaweed in improving plant growth and controlling the negative effects of environmental and
biological factors.

Abstract: Abiotic and biotic stress factors negatively influence the growth, yield, and nutritional
value of economically important food and feed crops. These climate-change-induced stress factors,
together with the ever-growing human population, compromise sustainable food security for all
consumers across the world. Agrochemicals are widely used to increase crop yield by improving
plant growth and enhancing their tolerance to stress factors; however, there has been a shift towards
natural compounds in recent years due to the detrimental effect associated with these agrochemicals
on crops and the ecosystem. In view of these, the use of phenolic biostimulants as opposed to
artificial fertilizers has gained significant momentum in crop production. Seaweeds are marine
organisms and excellent sources of natural phenolic compounds that are useful for downstream
agricultural applications such as promoting plant growth and improving resilience against various
stress conditions. In this review, we highlight the different phenolic compounds present in seaweed,
compare their extraction methods, and describe their downstream applications in agriculture.

Keywords: abiotic stress; biotic stress; phenolic compounds; seaweed

1. Introduction

Seaweeds or macroalgae are photosynthetic multicellular organisms, found in the
subtidal or intertidal part of the marine environment, free-floating or attached to surfaces
such as rocks [1]. These attributes allow them to serve a variety of functions such as the
provision of oxygen for the utilization of aerobic organisms, the baseline for the aquatic
food chain, and the elimination of pollutants from water for other marine animals, and
their relative abundance can be used to gauge the health of the marine habitat [2]. There are
approximately 10,000 seaweeds and are classified based on their photosynthetic pigment
as red seaweed (Rhodophyta), green seaweed (Chlorophyta), and brown seaweed (Ochro-
phyta) [3]. History records that seaweed has been used as far back as 300BC as a source of
food [4], medicine [5], cosmetics [6], skin care [7], and agriculture [8]. Presently, seaweed
has gained wide acceptance globally in various sectors such as the health food sector, phar-
maceutical sector, cosmetic sector, and agriculture due to its antioxidant, anti-inflammatory,
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antitumoral, hypocholesterolemic, anticoagulant, antiviral, and antimicrobial properties [9].
Seaweed is used in agriculture as a bio-stimulant because a low concentration is required to
induce a positive response in plant growth and increase plants’ tolerance to various stress
factors [10]. However, the impact of stress on the realization of these functions is not clear
because of limited research on this aspect.

Seaweeds, especially those in the intertidal zone, are constantly being subjected to
severe stress conditions such as herbivore attack, high salinity, water loss, microbial at-
tack, and ultraviolet rays [11]. However, the negative impact of these stress conditions
cannot be detected due to numerous secondary metabolites (phytochemicals) synthesized
by seaweed for defense and protection [12]. Phytochemicals are compounds produced by
plants essentially to offer immunity against adverse external factors but also play a vital
role in plant growth and development. These phytochemicals include phenolics, alkaloids,
terpenoids, saponins, glucosides, curcumins, and steroids [13]. Among the numerous
phytochemicals synthesized by seaweed for survival in their habitat, phenolic compounds
are the most abundant [14]. Their significant role in defense and growth regulation is due
to the following properties they possess: anti-aging [15], anti-inflammation [16], antioxi-
dant [17], antiproliferative [18], antimutagenic [19], anthelmintic [20], antigenotoxic [21],
and antimicrobial effects [22]. Thus, the understanding of the stress patterns concerning the
production of these phytochemicals could shed light on the mechanism of stress tolerance
and the role of environmental factors in the physiology and ecology of seaweeds.

Phenolic compounds, one of the phytochemicals produced in seaweeds, are made
up of an aromatic ring with one or more hydroxyl functional groups and their structure
varies from simple molecules to high-molecular-weight molecules [23]. The bioactivity of
phenolic compounds is determined by the position of the hydroxy group, the number of
hydroxyl groups, and the number of phenyl rings in the structure [24]. Several research
works have been conducted in which phenolic compounds were isolated from seaweed
and they include phlorotannin [25], flavonoids [26], phenolic acids [27], bromophenol [28],
and phenolic terpenoids [29]. Seaweed-derived phenolic compounds have a wide variety
of applications in the health industry for the treatment of various ailments and diseases;
the food industry as preservatives and food additives; the cosmetic industry as active
ingredients in cosmetics; the packaging industry to inhibit the growth of microbes; the
textile industry as a source of dye; and agriculture to promote plant growth and resistance
to abiotic stress factors [30]. However, there is a dearth of research on the roles of these vital
compounds synthesized from seaweeds to alleviate biotic and abiotic stress in crop plants
to improve agricultural productivity to meet the demands of our booming population.

Stress in plants can be classified into abiotic and biotic and it causes physiological,
morphological, and biochemical changes such as reduced rate of photosynthesis, altered
gene expression, slow growth rate, and impairment in the electron transport chain [31].
Abiotic stresses are caused by environmental conditions such as drought, extreme tempera-
tures, ultraviolet rays, and salinity, while biotic stress is caused by living organisms such
as herbivores, fungi, insects, bacteria, and bacteria [32]. Stress is triggered by unfavorable
external factors, which harm the growth, development, and metabolism of an organism.
Abiotic and biotic stress are the major factors causing a drastic decline in crop productivity
by approximately 50 percent and this continues to get worse yearly due to climatic changes
and global warming [33,34]. As a result of this, there is a significant threat to food security
and availability for the world’s population, which is expected to reach ten billion by 2050.
A component of the United Nations 2030 Outline for Sustainable Growth is to develop
agricultural practices with sustainable food production which would meet the increasing
demand for food in such a way that hunger and malnutrition are controlled without an
adverse effect on the environment [35].

Agrochemicals which include fungicides, herbicides, fertilizers, and pesticides are
utilized for protecting plants against abiotic and biotic stress and to also increase crop
yields [36]. Although these chemicals have increased food security, making more food avail-
able for human consumption, and thus reducing hunger, they have a negative short-term
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and long-term effect on animals, humans, and the ecosystem [37]. For example, organophos-
phorus pesticides such as glyphosate have been reported to cause various diseases such as
endocrine disorders, neurological problems in infants, dementia, cardiovascular diseases,
and cancer in humans [36]. There have also been several documented cases of plants
developing resistance to pesticides over time. To ensure that there is an adequate food
supply for the increasing human population while also protecting the environment, there
is a need to utilize natural compounds such as phenolic compounds which are nontoxic,
biodegradable, and as effective or better than agrochemicals [38].

Exogenous application of phenolic compounds can play an important role in increasing
plants’ growth and mitigating the effect of abiotic and biotic stress in plants through various
mechanisms such as facilitating the lignification of plant cell walls which promotes shoot
length and prevents pathogens from penetrating the host plant, influencing the activity of
certain enzymes such as antioxidant enzymes and the synthesis of certain compounds such
as proline and phenolic compounds [39]. Singh [40] reported that there was a significant
increase in the various growth parameters (shoot length, root length, total chlorophyll,
and total carotenoid content) of rice seeds primed with rutin and gallic acid. Jones [41]
observed that chia seedlings were better adapted to salt stress when treated with caffeic
acid. In a similar study performed by Nguyen [42], it was noted that foliar application
of vanillic acid and p-hydroxybenzoic acid improves the tolerance of rice seedlings to
drought compared to untreated seedlings [40–42]. Here, we comparatively review different
phenolic compound extraction methods from seaweeds and highlight the impact of these
compounds towards improving plant growth under abiotic and biotic stress conditions.
In addition, this review would also expand the knowledge base of plant biologists on the
innovative use of seaweed-derived phenolic compounds to maximize crop yield towards
sustainable food production for the ever-growing human population.

2. Description and Classification of Seaweed

Seaweeds, also known as macroalgae, are multicellular organisms in the marine or
coastal environment that can be found attached to rocks, logs of wood, or free-floating.
they perform several functions such as food, shelter, and reproductive sites for other
marine animals such as sea urchins and invertebrates [3]. Their abundance, alongside other
organisms, can be used as an indicator of the well-being of the marine environment.
They lack true roots, stems, and leaves but have either a flexible stipe, a stronghold
fast, or blades that function like a root and enable them to attach to surfaces [9]. An
estimated 10,000 different types of macroalgae have been discovered. They are often
categorized based on their photosynthetic pigment into three taxa (Figure 1) namely:
green algae (Chlorophyta), red algae (Rhodophyta), and brown algae (Ochrophyta, class
Phaeophyceae) [43].

The Chlorophyta (green algae) are widely distributed in a variety of water bodies
ranging from the Arctic region, lakes, oceans, and the Antarctic. However, about 90% are
reported to inhabit freshwater bodies [44]. Their size varies from microscopic ones attached
to other seaweed to large macroscopic ones and they are also the foundation of the aquatic
food chain. They are generally characterized as eukaryotic algae that are multicellular,
oxygenic, and photosynthetic with chlorophyll (a, b) as the dominant pigment with others
which are smaller such as carotenes and xanthophylls. Examples of significant green algae
are Ulva species (sea lettuce), Caulerpa species, and Chaetomorpha species [9].

The brown seaweeds (phylum Ochrophyta, class Phaeophyceae) are the largest and
most developed of the seaweeds. They are mostly found in the marine environment,
especially in cold to temperate waters. Brown algae are affected the most by climatic
conditions which influence their phytochemical content in different geographical zones.
The presence of a pigment known as fucoxanthin contributes to its distinctive brownish
color. Examples of common species of brown seaweeds are laminaria species, Ecklonia
species, Undaria species, Himanthalia species, Sargassum species, and Dictyota species [45].
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Figure 1. Classification of the main types of seaweed and their respective phenolic compounds.

The phylum Rhodophyta (red seaweed) is the most abundant seaweed which has
adapted to living in almost all the water bodies from fresh water, tropical, temperate, and
arctic water. However, they are dominant in tropical and temperate regions. Apart from
chlorophyll a, they have an additional pigment known as phycoerythrin, which makes them
tolerate low light intensities. As a result of this, they can survive in deep waters and absorb
light when chlorophyll “a” is no longer active [46]. Examples of common rhodophytes are
coralline red seaweed, Porphyra, genus Gracilaria, and genus Rhodymenia [9].

3. Phenolic Compounds as an Important Bioactive Compound in Seaweed

The broad bioactivity of seaweed has been linked to the presence of a plethora of
inorganic compounds and organic compounds which include carbohydrates, protein, lipids,
vitamins, hormones, betaines, and phytochemicals (terpenoids, steroids, alkaloids, and
phenolic compounds) which are more abundant than the amount found in any terrestrial
plants [43]. Phenolics are among the most numerous and important bioactive compounds
synthesized by seaweed, particularly brown seaweed. They are produced for protection
against various abiotic and biotic stress such as ultraviolet radiation, extreme temperature,
salinity, pathogenic infection, and herbivory. These phenolics also contribute immensely to
the growth and development of seaweeds [24].

Seaweed phenolics have a basic structure of a hydroxy group attached to an aromatic
ring. They are categorized by the number of carbon atoms and benzene rings in a compound
as well as their solubility. Phenolic compounds with a phenol ring, such as phenolic acids
and phloroglucinol, are classified as simple phenolic compounds, whereas those with
multiple phenols, such as phlorotannin, are classified as polyphenols [14,24]. The different
type of phenolic compounds in seaweed and the class of seaweed where they are found are
further illustrated in Figure 2.
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Figure 2. Classification of the main phenolic compounds in seaweed.

Extraction of Phenolic Compounds from Seaweed

Seaweeds are typically snap frozen in liquid nitrogen immediately after harvesting
to halt all metabolic reactions that may result in the loss of phenolic compounds before
the extraction process [47]. Following that, the seaweed samples can be extracted directly
or dried before extraction. Vacuum drying, airdrying, freeze drying, or oven drying the
seaweed prevents further loss of phenolic compounds and microbial growth, and ensures
long-term preservation [47]. The method used to dry the seaweed has been shown to affect
its phenolic content. For example, vacuum-dried Sargassum polycystum had the highest
total phenol content compared to the other drying techniques [48].

Several methods can be used for extracting phenolic compounds from seaweed. How-
ever, due to their structural similarity, the extent of solubility, and the large molecular mass
of some compounds, the chosen extraction technique should target the phenolic compound
of interest. For instance, phlorotannin typically forms complexes with other metabolites
within the seaweed cell walls. Therefore, an extraction method that would obtain extracts
rich in phlorotannin should be adopted [45].

The common methods of extracting phenolic compounds from seaweed can be clas-
sified into traditional (conventional) and non-conventional (modern) methods. The con-
ventional extraction techniques include Soxhlet extraction, maceration, and the percolation
method while the nonconventional (novel) techniques include microwave-assisted ex-
traction, enzyme-assisted extraction, ultrasound-assisted extraction, sub-critical water
extraction, and subcritical CO2 extraction. The advantages and disadvantages of each
extraction method are summarized in Table 1.
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Table 1. Comparing the advantages and limitations of the extraction procedures.

Extraction Method Advantages Disadvantages References

Maceration Simple to operate and inexpensive

It requires the use of lots of organic
solvents which makes it not

eco-friendly.
It is time-consuming.

[49]

Soxhlet extraction
method

It requires the use of a smaller volume of
solvent compared to other traditional

extraction methods such as maceration.
The solvent can be recovered and reused.

It is not eco-friendly.
It causes the degradation of

thermolabile compounds.
Only one sample can be processed at a

time.

[49]

Microwave-assisted
extraction

It involves the use of small volumes of solvent
which makes it environmentally friendly and

cost-effective.
It is very fast, producing a high yield of the
desired phenolic compound within a short

time.

It operates under high temperature
and microwave power which could
denature heat-sensitive compounds.

It requires extra separation procedures
to remove solid impurities.

[50,51]

Ultrasound-assisted
extraction

It also involves the use of small volumes of
solvent which makes it environmentally

friendly and cost-effective.
It is suitable for extracting thermolabile
compounds because it operates at a low

temperature.
The equipment used is inexpensive and easily
affordable compared to other nonconventional

extraction techniques.
It can be scaled up for industrial applications.
It is very fast, producing a high yield of the
desired phenolic compound within a short

period.

There may be inconsistency with the
distribution of sound or mechanical

waves within the medium.
[24,52]

Supercritical CO2

extraction

It can be separated from the extract completely
without leaving toxic remains.

It is very fast and produces a high yield within
a very short period.

It is eco-friendly because no organic solvents
are used.

Carbon dioxide has a low critical temperature
which makes it suitable for extracting

thermolabile compounds.
It can be used for small-scale and large-scale

purposes.
The resulting extract is devoid of inorganic

salts and heavy metals because they cannot be
extracted by carbon dioxide.

The equipment is highly sophisticated
and expensive.

It cannot be used to extract polar
compounds due to the low polarity of

carbon dioxide. However, polar
solvents such as methanol are added

in small quantities to supercritical
CO2

to enhance their extraction.

[14,53]

Supercritical water
extraction

It is eco-friendly because it uses water as its
nontoxic solvent.

It is very fast producing a high yield within a
short operating time.

It can be used for extracting polar compounds.

It requires the use of highly
sophisticated and expensive

equipment.
It operates under high temperature
and pressure which could denature

thermolabile compounds.

[49,54]

Enzyme-assisted
extraction method

It can be used for small-scale and large-scale
production.

Toxic chemicals are not utilized during the
extraction process, which makes them

eco-friendly.
It produces a high yield of the desired

phenolic compound.
It can be used in conjunction with other

extraction methods to obtain a higher yield.

The enzymes used could be expensive
which limits their use industrially. [55,56]

4. Application of Phenolic Compounds in Agriculture

4.1. Role of Seaweed-Derived Phenolic Compound in Promoting Plant Growth

Phenolic compounds have been used extensively to improve plant growth and in-
crease crop yield. Data obtained from numerous studies and the literature reveal that
phenolic compounds exhibit growth-promoting properties as a result of their positive
impact on various phases of plant growth and developmental processes which include
seed germination, shoot length, root length, plant biomass, photosynthetic pigments, and
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plant metabolism [57,58]. It has also been reported that the concentration used has a sig-
nificant impact. While low concentrations stimulate plant growth, high concentrations
tend to inhibit it. The following mechanism of action have been proposed for their growth-
promoting activity: (1) by promoting cell wall formation either as precursors for lignin
or by stimulating the synthesis of lignin, (2) by regulating the synthesis and breakdown
of auxin in plants, (3) by stimulating leaf expansion, (4) by promoting callus growth and
increasing the growth of plant roots [59].

Seed germination is a major aspect and the main determining factor of plant growth
and productivity. Germinating seeds require nutrients for the growth and synthesis of
the needed cellular components. These are supplied by the enzymatic hydrolysis of the
food reserves such as carbohydrates, proteins, and lipids stored within the endosperm [60].
The germination process is triggered when the seeds absorb water from the environment
thereby activating the synthesis of the enzymes namely α-amylase, β-amylase, catalase,
protease, and peroxidase which are required for the catabolism of the food reserves into
simpler molecules that can easily be absorbed by the developing seeds [61]. Phenolic
compounds are known to stimulate the activity of these enzymes, thereby enhancing the
rate of seed germination. In an experiment conducted by Rengasamy [59], eckol and
phloroglucinol isolated from the brown algae Eclonia maxima were used to treat maize
seeds. It was observed that there was an increased rate of germination in the treated seeds
compared to the control. This was attributed to an increase in the activity of the enzyme
α-amylase in the roots of eckol and phloroglucinol-treated maize seedlings, which catalyzes
the breakdown of starch to simple sugars. The sugar produced was transported to the
embryo to supply the needed energy for metabolism [61].

Phenolic compounds have been reported to promote the development of adventitious
root and root lengthening in plants by regulating the activity of the phytohormone indole-3-
acetic acid (auxin) which is the principal hormone responsible for the process. The activity
of auxin is inhibited either by conjugation or decarboxylation in a reaction catalyzed by
the enzyme indole-3-acetic acid oxidase (IAA oxidase). Phenolic compounds influence
the root-lengthening activity of auxin by preventing the decarboxylation reaction and by
acting as a cofactor that promotes the breakdown of the enzyme IAA oxidase [62]. In a
recent experiment performed by Aremu [62], two types of phlorotannins, namely eckol and
phloroglucinol, were isolated from Ecklonia maxima and their effect on Eucomis autumnalis
was determined. It was observed that exogenous application of the isolated polyphenols
caused an increase in the auxin level, which resulted in an approximately 1.5 times increase
in the root length of the treated plant.

Furthermore, phenolic compounds have been shown to promote shoot lengthening by
stimulating the synthesis and deposition of lignin on cell walls and cause an increase in
the activity of photosynthetic pigments (chlorophyll ‘a’, chlorophyll ‘b’, total chlorophyll,
and carotenoid) in plants. In an experiment performed by Rengasamy [63] on maize,
polyphenols (eckol and phloroglucinol) isolated from Ecklonia maxima caused an increase
in shoot length, root length, and photosynthetic pigment on treated maize when compared
to control plants. Briand and Salamagne [64] also evaluated the effect of phlorotannin
isolated from Fucus vesiculosus on soybean plants grown in the field. It was noted that
it promoted the growth of vegetative (aerial parts) and increased pod formation, thus
causing an increase in crop yield [64]. Kulkarni [65] reported that eckol increased the total
chlorophyll, carotenoid, and protein content of treated spinach plant (Spinacea oleracea L.)
which improved the crop yield and nutritional value.

4.2. Phenolic Compounds and Abiotic Stress Intervention in Plants

Plants, as sessile organisms, are constantly exposed to abiotic and biotic stress which
disrupt plant metabolism, cause stunted growth, alter plant genetic composition, and
cause a reduction in crop yield globally by approximately 50 percent and 30%, respec-
tively [66]. Abiotic stress is environmental factors such as salinity, drought, ultraviolet
light, temperature, and heavy metal accumulation, while biotic stress is the consequences
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of damages triggered by the action of living organisms such as bacteria, fungi, insects,
nematodes, and viruses on plants [67]. These stressors have been a major concern due to
their detrimental effect on plant growth and development, and it is imperative to develop
an effective approach, which would enable them to withstand these adverse conditions.
In the subsections below, we highlight some abiotic and biotic stresses and the phenolic
compounds which have been used to alleviate their impact on plants.

4.2.1. Drought

Drought is an environmental stress factor that occurs due to inadequate moisture
in the soil as a result of dry weather or scarcity of surface and underground water. The
effect of drought as evidenced in all the stages of plant growth and development includes a
reduction in plant growth parameters (chlorophyll content, root length, shoot length, and
leaf surface area), reduced germination rate, loss of cell turgor, accumulation of reactive
oxygen species, and impairment of cell division which eventually reduce crop yield and
availability to the population [68,69].

The use of phenolic acids to improve plants’ resistance to drought stress has been re-
ported [69,70]. According to Sun [69], treating cucumber seedlings with 50μM of cinnamic
acid reduced the effect of drought stress by inducing the enzymatic (catalase, ascorbate
peroxidase, superoxide dismutase, and monodehydroascorbate reductase) and nonenzy-
matic (proline, ascorbate, reduced glutathione, and soluble sugars) defense mechanism
in plants to scavenge the generated free radicals directly and indirectly, respectively. The
application of vanillic acid and p-hydroxybenzoic acid via foliar application increased the
total chlorophyll, total carotenoid content, and total antioxidant capacity thereby revers-
ing the damaging effect of drought in treated rice plants [70]. It is worth noting that the
phenolics described above have been identified and characterized in seaweed using liquid
chromatography–mass spectrometry (LC-MS) [71,72].

4.2.2. Salinity

Salinity is abiotic stress due to the buildup of salt especially sodium chloride in the soil.
The common causes of salinity are human activities (bad irrigation practices, poor drainage
services, and bad cultivation practices), climate change, land topography, rock weathering,
and seawater deposit. Salt stress causes an accumulation of sodium and chloride ions in
the leaves, as well as a decrease in the concentrations of phosphate, calcium, nitrogen,
potassium, and magnesium ions. This increases the production of free radicals, disrupts
ion balance, causes osmotic imbalance, and alters metabolic processes, ultimately leading
to stunted growth and a massive reduction in crop yield [73].

Exogenous application of phenolic compounds has been shown to reverse the detrimental
effects of salinity in plants and different types of phenolics have been quantified in seaweed.
Babich [74] isolated vanillic acid and gallic acid from seaweed. Exogenous application
of vanillic acid to salt-stressed tomato seedlings mitigates the adverse effect of salinity by
influencing the antioxidant defense mechanism (enzymatic and nonenzymatic) which prevents
lipid peroxidation and membrane damage; regulates the Na+/K+ balance by stimulating the
absorption of potassium ion and preventing the accumulation of sodium ion; and the activity
of important regulatory enzymes such as proline dehydrogenase and pyrroline-5-carboxylate
synthase which increases proline synthesis and the relative water content [75].

In a study conducted by Ozfidan-Konakci [76], 0.75 and 1.5 mM of gallic acid alleviated
polyethylene glycol and sodium-chloride-induced stress in three-week-old rice seedlings.
It was reported that gallic acid reversed the detrimental effect of salinity by inducing the
antioxidant defense mechanism (ascorbate peroxidase, catalase, superoxide dismutase,
glutathione reductase, and peroxidase) which prevented the build-up of hydrogen peroxide
and lipid peroxidation [76].

324



Life 2022, 12, 1548

4.2.3. Extreme Temperature

Extreme temperature is a significant abiotic stress factor that influences all stages of
plant development (germination, reproduction, growth, and yield) because all the metabolic
processes within the plant cell are temperature-dependent. The impact of rapidly increasing
temperatures on crop yields has become more frequent and intense, especially in Africa,
which is expected to warm faster than the rest of the world, with an increase in the average
temperature of 3–6 ◦C by the end of the century [77]. Although plants react to heat stress
differently, the following response is common in all plants: production of reactive oxygen
species, which reduces pollen viability which affects reproduction; inhibits photosynthesis;
reduces seed germination; and reduces plant growth; and the denaturing of proteins, which
affects enzymatic reactions in plants and reduction in crop yield [78].

Phenolic compounds have been shown to prevent the adverse effect of temperature
extremities in plants and these compounds have been detected in seaweed.

Agregán [27] identified phenolic compounds including ferulic acid from three different
brown seaweeds using liquid chromatography–diode array detection coupled to negative
electrospray ionization–tandem mass spectrometry (LC-DAD–ESI-MS/MS).

According to Cheng [79], exogenous application of ferulic acid prevented the adverse
effect of extreme temperature in blueberry (Vaccinium corymbosum L. cv. Bluecrop) seedlings.
It was observed that ferulic acid treatment enhanced the transcription of genes encoding the
synthesis of the antioxidant enzymes (catalase, superoxide dismutase, ascorbate peroxidase,
glutathione reductase, and guaiacol peroxidase), and increased the cellular concentration of
proline and soluble sugars. The increased cellular level of antioxidant enzymes prevented
the accumulation of reactive oxygen species while proline and soluble sugars increased the
osmotic potential and relative water content in the cell, thus preventing the detrimental
effect of heat stress in the blueberry plant [79]. Exogenous application of salicylic acid
reversed the effect of heat stress in ornamental pepper by activating the antioxidant defense
mechanism which was evidenced by increased chlorophyll (photosynthesis rate), increased
germination rate, and reduced reactive oxygen species [80].

4.2.4. Heavy Metal

The effect of heavy metal stress on agricultural land due to the continuous application
of fertilizers, mining, poor irrigation practices, and industrial waste is becoming a major
concern globally. Recently, there has been a build-up of heavy metals such as cadmium,
zinc, mercury, arsenic, lead, copper, nickel, and aluminum in the soil. Although some of
these metals are needed by plants for various biochemical processes, high concentrations
have the following adverse effect on plants: alteration of cell homeostasis, accumulation
of reactive oxygen species, interruption of the electron transport chain, cell membrane
damage, decrease in plant growth, and reduced crop yield [81].

Phenolic compounds, known to prevent the damages caused in plants due to heavy
metal stress, have been identified in different types of seaweeds. Chakraborty [82] detected
salicylic acid and other phenolic compounds such as quercetin, syringic acid, and gallic
acid in Turbinaria ornate and Turbinaria conoides.

Several experimental works have been performed using phenolic compounds to
mitigate the effect of heavy metal stress. For example, exogenous application of salicylic
acid prevented the detrimental effect of nickel stress in mustard plants by enhancing the
activities of the antioxidant enzymes and the glyoxylate enzymatic system (glyoxalase I
and glyoxalase II) which improved photosynthesis and plant growth [57].

4.3. Phenolic Compounds and Biotic Stress Intervention in Plants
4.3.1. Phenolic Compounds and Fungal Diseases

Fungal diseases are more prevalent than other biotic stressors and have a greater
negative impact on crop production. Fungal infections have been linked to some of the
world’s greatest famines in history. An estimated 8,000 fungi species have been identified,
accounting for more than 80% of post-harvest and pre-harvest infections [83]. Fungi
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infect plants through the stomata; wounds; development of special organs known as
appressoria, to penetrate and attach to cuticles; and by secreting hydrolytic enzymes
(cellulases, cutinases, proteases, and pectinases) which enable them to invade other parts
of the plant such the epidermal cell wall and cuticle. Fungal infection causes impairment of
H+-ATPase, osmotic imbalance, decreased rate of photosynthesis, reduced crop yield, and
plant death [84].

The use of phenolics to mitigate fungal-induced physiological damages in plants
has been reported. Zhong [85] identified phenolics such as p-hydroxybenzoic acid and
protocatechuic acid in red seaweed (Dasya sp., Grateloupia sp., and Centroceras sp), brown
seaweed (Sargassum sp and Ecklonia sp.,), and green seaweed ( Ulva sp.).

These phenolics have been used to prevent early blight disease of tomato caused
by Alternaria solani by activating the enzymatic and nonenzymatic defense mechanism,
which regulates cellular homeostasis, and antioxidant balance [86]. The aforementioned
compounds also enhanced the accumulation of salicylic acid within the host cell which
promoted the synthesis of pathogenesis-related proteins [86]. Table 2 highlights similar
examples of the antifungal effect of exogenous application of phenolic compounds.

Table 2. Derivative phenolic compounds, uses, and their bioactivity.

Phenolic
Compound

Plant Species Type of Stress Mechanism of Action Reference

Salicylic acid
Safflower (Carthamus

tinctorius L.). Abiotic stress (drought)

Stimulated the nonenzymatic
defense system.

Increased synthesis of osmolytes.
Increased synthesis of proline.

[87]

Vanillic acid
Blueberry (Vaccinium

corymbosum L.) Abiotic stress (drought)

Increased the transcription of
genes encoding the synthesis of
antioxidant enzymes in leaves.
Increased the concentration of

proline and soluble sugars.
Decreased the concentration of
malondialdehyde, superoxide
anion, and hydrogen peroxide.

Improved the relative water
content.

[88]

p-hydroxybenzoic acid
and vanillic acid

Rice
(Oryza sativa) Abiotic stress (drought)

Increased the synthesis of
chlorophyll “a”, “b”, carotenoids,

and total phenolic compounds.
Promoted plant growth rate.
Enhanced the synthesis of

phytoalexin momilactone (MA and
MB) which increased tolerance to

drought.

[70]

Vanillic acid
Tomato (Solanum

lycopersicum L. cv. Pusa
Ruby)

Abiotic stress (salinity)

Enhanced the glyoxalase system,
thus preventing the accumulation

of methylglyoxal.
Activated the antioxidant defense

mechanism thereby preventing
lipid peroxidation and

accumulation of reactive oxygen
species.

Increased rate of photosynthesis.
Regulated the cellular Na+/K+

concentration.
Improved the relative water

content.

[75]
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Table 2. Cont.

Phenolic
Compound

Plant Species Type of Stress Mechanism of Action Reference

Coumarin
Wheat

(Triticum aestivum) Abiotic stress (drought)

Enhanced the activity of
peroxidase, thus preventing

oxidative stress.
Regulated the osmotic level in the
cell by regulating cellular Na+/K+

concentration.
Increased synthesis of

phenylalanine ammonia-lyase
enzyme which increased

endogenous synthesis of phenolic
compound.

Improved plant growth.

[89]

Ferulic acid
Blueberry seedlings

(Vaccinium corymbosum)
Abiotic stress (Extreme

temperature)

Enhanced the transcription of
genes encoding for the synthesis of
antioxidant enzymes (glutathione

peroxidase and superoxide
dismutase) which decreased lipid

peroxidation and build-up of
reactive oxygen species.

Increased relative water content
due to increased concentration of

proline and soluble sugars.

[79]

Salicylic acid Vigna angularis Abiotic stress (salinity)

Increased the relative water
content due to increased synthesis

of glycine betaine, proline, and
soluble sugar.

Enhanced the enzymatic and
nonenzymatic antioxidant defense

mechanism.
Reduction in the cellular

concentration of sodium and
chloride ion.

[90]

Gallic acid
Wheat (Triticum aestivum

L.) Abiotic stress (salinity)

Enhanced the activity of the
antioxidant enzymes, thereby

reducing reactive oxygen species
and lipid peroxidation.
Improved plant growth.

Enhanced photosynthesis by
increasing the chlorophyll content.

Improved the relative water
content.

[91]

Apigenin Rice (Oryza sativa L) Abiotic stress (salinity)

Enhanced the activity of the
enzymatic (ascorbate peroxidase
and catalase) and nonenzymatic

defense system (endogenous
flavonoids and carotenoids)

thereby preventing lipid
peroxidation and accumulation of

reactive oxygen species.
Increases the transcription of genes
encoding for the synthesis of Na+

transporter protein, thus
regulating the concentration of

Na+/K+ in the cells.

[92]

Salicylic acid
Ornamental pepper

(Capsicum annuum L.)
Abiotic stress (extreme

temperature)

Increased chlorophyll content
increased the rate of

photosynthesis.
Activated the enzymatic and

nonenzymatic defense mechanism,
thus preventing the accumulation

of reactive oxygen species.
Prevented degradation of cellular
structures by regulating osmotic

balance.

[80]
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Table 2. Cont.

Phenolic
Compound

Plant Species Type of Stress Mechanism of Action Reference

Salicylic acid
Mustard plant (Brassica

juncea L.Czern. & Coss. cv.
Type 59)

Abiotic stress (heavy
metal)

Increased rate of photosynthesis,
thus improving plant growth.

Increased activity of antioxidant
enzymes which prevented

oxidative stress.
Activated the glyoxylate system
(glyoxalase I and glyoxalase II
enzymes) which reduced the

accumulation of toxic
methylglyoxal.

[57]

Gallic acid
Sunflower (Helianthus

annuus)
Abiotic stress (heavy

metal)

Prevented absorption of cadmium
ion by the root.

Enhanced the activity of
glutathione reductase, catalase,

and ascorbate peroxidase which
alleviated oxidative stress and

increased plant growth.

[58]

Rutin
Amaranthus

hypochondriacus
Abiotic stress (heavy

metal)

Enhanced the synthesis of
glutathione and promoted the
conversion of glutathione to

phytoalexins which chelate metal
and prevent its accumulation

within the cell.
Prevents degradation of the cell
membrane by inhibiting lipid

peroxidation.

[93]

Gallic acid
Tea plant

(Camellia sinensis cv.
Longjing 43)

Biotic stress (Ectropis
obliqua larvae)

Activated the phenylpropanoid
and jasmonic acid pathway which

stimulated the synthesis of
metabolites such as

epigallocatechin-3-gallate,
naringenin, and astragalin that

prevented the larvae from feeding
on tea plants.

[94]

Salicylic acid
Green pepper (Capsicum

annuum) Biotic stress (antifungal)

Stimulates some immune
responses in host plants such as

the expression of the
pathogenesis-related (PR) gene,
thus inducing system resistance

against the fungi.
Exhibiting fungitoxic effect on the
fungi and activating the synthesis

of enzymes which promote the
production of defense compounds.

[95]

Eckol
Cabbage

(Brassica oleracea) Biotic (insect repelling)

Increased the enzyme myrosinase
which prevented cabbage aphid

(Brevicoryne brassicae) from
attacking the leaves.

[63]

Caffeic acid
Tobacco

(Nicotiana tobaccum) Biotic stress (antibacterial)

Increased activity of peroxidase
and phenylalanine ammonia-lyase

which increased the deposit of
lignin in the host cell wall, thus

preventing bacteria invasion.
Prevented the formation of biofilm
in the plant root by inhibiting the
expression of epsE and lecM genes.

[96]

Salicylic acid Pakchoi (Brassicaceae) Biotic stress (antifungal)

Promoting the activity of
antioxidant enzymes by increasing

the expression of the respective
gene.

Increased concentration of proline
and soluble protein which

regulates the relative water content
in the root and leaves cells.

[97]
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Table 2. Cont.

Phenolic
Compound

Plant Species Type of Stress Mechanism of Action Reference

p-coumaric acid
Chinese cabbage (Brassica

rapa var. pekinensis) Biotic stress (antibacterial)

Promotes the expression of the
CHS and HCT genes, thereby

increasing the synthesis of
endogenous phenolic compounds
such as flavonoids, sinapic acid,

and ferulic acid, which protects the
plant from bacterial infection and

promotes plant growth.

[98]

4.3.2. Phenolic Compounds and Bacteria Diseases

Plant bacterial infections are less common than fungi infections, but they are also
economically significant. There are approximately 200 pathogenic bacteria species known
to cause plant diseases, and they can be classified as endogenous bacteria which infect
the xylem and phloem tissues, thus interrupting the transportation of water and nutri-
ents within the plant, or exogenous bacteria, which mainly infect the intercellular spaces
(apoplast) [99].

Phytopathogenic bacteria are transmitted to plants through a variety of means, includ-
ing water, wind, insects, animals, and humans; however, they require openings such as
stomata or wounds to penetrate the host plant. Once inside the plant, they cause diseases
by synthesizing enzymes that degrade the host cell membrane and cell wall, and injecting
toxins and proteins that lead to the death of the host cell [100].

Phenolic compounds can be used to reverse the detrimental effect of pathogenic
bacteria in plants (Table 2) and these phenolics have been identified and quantified in
seaweed [101].

According to Li [96] exogenous application of caffeic acid inhibited Ralstonia solanacearum
infection in tobacco plants by preventing the expression of epsE and lecM genes and the
formation of biofilms. In vitro, caffeic acid enhanced the activity of the enzyme phenylalanine
ammonia-lyase and peroxidase, which led to the accumulation of hydroxyproline and lignin.

4.3.3. Phenolic Compounds Used to Control Viral Diseases

Viral infections pose a significant challenge in agriculture due to their ability to undergo
mutations and produce new variants rapidly. Furthermore, viral infections are difficult to
comprehend due to the wide range of symptoms seen in host plants. Viral infections are
only transmitted via vectors humans or insects, and they penetrate the host plant through
wounds [102]. Viral infections influence major biochemical and physiological processes in
the host plant by altering the host genetic material. Symptoms of the viral disease include
wrinkling of leaves, stunted growth, phyllody, necrotic and chlorotic lesions on leaves, wilting,
and the development of irregular growth patterns known as enations (galls) [103].

Apart from salicylic acid, the use of phenolic compounds to regulate plants’ resistance
against viral infections remains scant. Zhang [104] showed that salicylic acid promoted
plant growth and enhanced the resistance of wild soybean (Glycine soja) to soybean mosaic
virus by stimulating the synthesis of antioxidant enzymes (catalase, peroxidase, ascorbate
peroxidase, and superoxide peroxidase) and promoting the transcription of resistance-
related genes (GmPR-1, GmNPR1, GmPR-10, GmEDS1, GmPR-2, and GmICS1) in the
host plant. This clearly demonstrates a knowledge gap that should be addressed in future
research studies.

4.3.4. Phenolic Compounds Used against Herbivore and Insect Attack

Herbivores and insects pose a significant threat to plant growth and development
causing approximately a 15 percent loss in crop yield annually. They further create av-
enues for subsequent infection by phytopathogens which increases the severity of their
attack [105].
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Exogenous application of gallic acid to tea plants (Camellia sinensis) triggered the
phenyl propanoic and jasmonic acid signaling pathway which protected the plant from
herbivore attack (Ectropis obliqua Caterpillars) by enhancing the synthesis of three antifeed-
ing metabolites, namely epigallocatechin-3-gallate, naringenin, and naringenin [94]. These
phenolic compounds have been identified and characterized from seaweed using liquid
chromatography–mass spectrometry (LC-MS) [106,107]. Exogenous application of eckol
stimulates the synthesis of the enzyme myrosinase which prevents the cabbage aphid
(Brevicoryne brassicae) from attacking the host leaves [63]. According to a study conducted
by Jan [108], kaempferol and quercetin display pesticidal effects when applied exogenously
to susceptible rice strains (TN 1 strain) by reducing the vulnerability to whitebacked plan-
thoppers by preventing the insect from feeding on the host plant and preventing egg
hatching [108].

5. Conclusions

This review illustrates the wide range of phenolic compounds present in seaweed
and highlight their agricultural importance for improved plant growth and enhanced
tolerance against various abiotic and biotic stress factors. The continuous use of synthetic
phenolic compounds to improve plant growth whilst minimizing the negative effects of
stress conditions is no longer a viable option due to its deleterious effects on human health
and the environment. The use of natural phenolic compounds derived from seaweed to
improve plant growth and stress tolerance could diminish the use of synthetic chemicals
thus limiting the harmful impact on the environment and improve agricultural outputs in
a sustainable manner.

It is worth noting that although phenolic compounds have been identified in seaweed,
their downstream application in agriculture remains limited. To date, most research has
focused on the use of synthetic phenolic compounds instead of natural phenolic compounds
to improve plant growth and enhance plant immunity/resilience. Therefore, more research
on natural phenolic compounds is encouraged to obtain a holistic understanding of their
modes of action for improved plant growth and enhanced stress tolerance especially in
economically important food/feed crops.
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Simple Summary: The present study shed light on the effect of salinity on the plant growth and
secondary metabolites of medicinally important milk thistle plant ecotypes. At the same time, we also
studied the effect of external supplementation with ascorbic acid, thiourea, and moringa leaf extract
on improving growth-related attributes and secondary metabolites under salinity stress. Various
parameters were studied related to stress alleviation. Ascorbic acid, followed by moringa leaf extract,
was the most effective in improving growth under salt stress conditions. The present study demon-
strated that milk thistle could withstand moderate doses of salt stress, while externally supplemented
media improved all the growth parameters by increasing the accumulation of secondary metabolites.

Abstract: Milk thistle (Silybum marianum (L.)) is a wild medicinal herbal plant that is widely used
in folk medicine due to its high content of secondary metabolites (SMs) and silymarin; however,
the data regarding the response of milk thistle to salinity are still scarce and scanty. The present
study evaluated the effect of salinity on a geographically diverse population of milk thistle and on
the role of medium supplementation (MS) with ascorbic acid, thiourea, and moringa leaf extract
in improving the SMs and growth-related attributes under salinity stress (SS). For germination, a
120 mM level of salinity was applied in the soil during the seedling stage. After salinity development,
predetermined levels of the following compounds were used for MS: thiourea (250 μM), moringa
leaf extract (3%), and ascorbic acid (500 μM). The data regarding growth attributes showed that
SS impaired plant growth and development and increased SM production, including alkaloids,
anthocyanin, and saponins. Moreover, ascorbic acid, followed by moringa leaf extract, was the most
effective in improving growth by virtue of increased SMs, especially under salt stress conditions.
The present study demonstrated that milk thistle could withstand moderate doses of SS, while MS
improved all the growth parameters by increasing the accumulation of SMs.

Keywords: milk thistle; secondary metabolites; ecotypes; salinity; growth attributes

1. Introduction

The cultivation of milk thistle has been increasing all over the world due to its uses
in pharmaceutical industries [1]. The seeds of milk thistle contain bioactive compounds
such as silychristin, silydianin, isosilybin, silybin, quercetin, apigenin, naringin, dihy-
drokaempferol, taxifolin, chrysoeriol, flavonolignans, eriodyctiol, and kaempferol [2–4].
It is used in pharmacologically relevant actions against different diseases, such as mush-
room poisoning, liver injury due to drugs toxicities, and viral hepatitis, as reviewed
by [5]. However, little attention has been paid to evaluating the effect of abiotic stresses
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on its morphology, growth, physio-chemical mechanisms, yield potential, and medium-
supplementation-induced accumulation.

Globally, climate fluctuations are a foremost hazard to global food security for >7.8 billion
people as of 2020 [6] and increase salinization [7,8], waterlogging [9], drought [9], and extreme
temperatures [10,11]. Around the world, salinity stress (SS) affects over 20% of irrigated
agricultural land, which is why it is considered as one of the key challenges for agricultural
researchers [12–16]. Salinity stress causes osmotic and ionic stress, results in ionic homeostasis,
which decreases growth and yield, and causes the premature senescence of leaves [17,18].
Salinity was found to reduce shoot and root length, and the relative growth rate of shoots and
roots in wheat [19]. Similarly, under SS, leaf area, root length, fresh root weight, yield, and
total soluble solids were found to be decreased in cherry tomato [20]. In pea, plant height, leaf
area, plant fresh and dry weight, and relative water content were found to be decreased under
SS [21]. Under SS, dry weight, shoot and root length, shoot and root numbers, leaf area, and
relative water content in pomegranate were found to be negatively affected [22]. Under SS, the
relative water content and secondary metabolites (total phenolic and total flavonoid contents)
were decreased in sesame [23]. However, a maintained sugar production and the production
of secondary metabolites could provide defense to ensure a more successful acclimation to
SS [24–26].

Medium supplementation (MS) for plant growth was reported to promote the con-
fronting of salinity stress and the overcoming of yield losses in all crops [27–31]. Medium
supplementation with 24-brassinosteroid increased the canopy diameter, the length of
branches, the diameter of branches, the total number of branches per tree, the number of
branches producing fruit per tree, the total number of fruit setting per tree, and the total
number of ripe fruit load per tree as compared with the control [32]. Medium supplemen-
tation with paclobutrazol increased grain yield, grain weight, and main panicle length in
quinoa under SS [33]. Medium supplementation with uniconazole significantly increased
plant height, stem, the length of spikes, and top dry weight in barley under SS [34]. Ascorbic
acid is one of the plant growth promoters known as vitamin C (water-soluble) that deploys
many physio-chemical modulations to provide tolerance against salinity [35]. Ascorbic acid
treatment under SS increased shoot and root length and their fresh and dry weight, as well
as nutrient elements, while it decreased lipid peroxidation [36]. Ascorbic acid application
increased shoot height, leaf number, and tuberous root diameter under SS [37]. Thiourea is
a plant growth promoter that scavenges ROS by modulating numerous essential functions
under a plethora of abiotic stresses [38]. Exogenous treatment with thiourea enhanced
shoot and root length, shoot and root fresh and dry weight, chlorophyll content, potassium,
and zinc under SS [39]. Plant bio-stimulants such as moringa leaf extract trigger growth
and increase crops’ economic yield because they are enriched with amino acids, growth
hormones, antioxidants, vitamins, and mineral nutrients [40–42]. Moringa leaf extract
application ameliorated SS by improving root and shoot fresh and dry weight, root and
shoot length, potassium, calcium, and phosphorus [43]. The purpose of the current trial
was to evaluate the efficacy of different plant growth promoters in modulating SMs and
growth indicators in milk thistle ecotypes under saline stress conditions.

2. Materials and Methods

2.1. Experimental Details

A two-year pot trail was performed at “Botanical Garden, University of Agriculture,
Faisalabad” to investigate the tolerance potential of different milk thistle ecotypes under SS.
Different plant growth promoters were used to ameliorate the adversities of salt stress and
for regulating silymarin biosynthesis. Plants of three ecotypes (Faisalabad, Gujranwala,
and Quetta) were taken from varied geographic regions and sown in Faisalabad in an
ecotype agronomic environment. The achenes of the F1 generation obtained from three
ecotypes were sown on 17th November (2017–2018) under control conditions. The salinity
level (120 mM) [44] was applied on 11th December, and different plant growth promoters
were applied via MS. Plant growth promoters, such as thiourea (250 μM) [45], moringa
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leaf extract (3%) [46], and ascorbic acid (500 μM) [47], were applied at predetermined
levels after inducing SS during the seedling stage through irrigation (single time point).
Flowering started on 10th, 20th, and 25th February in the Faisalabad, Gujranwala, and
Quetta ecotypes, respectively, in 2017, while in 2018, the flowering dates were 12th and 20th
January for the Faisalabad and Gujranwala ecotypes, respectively, and 30th January for
the Quetta ecotype. After harvest, all the morpho-physiological analyses were performed
using standard protocols.

2.2. Growth and Yield Indicators

The careful harvesting of plants was performed on 11th April in both experimental
years, and the samples were thoroughly rinsed with tap water. The shoot and root length
was measured with a foot scale. After that, the plants shoots were detached from the
roots, and the fresh weight (g) of shoots and roots were noted using an electric weight
balance. The other indicators, such as the number of roots plant−1, the number of leaves
plant−1, the leaf area (mm2), the root diameter (mm2), and the number of spines leaf−1,
were also evaluated.

2.3. Determination of Secondary Metabolites

After sampling, fresh plants were instantly put in an ice bath and preserved at −40 ◦C
in a laboratory for performing various biochemical analyses. Half of the cut shoots were
moved to paper envelopes and dried for one week at 70 ◦C (Memert, Schwabach, Germany).

2.4. Anthocyanin Determination

The anthocyanin contents were estimated by following STRACK and WRAY [48]. For
this, fresh plant samples (0.1 g) were homogenized in acidified methanol (2.5 mL). After
that, samples were heated for 1 h (50 ◦C) and filtered. The optical density was noted at
535 nm.

2.5. Total Alkaloids Determination

The method by Singh and Sahu [49] was used to measure the total alkaloids contents.
Plant material (0.1 g) was homogenized in 1 mL of methanol and then diluted with distilled
water. For 1 mL of running sample, 0.5 mL of acetic acid and 0.01 M sodium meta periodate
were added for each sample. The mixture was boiled, and after that, 0.01 M 3-methyl-2-
benzothiazol solution was added to each test tube. The samples were cooled for 20 min in
a water bath, and absorbance was recorded at 470 nm.

2.6. Saponin Estimation

For measuring the saponin contents, 0.1 g plant samples were homogenized until they
were converted into powder form and then soaked in DH2O: ethanol in a one-to-one ratio.
For 0.5 mL of extract, 5 mL of H2SO4 (72%) and 0.5 mL vanillin (10%) were added, while
the sample mixtures were put on ice. The samples were moved to a water bath at 60 ◦C for
10 min. Absorbance was noted at 535 nm.

2.7. Statistical Analysis

The design of the trial was a Completely Randomized Factorial Design (CRD) with
three replications. The main and interactive effects among SS, ecotypes, and MS under
non-saline conditions were assessed using numerous response variables with the analysis
of variance (ANOVA) technique at the 5% probability level. The ANOVA was performed
using statistical software “Statistax8.1”. The trial data were also dealt with using a prin-
cipal component analysis (PCA) using R-Stat to assess the existing relationships with
original variables.

337



Life 2022, 12, 1530

3. Results

3.1. Plant Length

Significant (p < 0.01) differences were noted among all the factors for plant height
(root and shoot length) in 2017. Under control conditions, the maximum shoot length were
observed in the control, thiourea and moringa leaf extract treatment in the Faisalabad,
Gujranwala, and Quetta ecotypes, respectively. Moreover, data displayed that under SS, the
trends of the maximum increment in this parameter were found for the control, thiourea,
and ascorbic acid treatments in the Faisalabad, Gujranwala, and Quetta ecotypes, respec-
tively. Overall, Quetta performed well under control conditions; however, Gujranwala
displayed the maximum shoot height under SS (Figure 1a). In 2018, MS with ascorbic
acid, followed by moringa leaf extract, showed profound results for shoot length under
non-saline conditions in the Faisalabad ecotype, while the effects of thiourea and moringa
leaf extract were the most pronounced in the Gujranwala and Quetta ecotypes, respectively.
Under SS, the effect of moringa leaf extract was the significantly increased the shoot length
in the Faisalabad ecotype, while ascorbic acid was more effective in the Gujranwala and
Quetta ecotypes than other plant growth promoters in 2018.

 

Figure 1. (a) Effects of MS with different plant growth promoters on shoot length, (b) root length,
(c) number of leaves/plant, and (d) leaf area in milk thistle in 2017 and 2018. Different letters represent
significant differences at the p < 0.05.
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Considering the root length of control plants, the trends of the maximum root length
following control, thiourea, and moringa leaf extract treatments were observed in the
Faisalabad, Gujranwala, and Quetta ecotypes, respectively, in 2017. Moreover, while
under SS conditions, MS with ascorbic acid performed better in the Faisalabad and Quetta
ecotypes, and the effectiveness of thiourea was at its peak in Gujranwala. On the other hand,
in 2018, an increasing trend for root length was observed in the order Quetta > Faisalabad
> Gujranwala ecotypes. Under normal conditions, ascorbic acid showed the maximum
increment in Faisalabad, while thiourea and moringa leaf extract showed the maximum
increment in the Gujranwala and Quetta ecotypes, respectively. Under SS, moringa leaf
extract showed the maximum increment in Faisalabad, while ascorbic acid and thiourea
showed the maximum increments in the Gujranwala and Quetta ecotypes, respectively.
Overall, Quetta performed well under control conditions; however, Gujranwala displayed
the maximum shoot height under SS (Figure 1b).

3.2. Number of Leaves

Significant (p < 0.01) differences were recorded among all the factors for the number
of leaves in 2018. In 2017, the trend of the maximum number of leaves was observed when
moringa leaf extract was applied in all ecotypes under control conditions, while under SS
conditions, MS with moringa leaf extract performed better in the Faisalabad and Quetta
ecotypes, and the effectiveness of ascorbic acid was at its peak in Gujranwala. In 2018, the
trends of the maximum number of leaves were observed following treatment with ascorbic
acid in the Faisalabad and Quetta ecotypes, while moringa leaf extract treatment performed
better in the Gujranwala ecotype under control conditions; on the other hand, under SS, the
effect of ascorbic acid on the Faisalabad ecotype and the effects of thiourea and moringa
leaf extract on the Gujranwala and Quetta ecotypes were more pronounced than those of
MS with other plant growth promoters (Figure 1c).

3.3. Leaf Area

Significant (p < 0.01) differences were noted among all the factors for leaf area in
both years. Under control conditions, the trends of the maximum leaf area were observed
following treatments with moringa leaf extract and thiourea in Faisalabad, and in the
Gujranwala and Quetta ecotypes, respectively, regardless of SS treatment in 2017, while
under SS, the trends of leaf-area increment were observed following thiourea treatment in
the Faisalabad and Gujranwala ecotypes and moringa leaf extract treatment in the Quetta
ecotype. Moreover, ecotypic variation revealed the greatest leaf area in the Quetta ecotype.
Furthermore, according to data recorded in 2018, the trend of the increment in this trait
in the Faisalabad ecotype was observed with ascorbic acid, while in the Gujranwala and
Quetta ecotypes, it was observed with moringa leaf extract. Under SS, this increasing trend
was observed following thiourea treatment in the Faisalabad and Gujranwala ecotypes
and following ascorbic acid treatment in the Quetta ecotype. Moreover, ecotypic variation
revealed the greatest leaf area in the Quetta ecotype (Figure 1d).

3.4. Fresh Weight

Plant fresh root and shoot weight displayed significant (p < 0.01) differences among
all the factors in both trial years. Under non-saline conditions, the maximum increment
in the Faisalabad and Quetta ecotypes was obtained by applying moringa leaf extract
treatment; however, in Gujranwala, it was obtained with ascorbic acid treatment. Moreover,
under SS, the maximum change in this attribute was obtained via MS with ascorbic acid in
the Faisalabad and Gujranwala ecotypes, while in the Quetta ecotype, it was noted with
moringa leaf extract treatment in 2017. MS with moringa leaf extract was the most effective
in improving shoot fresh weight in all ecotypes under normal circumstances, while under
SS, the effect of ascorbic acid treatment was the most pronounced in the Faisalabad and
Quetta ecotypes, and in Gujranwala, thiourea-supplemented plants had the greatest fresh
weight in 2018 (Figure 2a).
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Figure 2. (a) Effects of MS with different plant growth promoters on shoot fresh weight, (b) root fresh
weight, (c) shoot dry weight, and (d) root dry weight in milk thistle in 2017 and 2018. Different letters
represent significant differences at the p < 0.05.

In 2017, the Faisalabad, Gujranwala, and Quetta ecotypes treated with moringa leaf
extract had the greatest root fresh weight under control and SS conditions. Overall, under
SS and normal conditions, the Quetta ecotype showed the maximum root fresh weight. In
2018, the maximum increment in this trait was obtained via MS with moringa leaf extract in
all ecotypes, while under SS conditions, it was noted with ascorbic acid MS in Faisalabad,
moringa leaf extract treatment = thiourea treatment in Gujranwala, and moringa leaf extract
treatment in the Quetta ecotype (Figure 2b).
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3.5. Dry Weight

Statistical data for plant dry weight (of shoots and roots) revealed significant (p < 0.01)
differences among all the factors in both years. The data further revealed that ascorbic
acid MS was effective in enhancing shoot dry weight in the first year of the experiment
under normal conditions, while under SS conditions, the effects of moringa leaf extract MS
were the most evident in all ecotypes. Additionally, the maximum shoot dry weight was
verified in Quetta, followed by Gujranwala and Faisalabad, in 2017, while in 2018, under
normal conditions, treatments with thiourea, ascorbic acid, and moringa leaf extract were
more effective in the Faisalabad, Gujranwala, and Quetta ecotypes, respectively, than other
treatments. Moreover, under SS conditions, the greatest shoot dry weight was observed
with thiourea application in the Faisalabad and Gujranwala ecotypes, while ascorbic acid
was effective in the Quetta ecotype. Furthermore, the greatest dry weight was noted in the
Quetta ecotype regardless of the SS conditions in 2017–2018 (Figure 2c).

Data recorded for root dry weight depicted that thiourea MS showed the most pro-
nounced results for dry weight under SS and control conditions in 2017. In 2018, the
maximum increment obtained via MS with moringa leaf extract was observed in the Faisal-
abad and Gujranwala ecotypes, while thiourea treatment caused the maximum increment
in the Quetta ecotype under control conditions. On the other hand, under SS, it was
found that moringa leaf extract treatment in Faisalabad, thiourea treatment in Gujranwala,
and ascorbic acid treatment in the Quetta ecotype showed the maximum root dry weight
(Figure 2d). In conclusion, the data revealed that MS with plant growth promoters was
quite efficient in accumulating the root dry weight in milk in all ecotypes under control
and saline conditions, and the greatest dry weight was confirmed in the Quetta ecotype.

3.6. Number of Roots

The statistical data for the number of roots revealed significant (p < 0.01) differences
among all the factors in both years. In 2017, an increasing trend in the Faisalabad and Quetta
ecotypes was noted following moringa leaf extract treatment, while in the Gujranwala
ecotype, this was observed following ascorbic acid treatment under control conditions. On
the other hand, under saline conditions, the maximum number of roots was observed in
all ecotypes via MS with moringa leaf extract. In 2018, an increasing trend under control
conditions was observed following MS with ascorbic acid in the Faisalabad ecotype, while
in the Gujranwala and Quetta ecotypes, it was observed following thiourea treatment. On
the other hand, under SS, this increasing trend was observed following moringa leaf extract,
thiourea, and ascorbic acid treatments in the Faisalabad, Gujranwala, and Quetta ecotypes,
respectively (Figure 3a).

3.7. Number of Spines

The statistical data obtained for the number of spines displayed significant (p < 0.01)
differences among all these factors and their interaction in both years. Under non-saline
conditions, in 2017, the maximum increment in the number of spines was obtained via
ascorbic acid, thiourea, and control treatments in the Faisalabad, Gujranwala, and Quetta
ecotypes, respectively, while under SS conditions, the maximum increment in this parameter
was obtained via MS with ascorbic acid in the Faisalabad and Gujranwala ecotypes and
following control treatment in the Quetta ecotype. Furthermore, a higher number of spines
was present on Quetta leaves than on the leaves of other ecotypes. In 2018, the maximum
number of spines was observed following MS with ascorbic acid, which was the most
effective in the Faisalabad ecotype, while thiourea was the most effective in the Gujranwala
and Quetta ecotypes under normal circumstances; on the other hand, under SS, the effects
of thiourea, ascorbic acid, and control treatments were the most efficient in the Faisalabad,
Gujranwala, and Quetta ecotypes, respectively, and thiourea-supplemented plants had
the highest number of spines in 2018. Interestingly, SS plants showed a greater number of
spines than control plants of the Faisalabad and Gujranwala ecotypes, while an antagonistic
effect was observed in the Quetta ecotype (Figure 3b).
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Figure 3. (a) Effects of MS with different plant growth promoters on number of roots/plant, (b) num-
ber of spines/leaf, (c) root diameter, and (d) relative water content in milk thistle in 2017 and 2018.
Different letters represent significant differences at the p < 0.05.

3.8. Root Diameter

The results obtained for root diameter showed substantial (p < 0.01) variations among
all the factors in both years. Under control conditions, the maximum change in 2017 was
obtained via MS with moringa leaf extract, ascorbic acid, and thiourea in the Faisalabad,
Gujranwala and Quetta ecotypes, respectively, while under SS, the change in this trait was
observed following ascorbic acid treatment in all ecotypes. In 2018, the maximum increase
in root diameter in non-stressed plants was obtained via MS with moringa leaf extract
in the Faisalabad and Gujranwala ecotypes and via ascorbic acid treatment in the Quetta
ecotype. However, under SS conditions, control treatment was effective in the Faisalabad
ecotype, while thiourea treatment was effective in Gujranwala and Quetta. Furthermore,
a greater root diameter was recorded in 2018 than in the previous year. Additionally, the
greatest root diameter was measured in Gujranwala in 2017 and 2018 (Figure 3c).

3.9. Relative Water Content

The results found for the RWC exposed significant (p < 0.01) differences among all
the factors in both years. Under normal conditions, in 2017, the increasing trend was at
its maximum following MS with thiourea in all ecotypes as compared with other plant
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growth promoters. Meanwhile, under SS conditions, moringa leaf extract-supplied plants
showed the maximum water content in all ecotypes. Considering the differences in the
ecotypes revealed that the Quetta ecotype was efficient in accumulating higher relative
water contents (Figure 3d).

The data noted in 2018 exhibited that the increasing trend in the Faisalabad and
Quetta ecotypes was at its highest following MS with thiourea, while in Gujranwala,
the application of ascorbic acid was the most effective under control conditions. How-
ever, under SS conditions, the maximum RWC was observed following MS with moringa
leaf extract, thiourea, and ascorbic acid in the Faisalabad, Gujranwala, and Quetta eco-
types, respectively. The increasing trend with respect to the ecotypes was observed as:
Quetta > Gujranwala > Faisalabad. Overall, the RWC increased with MS in the different
ecotypes, while SS reduced the water content in the two trial studies.

3.10. Saponin Content

The graphical data of saponin contents in both shoots and roots showed significant
(p < 0.01) differences among all the factors in 2017. Under non-saline conditions, in 2017,
the increasing trend in the Faisalabad and Quetta ecotypes with respect to shoot saponin
was at its maximum with the soil addition of ascorbic acid, while in Gujranwala, this
increase was at its maximum with the addition of thiourea under SS and control conditions.
In 2018, ascorbic acid gave distinctive results in comparison with other plant growth
promoters in the Faisalabad and Quetta ecotypes, while MS with thiourea was effective
for increasing this trait at the maximum level in the Gujranwala ecotype under control
and stress conditions (Figure 4a). The ecotypic differences showed the highest shoot
saponin content in the Faisalabad ecotype in 2017, while in 2018, the maximum content
was found in the Quetta ecotype regardless of SS. Regarding the root saponin content in
control plants in 2017, ascorbic acid MS showed the highest value in Faisalabad, while
moringa leaf extract MS showed distinctive results in the Gujranwala and Quetta ecotypes
as compared with other plant growth promoters under control conditions. On the other
hand, under SS, thiourea MS was the most effective in increasing the root saponin content in
the Faisalabad and Gujranwala ecotypes, but in Quetta, moringa leaf extract was effective.
In 2018, under control conditions, ascorbic acid gave distinctive results in comparison with
other plant growth promoters in the Faisalabad and Quetta ecotypes, while thiourea MS
was effective in increasing this trait at the maximum level in the Gujranwala ecotype. On
the other hand, under SS, in 2018, under control conditions, ascorbic acid gave distinctive
results in comparison with other plant growth promoters in the Faisalabad and Quetta
ecotypes, while thiourea MS was effective in improving this trait at the maximum level
in the Gujranwala ecotype. The data relating to this trait exposed that the lowest saponin
content was recorded in Quetta, while the highest one was noted in Faisalabad, regardless
of treatment differences (Figure 4b). Furthermore, SS maximally increased the saponin
content with MS.

3.11. Anthocyanin Content

The results obtained for anthocyanin contents showed significant (p < 0.01) differences
among all the factors in 2017. Regarding the shoot anthocyanin content in 2017 under
control conditions, the trends of the change in this trait were found to be maximum
with thiourea MS in the Faisalabad and Quetta ecotypes, while the effect of plant growth
promoters was lower in the Gujranwala ecotype. On the other hand, under SS, similar
results were observed with respect to all ecotypes except for the Gujranwala ecotype,
in which thiourea was the most effective in increasing anthocyanin. The data further
revealed that in 2018, ascorbic acid MS showed the maximum increase in this trait under
control and stress conditions. Moreover, the ecotypic variation showed an increasing
trend for this trait as follows: Quetta > Gujranwala > Faisalabad in 2017. In 2018, it was:
Quetta > Faisalabad > Gujranwala (Figure 5a).
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Figure 4. (a) Effects of MS with different plant growth promoters on shoot saponin contents and
(b) root saponin contents in milk thistle in 2017 and 2018. Different letters represent significant
differences at the p < 0.05.

The data noted for root anthocyanin contents exhibited that MS with ascorbic acid
was the most effective in increasing the anthocyanin content in both years, regardless of
ecotypic variations and SS. The trends of the change in this trait with respect to the ecotypes
was found to be Quetta > Faisalabad > Gujranwala (Figure 5b).

In conclusion, the results exhibited that SS improved the anthocyanin content in
both trial years, and MS application increased the anthocyanin content to a significant
extent, regardless of SS and the differences in the ecotypes. Moreover, shoots and the 2017
year were superior in synthesizing more anthocyanin with respect to roots and the 2018
year, respectively.

3.12. Alkaloids Content

The alkaloids contents demonstrated significant (p < 0.01) differences among all these
factors, which were also highly significant in 2017, for both root and shoot parts. Under
control conditions, regarding the shoot alkaloids content in 2017, ascorbic acid MS showed
the highest value in the Faisalabad and Quetta ecotypes, while thiourea MS = ascorbic
acid MS in terms of effectiveness in the Gujranwala ecotype. On the other hand, under SS,
ascorbic acid showed the highest value in Faisalabad, and moringa leaf extract = ascorbic
acid in the Quetta ecotype, while thiourea MS = ascorbic acid MS in terms of showing
the maximum results in Gujranwala. The data further revealed that in 2018, the effect
of ascorbic acid was the most pronounced on the Faisalabad and Quetta ecotypes, while
thiourea had the greatest effect on increasing this trait in the Gujranwala ecotype under
control conditions. On the other hand, under SS, ascorbic acid MS was effective in the
Faisalabad and Gujranwala ecotypes, while in the Quetta ecotype, moringa leaf extract MS
gave the maximum increase as compared with other plant growth promoters (Figure 6a).
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Figure 5. (a) Effects of MS with different plant growth promoters on shoot anthocyanin contents and
(b) root anthocyanin contents in milk thistle in 2017 and 2018. Different letters represent significant
differences at the p < 0.05.

The data noted for root alkaloids contents depicted that ascorbic acid MS had the
greatest effect on the Faisalabad ecotype in improving this attribute, while in the Gujranwala
and Quetta ecotypes, moringa leaf extract MS was the most effective under SS and control
stress conditions in 2017. On the other hand, in 2018, the maximum root alkaloids content
in the Faisalabad ecotype was obtained via MS with moringa leaf extract, in the Gujranwala
ecotype via MS with thiourea, and in Quetta via MS with ascorbic acid under non-saline
conditions, while under SS conditions, ascorbic acid MS was the most effective in increasing
the alkaloids content in the Faisalabad and Quetta ecotypes, and in Gujranwala, thiourea
was the most effective. In contrast, the root alkaloids content was the highest in Faisalabad,
followed by Quetta and Gujranwala, in 2017, while in 2018, it was Quetta > Gujranwala >
Faisalabad. The alkaloids content was higher in shoots than in roots (Figure 6b).

3.13. Principle Component Analysis

For the year 2017, both principal components 1 and 2 explained all the variation,
i.e., 100% of the data. On average, the Quetta ecotype performed best for all the traits under
study. It performed negatively for root saponins and root alkaloids but positively for all
the other traits. However, the Faisalabad ecotype performed best for shoot fresh weight
and root saponins but negatively for all the other traits. Similarly, the Gujranwala ecotype
performed best for root alkaloids but negatively for all the other traits. In addition, the
contribution of all parameters to the total variation is shown by the intensity of the vectors’
color (Figure 7a).
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Figure 6. (a) Effects of MS with different plant growth promoters on shoot alkaloids contents and
(b) root alkaloids contents in milk thistle in 2017 and 2018. Different letters represent significant
differences at the p < 0.05.

For the year 2018, both principal components 1 and 2 explained all the variation,
i.e., 100% of the data. On average, the Quetta ecotype performed best for all the traits. It
performed negatively for both fresh and dry weight (shoots + roots) but positively for all the
other traits. However, the Faisalabad ecotype performed best for shoot weight (fresh + dry)
but negatively for all the other traits. Similarly, the Gujranwala ecotype performed best for
root weight (fresh + dry) but negatively for all the other traits. In addition, the contribution
of all parameters to the total variation is shown by the intensity of the vectors’ color
(Figure 7b).
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Figure 7. Principal component biplot of three ecotypes for all the traits under study in years (a) 2017
and (b) 2018. RFW = root fresh weight; SFW = shoot fresh weight; RDW = root dry weight;
SDW = shoot dry weight; RAl = root alkaloids; SAl = shoot alkaloids; RAn = root anthocyanins;
SAn = shoot anthocyanins; RS = root saponins; SS = shoot saponins; RWC = relative water content.

4. Discussion

The enzymes concerning nitrogen and carbon metabolism are significantly altered
under salinity stress, thereby resulting in a lower production of SMs and hampering plant
growth [50]. By observing milk thistle performance, it was found that the shoot and root
length in milk thistle planted in saline soil was shorter (Figure 1a,b) and that leaf color was
slightly changed to yellowish-green as compared with control conditions. Overall, the data
showed that salt stress reduced the vegetative growth of milk thistle, such as the number
of leaves (Figure 1c), leaf area (Figure 1d), shoot and root fresh and dry weight (Figure 2),
the number of roots (Figure 3a), and the RWC (Figure 3d). The present study’s thiourea
results confirmed the studies of [51,52]; they also observed a significant reduction in plant
length, the number of leaves, and root and shoot fresh weight. In another case [53], it was
noted that plant height increased in Alhagi pseudoalhagi (a leguminous plant) at 5 dS/m,
while it decreased at 10 and 20 dS/m. In another study of thiourea, [54] confirmed milk
thistle growth reduction at 9 dS/m. However, in this study, increases in the number of
spines and root diameter were seen, which confirmed the anticipatory role of salt stress
(Figure 3b,c). According to [55], SS increased root area by up to 20% in Brassica napus,
which indicated the spontaneous response of plants consisting in the uptake of more
nutrients and water under stressful conditions. Contrarily, [56] observed a root-surface-
area reduction in wheat under SS. Additionally, the application of plant growth promoters
significantly increased all growth-related attributes regardless of salinity treatment, and an
increasing trend was observed as follows: ascorbic acid > moringa leaf extract > thiourea.
Our studies were inconsistent with the findings obtained by [57,58]; they also observed
higher growth rate and RWC in maize with the application of the above-mentioned plant
growth promoters. They suggested that ascorbic acid and thiourea improved growth-
related attributes by prompting the photosynthetic capacity. Moringa leaf extract is also a
rich source of ascorbate, which was found to promote a shielding effect against oxidative
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stress and to improve photosynthetic efficiency [59]. On the other hand, ecotypic variations
showed the highest growth rate in Quetta, followed by Gujranwala and Faisalabad.

According to the observations in [60], SMs increased in safflower under saline stress
conditions at 5 to 15 dS/m. In this study, a higher SM content in terms of anthocyanin
was observed both under SS and in plants supplied with plant growth promoters than in
unstressed plants (Figure 5). The authors of [61] reported that the anthocyanin content
increased in response to salinity, while it decreased in salt-sensitive genotypes. According
to [62], the anthocyanin content increased in wheat genotypes under salt stress conditions.
In another study, ref. [63] reported higher anthocyanin contents in tomato and cabbage
under SS. In addition, higher total alkaloid and saponin (Figures 4 and 6) contents were ob-
served under salt stress conditions, and MS with plant growth promoters further increased
their concentrations, regardless of ecotypic variations. The authors of [64] also deduced that
the alkaloids content increased in Chelidinium majus L. in response to drought and SS. They
presupposed that this increase might have been due to the increased enzymatic activities of
stylopine synthase, which takes part in alkaloid biosynthesis. In contrast, ref. [65] found
a decreased content of alkaloids in Catharanthus roseus (L.) at 5 to 15 dS/m salinity. In
another case, ref. [66] observed higher alkaloid and saponin contents in soybean under SS.
The effect of ascorbic acid, followed by moringa leaf extract and thiourea, was the most
pronounced in enhancing the SM contents in all milk thistle ecotypes. Our findings are
corroborated by the results of [67]; they also observed higher SM production in common
bean with the application of ascorbic acid (200 or 400 mg L−1) under SS conditions, which
may have been directly or indirectly linked with its antioxidative properties. Ecotypic
variations showed higher SM contents in Quetta ecotypes than in other ecotypes, regardless
of SS and MS with plant growth promoters. In addition, a higher alkaloids content was
recorded in 2018 than in 2017, while saponin and anthocyanin contents were higher in 2017
under net house conditions. Therefore, using agronomic practices such as MS with plant
growth promoters, especially ascorbic acid in Quetta ecotype, can enhance SS tolerance
and could be used as a key for improving the SMs required for sustainable, low-input
production in the SS environments of the world.

5. Conclusions

SS imprinted a negative effect on all growth-related attributes of milk thistle except
for the number of spines and root diameter, which were surprisingly increased under
SS treatment. The harmful effects of SS could be ameliorated via MS with plant growth
promoters ascorbic acid, thiourea, and moringa leaf extract in milk thistle plants. Addi-
tionally, salt stress increased the synthesis of SMs, as confirmed by the increases in total
alkaloids, saponin, and anthocyanin contents in SS-exposed plants, while their production
was further enhanced via MS with plant growth promoters. Regarding ecotypic variations,
the Quetta ecotype performed better not only under control but also SS conditions. Overall,
a higher growth rate was observed in 2018 than in 2017. In a nutshell, an adequate supply
of plant growth promoters played the anticipated role in improving the salinity tolerance
of milk thistle plants by increasing the production of SMs.
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Abstract: Chicory (Chicorium intybus L.) is a perennial herb of the family Asteraceae, widely distributed
in Asia and Europe, commonly used industrially as a raw material for extracting inulin because
of a high content of inulin and biologically active compounds. Light conditions and plant growth
regulators (PGRs) are two of many factors that affect the growth and inulin content of chicory
callus. The aim of this work is to study the effect of PGRs and light conditions on proliferation
and accumulation of inulin of chicory callus in vitro. In this study, we used semi-solid MS medium
supplemented with different auxins (including Indole-3-acetic acid (IAA), naphthylacetic acid (NAA),
and 2,4-dichlorophenoxyacetic acid (2,4-D)) at a concentration of 5.5–9.5 mg/L in combination with
2.0 mg/L 6 benzylaminopurine (BA) to determine induction and proliferation of callus. The increasing
value of callus fresh weight was used to assess the growth of the callus in treatments. The results
showed that a steady increase in callus fresh weight and inulin content in callus cells was obtained
when they were cultured on MS medium supplemented with a combination of 2.0 mg/L BA with
7.5 mg/L IAA in lighting conditions with radiation equalized by the flux density of photosynthetic
photons and ratios of radiation levels in the region of FR—far red > R—red. Increasing demand for
organic inulin sources in production practice can be met by our finding.

Keywords: artificial light; auxins; chicory; callus cells; inulin; plant growth regulators

1. Introduction

The production of high-quality drugs, characterized by safety and high efficiency,
is one of the priority areas for the development of the pharmaceutical industry. The
production of such drugs is based on the use of plant materials, in particular medicinal
plants. It plays an important role in expanding the range of medicinal products [1–3].
According to the World Health Organization (WHO) forecast and the WHO Traditional
Medicine Strategy 2014–2023, in 15–20 years, the share of herbal medicines in the total
range of medicines may increase to 60% [4].

The interest of researchers in medicinal plants is constantly growing, since they are
a source of biologically active substances that can be widely used in the food industry as
well. Today, special attention is paid to the production of food for dietary and functional
purposes, which include, for example, dietary fiber, antioxidants, prebiotics, etc. [5]. One of
the effective prebiotics is inulin, which is industrially most often extracted from chicory
(Cichorium intybus L.) [6]. Inulin is a heterogeneous collection of fructose polymers. It
consists of chain-terminating glucosyl moieties and a repetitive fructosyl moiety, which are
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linked by β(2,1) bonds [7]. The degree of polymerization (DP) of standard inulin ranges
from 2 to 60 [8,9]. Because of the β(2,1) linkages, inulin is not digested by enzymes in the
human alimentary system, contributing to its functional properties: reduced calorie value,
dietary fiber, and prebiotic effects [10].

Chicory is a perennial herb of the family Asteraceae, widely distributed in Asia and
Europe [11,12], commonly used industrially as a raw material for extracting inulin because
of a high content of inulin and biologically active compounds. All parts of this plant possess
great medicinal importance due to the presence of a number of medicinally important
compounds such as alkaloids, inulin, sesquiterpene lactones, coumarins, vitamins, chloro-
phyll pigments, unsaturated sterols, flavonoids, saponins and tannins [13–16]. According
to Meehye and Shin (1996) [17], fresh chicory typically contains 68% inulin, 14% sucrose,
5% cellulose, 6% protein, 4% ash, and 3% other compounds, while dried chicory con-
tains approximately 98% inulin and 2% other compounds. Chicory has been traditionally
used for the treatment of fever, diarrhea, jaundice, and gallstones [18,19]. Several recent
studies have been also reported that chicory has a potent hepatoprotective, antioxidant,
hypoglycemic, diuretic, anti-testicular toxicity, and immunomodulatory effects [20–24].
Moreover, its roots are often used as a coffee substitute [25], particularly in India [26] and
South Africa.

Nowadays, the use of biotechnology methods not only allows to multiply and obtain
high-quality planting material but also creates in vitro cell cultures of medicinal plants
with an increased content of biologically active substances [27,28]. Several previous reports
have demonstrated the regenerative ability of chicory from different plant parts (including
leaf explant [29–35], and petiole explant [36,37] by using different hormonal combinations.
In most of the reported studies, leaf explants were used most in micropropagation through
callus cultures, and combinations of BA with IAA or NAA at different concentrations were
used for the initial induction and proliferation of the callus [31–33,35]. In addition, light
is known to be an effective abiotic elicitor that influences plant photosynthesis process,
development, and morphogenesis [38–40]. Light plays a vital role in regulating primary as
well as secondary metabolism to help achieve optimum growth [41,42]. Multiple studies
have reported the direct stimulation of secondary metabolites production in the presence
of monochromatic lights, especially red light [43–45]. There are currently no similar reports
on chicory species.

Based on the foregoing, the aim of this work is to study the effect of plant growth
regulators (PGRs) and light conditions on proliferation and accumulation of inulin of
Chicory (Cichorium intybus L.) callus in vitro.

2. Materials and Methods

2.1. Plant Material Prepareation

The work was carried out at the Department of Biotechnology of the Russian State
Agrarian University—Moscow Agricultural Academy named after K. A. Timiryazev
(Moscow, Russia). The objects of the study were leaf segments obtained from in vitro
seedlings of Chicory (Cichorium intybus L.), cultivar Petrovsky.

Seeds were sterilized with a 0.1% mercuric chloride (HgCl2) solution for 9 min, fol-
lowed by rinsing them three times with sterile distilled water following the protocol
described in the literature data [35].

All work on sterilization of seeds, introduction into culture in vitro and further work
on the study of callogenesis and morphogenesis were carried out in aseptic conditions
of laminar hood flow (BIOBASE BBS—H1800(X)). After surface disinfection, seeds were
cultivated on a PGR-free nutrient medium of Murashige and Skoog (MS) [46]. The pH
of the medium was adjusted to 5.6–5.8 before being autoclaved at 121 ◦C and 1.1 atm for
20 min. The cultures were maintained in a culture room at 25 ± 2 ◦C during a long-day
photoperiod (16 h of light: 8 h of dark) with cool white fluorescent light (2000–2500 lux).
Five seeds were cultured per Petri dish and ten dishes per treatment.
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Seedlings obtained on the 7th day from the time the seeds germinated were sub-
cultured to MS medium supplemented with 1.0 mg/L 6–benzylaminopurine (BA) and
0.1 mg/L Indole–3–acetic acid (IAA) for in vitro plantlet development.

2.2. Cultivation of Chicory Callus under Different PGR Composition

In order to induce callus, leaf segments (5 × 5 mm) isolated from 30 days old in vitro
plantlets were cultivated in MS medium supplemented with cytokinin (2.0 mg/L BA) and
various auxins (including IAA, naphthylacetic acid (NAA), and 2,4-dichlorophenoxyacetic
acid (2,4-D)) at a concentration of 5.5–9.5 mg/L. Ten leaf explants were cultured per Petri
dish and fifteen dishes per treatment.

Every 4 weeks, the callus was transferred onto a fresh medium. Five calluses were
cultured per Petri dish and thirty dishes per treatment.

The consistency and color of the callus were taken into account. The increasing value
of callus fresh weight was used to assess the growth of the callus. Biomass of callus was
weighed on scales (AND GR-202) in a laminar flow hood.

2.3. Cultivation of Chicory Callus under Light-Culture Conditions

Chicory leaf segments obtained from 30 days old in vitro plantlets were cultivated on
semisolid MS medium supplemented with 2.0 mg/L BA in combination with 7.5 mg /L
NAA or 7.5 mg /L IAA. Ten leaf explants were cultured per Petri dish and fifteen dishes per
treatment. Petri dishes were placed in light proof grow tents (Urban Grower 60 × 60 × 200 cm
(Gorshkoff, Russia)) with radiation equalized by the flux density of photosynthetic photons
and different ratios of radiation levels in the region of 660 nm (R—red) and 730 nm (FR—far
red). R/FR ratio options:

(1) R/FR = 1, photosynthetic photon flux density (PPFD) = 142 (±10) μmol/m2s;
(2) R/FR = 1/2, PPFD = 142 (±10) μmol/m2s;
(3) R/FR = 2, PPFD = 142 (±10) μmol/m2s;
(4) Control: white linear fluorescent lamp (OSRAM AG 4000K), PPFD 40 μmol/m2s.

The emission spectra were measured with a PLA-20 instrument (Everfine,
Hangzhou, China).

The increasing value of callus fresh weight was used to assess the growth of the callus.
The callus was weighed in a laminar flow hood by scales at the beginning and the end of
the subculture.

2.4. Determination of Inulin by Spectrophotometry

For one analysis, a dry sample of 600 mg callus was taken, placed in a volumetric flask,
poured in 9.5 mL of 90% ethanol, and kept for 30 min in a water bath (UCHEN) at 80 ◦C,
periodically stirring its content. As a control, the same volume of water was added to the
sample of callus.

After cooling, 0.05 mL of 25% NaOH solution was added to both flasks (sample and
control) and then the contents of them were brought to 10 mL with ethanol at the sample
flask and water at the control flask. The contents of the flasks were left for 10–20 min after
which centrifugation was carried out at 4000–6000 rpm for 3–5 min. After that, empty
10 mL volumetric flasks were taken and 0.05 mL of centrifugates of both extracts (sample
and control), as well as a solution of 3.0 mg/mL fructose (standard) and water (control),
were transferred into them. In the next step, the resulting volume was added to 1.0 mL of
reagent (2.0 mg/mL resorcinol + 96% ethanol and concentrated hydrochloric acid (HCl)
in equal volumes). The flasks were kept in a water bath for 35 min and then cooled. The
volume was brought to 10 mL with water and stirred.

The optical density of the analyzed samples and standard solution was measured on
an SF-104 spectrophotometer at a wavelength of 480 nm. The content of fructose-containing
sugars in the samples was calculated using the formula:
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X =
Ap × Cs × 10

As × mp
(1)

where Ap and As are the optical density of the test sample and the standard solution,
respectively; Cs is the concentration of a standard fructose solution (3.0 mg/mL); mp is the
weight of the weighed portion of the analyzed sample, g.

The result obtained for an aqueous extract reflects the total content of water-soluble
carbohydrates. The result for the ethanol extract reflects the content of low molecular weight
fructosides. The difference between the two measures gives the inulin content. [47,48].

2.5. Statistical Analysis of Experimental Data

The experiments were arranged completely randomly and repeated three times. Mean
values of all data were calculated using Microsoft Excel 2013 (Microsoft Corporation,
Redmond, WA, USA). Analysis of Variance (ANOVA) was performed in AGROS soft-
ware (version 2.11, Russian State Agrarian University—Moscow Timiryazev Agricultural
Academy, Moscow, Russia, 1999–2001) and means were compared using Fisher’s Least
Significant Difference (LSD) test at a significance level of p ≤ 0.05.

3. Results

3.1. Influence of the PGR Composition of the Nutrient Medium on Chicory Callus Growth

Some patterns have been established in chicory callus formation, as a result of the
studies carried out. On days 7 to 10, the proliferation of cells was observed at the sites of
cut and damage in all treatments. However, it should be noted that the applied different
concentrations of various auxins (IAA, NAA, and 2,4-D) in combination with 2.0 mg/L BA
had a significant effect on the growth, texture, and color of callus.

Cultivation of leaf explants on semisolid MS medium supplemented with different
concentrations of IAA in combination with 2.0 mg/L BA led to the callus formation of a
bright yellow color, semisolid, and with the formation of meristematic foci (Figure 1a). The
onset of callogenesis was noted on the third day from the beginning of culture. With NAA,
the chicory callus was dense and white or light yellow (Figure 1b). The onset of callogenesis
was observed on days 7–10. When leaf explants were cultivated on a medium containing
2,4-D, a different result was observed. In this variant, the intensity of callogenesis was
minimal. The formed callus was brown, of loose consistency, and died during cultivation.
Therefore, the culture medium containing 2,4-D was not used in further experiments
(Figure 1c).

Figure 1. Formation callus on semisolid MS medium supplemented with different con-
centrations of various auxins (IAA, NAA, and 2,4-D) in combination with 2.0 mg/L BA:
(a) 7.5 mg/L IAA; (b) 7.5 mg/L NAA; (c) 5.5 mg/L 2,4-D. Callus after 28 days of culture (the
first subculture). Scale bars = 1 cm.

The increasing value of callus fresh weight was used to assess the growth of the callus.
This indicator was evaluated at fourth and fifth subcultures. The growth of callus was
determined depending on the investigated auxin and its concentration (Table 1).
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Table 1. Effect of different concentrations of various auxins (IAA and NAA) in combination with
2.0 mg/L BA on the growth of callus at different subcultures.

Auxin
Auxin Concentration, mg/L

5.5 6.5 7.5 8.5 9.5

4th subculture

IAA 0.77 ± 0.03 d 0.48 ± 0.03 b 0.22 ± 0.01 a 0.54 ± 0.03 bc 0.77 ± 0.03 d
NAA 0.78 ± 0.03 d 1.56 ± 0.41 ef 1.08 ± 0.38 de 1.32 ± 0.51 def 0.66 ± 0.03 c

5th subculture

IAA 0.92 ± 0.04 cde 0.84 ± 0.04 cd 0.63 ± 0.03 a 0.69 ± 0.03 ab 0.91 ± 0.04 cde
NAA 0.60 ± 0.03 a 0.80 ± 0.04 c 1.24 ± 0.58 def 1.24 ± 0.55 def 0.90 ± 0.04 cde

Mean (callus fresh weight, g) ± standard error (SE); At each subculture, means followed by a different letter are
significantly different at an alpha level of 0.05 according to the Fisher’s Least Significant Difference (LSD) test.

The stable growth of callus was observed when NAA was added to the nutrient
medium at a concentration of 7.5 and 8.5 mg/L at the fifth subculture (reach 1.24 g) and
6.5 mg/L at the fourth subculture (reach 1.56 g). In the treatment with IAA (at the concen-
tration of 8.5 mg/L in combination with 2.0 mg/L BA), the increasing value of callus fresh
weight is about two times less than in the treatment with NAA at the same concentration.
However, it should be noted that, on a medium containing NAA, the proliferative activity
decreased with an increase in the number of subcultures. A stable increase in callus cells
was observed between fourth and fifth subculture during all the IAA treatments. In addi-
tion, in these treatments in the callus at the end of the cultivation cycle, the formation of
multiple meristematic foci was noted.

The difference in the growth of callus during subculturing was revealed. When using
IAA, the greatest difference in growth between the fourth and fifth subcultures was at a
concentration of 7.5 mg/L and amounted to 65%. At the same time, the greatest difference
in growth between NAA transfers was at the level of 7.5 mg/L and amounted to 12.9%.
Combined with fresh weight, this was the best result for this PGR. Therefore, it was decided
to use these PGR concentrations for further experiments.

3.2. Influence of Light Quality and PGR Composition on the Morphology of the Chicory Callus

One of the regulatory factors of morphogenesis is the intensity and quality of light. The
paper studied the influence of ratios of red LED lamps (R = 660 nm) and far-red spectrum
(FR = 730 nm) on the formation of callus from leaf segments of chicory seedlings. Various
auxins (IAA or NAA) at the concentration of 7.5 mg/L in combination with 2.0 mg/L BA
were used in all variants of nutrient media. It was found that under different light growth
conditions, callus of different size, density, and color was formed.

Growing callus under the conditions of a light regime FR > R on semisolid MS medium
supplemented with 7.5 mg/L NAA in combination with 2.0 mg/L BA resulted in the for-
mation of a loose, highly hydrated callus, and easily disintegrating into individual cell
aggregates. In this case, the obtained callus was yellow and there was an anthocyanin
coloration that appeared towards the center (Figure 2a). On semisolid MS medium supple-
mented with 7.5 mg /L IAA in combination with 2.0 mg/L BA, the obtained callus was
green in color, of a dense type, and formed many meristematic foci over the entire surface
of the callus (Figure 2b).
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Figure 2. Callus obtained by cultivation on semisolid MS medium supplemented with 2.0 mg/L
BA in combination with: (a) FR > R mode, 7.5 mg/L NAA; (b) FR > R mode, 7.5 mg/L IAA;
(c) FR = R mode, 7.5 mg/L NAA; (d) FR = R mode, 7.5 mg/L IAA; (e) FR < R mode, 7.5 mg/L
NAA; (f) FR < R mode, 7.5 mg/L IAA. Callus after 28 days of culture (the first subculture).
Scale bars = 1 cm.

When callus was grown under the conditions of the FR = R light regime on semisolid
MS medium supplemented with 7.5 mg /L NAA in combination with 2.0 mg/L BA, a loose
callus type, poorly hydrated, and easily disintegrating into individual cell aggregates, was
formed. In this case, the obtained callus was light yellow or white without anthocyanin
patches (Figure 2c). On semisolid MS medium supplemented with 7.5 mg /L IAA in com-
bination with 2.0 mg/L BA, the obtained callus was light green color with an anthocyanin
coloration, of a dense type, and formed many meristematic foci over the entire surface of
the callus (Figure 2d). However, the formed adventive shoots had a lanceolate leaf blade,
which is atypical for plantlets with normal morphology.

When callus was grown under the conditions of the light regime FR < R semisolid MS
medium supplemented with 7.5 mg /L NAA in combination with 2.0 mg/L BA, a loose
callus type, poorly hydrated, and easily disintegrating into individual cell aggregates, was
formed. In this case, the obtained callus was light yellow or white without anthocyanin
patches (Figure 2e). On semisolid MS medium supplemented with 7.5 mg /L IAA in com-
bination with 2.0 mg/L BA, callus of a bright green color with an anthocyanin coloration,
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of a medium density type, and formed many meristematic foci over the entire surface of
the callus (Figure 2f). However, the adventive shoots formed were hyperhydrated.

3.3. Influence of the PGR Composition of the Nutrient Medium on the Accumulation of Inulin in
Chicory Callus

The results indicated that the ability of callus cells to accumulate inulin depends on
the type of auxins used. The presence of 2.0 mg/L BA in combination with 7.5 mg/L IAA
in the nutrient medium led to the accumulation of inulin in the callus five times higher
than 2.0 mg/L BA in combination with 7.5 mg/L NAA (Table 2). The ratio was consistent
on both the fourth and fifth subcultures. The increased content of inulin in callus obtained
on semisolid MS medium supplemented with 2.0 mg/L BA in combination with 7.5 mg/L
IAA can be explained by the appearance of meristematic foci, in contrast to the medium
with NAA, on which non-morphogenic callus was formed.

Table 2. Effect of different auxins (2.0 mg/L BA in combination with 7.5 mg/L NAA or 7.5 mg/L
IAA) on the inulin content (%) in chicory callus.

Auxin Extraction Medium Mean Optical Density
Fructose-Containing

Sugars, %
Inulin Content, %

4th subculture

NAA
Alcohol 0.0387 4.2928

1.15 a
Water 0.0491 5.4464

IAA
Alcohol 0.0435 4.8215

5.04 b
Water 0.0889 9.8612

5th subculture

NAA
Alcohol 0.0407 4.3788

1.23 a
Water 0.0463 5.6002

IAA
Alcohol 0.0465 4.8441

5.27 b
Water 0.0859 9.6449

Means ± SE; At each subculture, means followed by a different letter are significantly different at an alpha level
of 0.05 according to the Fisher’s Least Significant Difference (LSD) test. Values of inulin content were arcsin

√
X

transformed prior to statistical analysis.

3.4. Influence of Light Quality and PGR Composition on the Accumulation of Inulin in
Chicory Callus

With regard to the influence of the spectral composition of light on the accumulation
of inulin in chicory callus cells, there was a clear dependence of the accumulation of
inulin on the light quality. On semisolid MS medium supplemented with 7.5 mg /L
IAA in combination with 2.0 mg/L BA, the responsiveness of the callus to changes in
light treatment was observed. With an increase in PPFD by a mean of 100 μmol/m2s, all
treatments (PPFD = 142 ± 10 μmol/m2s) differed from the control (fluorescent lamp, PPFD
= 40 μmol/m2s) by a mean of 28%. The FR = R and FR < R treatments did not differ from
each other during all subcultures. There was no difference between FR > R and FR<R as
well. The effects of both the 4thand 5th subcultures were the same (Figure 3).

During the cultivation on semisolid MS medium supplemented with 7.5 mg/L NAA
in combination with 2.0 mg/L BA, because the obtained callus was non-morphogenic,
their weak responsiveness to lighting was observed in all treatments and control. At the
fourth subculture, the R = FR and R < FR treatments were not significantly different from
each other but different from the control and the FR > R treatment (Figure 3a). There was
a significant difference in all treatments with control at the fifth subculture (Figure 3b).
There were no differences between FR = R, FR < R. The treatment with FR > R at 5th
subculture had the highest value of inulin content by a mean of 35% higher than the control
(fluorescent lamp).
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The high ability of callus cells to synthesize and accumulate inulin was obtained
by growing cells on a nutrient medium containing IAA. Probably, the high biosynthetic
potential of cells for inulin synthesis is due to the fact that it was under these conditions
that a well-proliferating and highly morphogenic callus was formed.

Figure 3. Combined effect of light quality (FR > R, FR = R, FR < R) and plant growth regulators
(2.0 mg /L BA in combination with 7.5 mg/L NAA) on inulin content of chicory callus at: (a) Fourth
subculture; (b) Fifth subculture. Means (percentage of inulin content) followed by a different letter are
significantly different at an alpha level of 0.05 according to the Fisher’s Least Significant Difference
(LSD) test. For each treatment n = 150.

4. Discussion

Currently, the most promising area for the development of the food industry is the
production of functional and dietary food products. These products include products
containing dietary fiber, antioxidants, prebiotics, etc. One of the effective prebiotics is
inulin, which is found in chicory, which determines the importance of this crop for the food
and pharmaceutical industries.

The use of biotechnology methods not only allows to multiply and obtain high-quality
planting material but also creates in vitro cell cultures of medicinal plants with an increased
content of biologically active substances [27,28]. The biosynthetic potential of cultured cells
in vitro depends on various factors, which include, in particular: the mineral and hormonal
composition of the nutrient medium as well as the use of various elicitors (physical and
chemical nature) and illumination conditions (light intensity, spectral composition of light).
A change in each of these factors can lead to a change in primary and secondary metabolism,
and the quality of the obtained medicinal plant raw materials also depends on illumination
conditions [38–45].

In most of the reported studies, leaf explants were used most in micropropagation
through callus cultures, and combination of BA with IAA or NAA at different concentra-
tions was most suitable for the initial induction and proliferation of chicory callus [31–33,35].
In our studies, the most optimal conditions for callogenesis were the presence of IAA or
NAA in combination with 2.0 mg/L BA in the nutrient medium at a concentration of
7.5 and 8.5 mg/L. The use of 2,4-D in any of the treatments did not lead to the formation of
a well-proliferating callus. In all treatments, the formation of weakly growing, non-viable
tissue was observed, the death of which was observed already in the middle of the first
subculture. Cultivation of callus cells on a nutrient medium supplemented with IAA or
NAA led to different responses to morphogenesis. Differences in the effect of various
auxins on the content of inulin, apparently, were due to the nature of the auxin. IAA is a
natural auxin and NAA is a synthetic. IAA is preferred for the formation of morphogenic
callus. When using NAA, the formation of a non-morphogenic callus was observed. In
our study on medium with IAA, where the morphogenic callus formed, a greater amount
of inulin was observed (Table 2). According to other researchers, the content of inulin
in callus obtained on a medium with NAA is relatively low. However, the content of
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inulin in plant leaves in vitro can reach up to 5% dry weight [49]. In our case, it can be
assumed that the high content of inulin in the callus on the medium with IAA is due to the
formation of meristematic foci over the entire surface of the callus. Its further increase can
be controlled by changing the spectral composition and quality of light. During cultivation
on a medium supplemented with NAA, the callus was non-morphogenic; therefore, a weak
responsiveness to lighting conditions was observed.

It is well known that one of the important factors necessary for the growth, devel-
opment and productivity of plants is the intensity and spectral composition of light. In
conditions of insufficient supply of sunlight, the process of photosynthesis is disrupted, the
growth, development, productivity, and resistance of plants are reduced [50–52].

In the literature, there are numerous works devoted to the study of the intensity and
spectral composition of light for growth and development, photosynthesis and plant pro-
ductivity [38–45]. Light also acts as an effective regulator that controls plant morphogenesis
during their development in vitro [38–40]. Various authors have found that cultivation of
cell cultures under conditions with the use of red light leads to the stimulation of growth,
both of the aerial part and of the roots, in comparison with cultivation in white and blue
light [53,54]. In addition, it has been shown that red light enhances the synthesis of car-
bohydrates in the leaves, while blue light enhances the synthesis of proteins [40,53]. Our
studies have shown that the use of different lighting conditions (FR > R, FR = R, FR < R)
have a significantly stimulating effect on the accumulation of inulin in callus. Moreover,
the maximum value of inulin in callus (7.55–7.95%) was obtained in the treatment 7.5 mg/L
IAA with FR > R. According to the data obtained, the best combinations of studied factors
for callus growth were 7.5 mg/L NAA with FR > R and 7.5 mg/L IAA with FR < R.

5. Conclusions

The cultivation of callus cells is one of the uses of the PGRs. The nature and concentra-
tion of PGRs in culture media has an effect on morphogenesis and secondary metabolite
biosynthesis. The studies performed allowed us to conclude that in order to obtain a
well-proliferating, non-morphogenic callus, the presence of NAA in the nutrient medium
is necessary, and IAA to obtain regenerated plants from callus. Such plants can be initial
material for the selection of new forms of chicory.

The light treatment had a significant effect on the inulin content in callus. The FR > R
treatment with PPFD = 142 (±10) μmol/m2s increases the content of inulin in callus cells.
On the other hand, the ability of callus cells to accumulate inulin also depends on the type
of auxin used. The increased content of inulin in callus obtained in the medium with IAA
can be explained by the appearance of meristematic foci, in contrast to the medium with
NAA, on which non-morphogenic callus was formed.
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Abstract: Late embryogenesis abundant (LEA) proteins comprise a diverse superfamily involved in
plant development and stress responses. This study presents a first genome-wide analysis of LEA
genes in papaya (Carica papaya L., Caricaceae), an economically important tree fruit crop widely culti-
vated in the tropics and subtropics. A total of 28 members were identified from the papaya genome,
which belong to eight families with defined Pfam domains, i.e., LEA_1 (3), LEA_2 (4), LEA_3 (5),
LEA_4 (5), LEA_5 (2), LEA_6 (2), DHN (4), and SMP (3). The family numbers are comparable to
those present in Ricinus communis (Euphorbiaceae, 28) and Moringa oleifera (Moringaceae, 29), but rel-
atively less than that found in Moringa oleifera (Cleomaceae, 39) and Arabidopsis thaliana (Brassicaceae,
51), implying lineage-specific evolution in Brassicales. Indeed, best-reciprocal-hit-based sequence
comparison and synteny analysis revealed the presence of 29 orthogroups, and significant gene
expansion in Tarenaya and Arabidopsis was mainly contributed by whole-genome duplications that
occurred sometime after their split with the papaya. Though a role of transposed duplication was also
observed, tandem duplication was shown to be a key contributor in gene expansion of most species
examined. Further comparative analyses of exon-intron structures and protein motifs supported
fast evolution of this special superfamily, especially in Arabidopsis. Transcriptional profiling revealed
diverse expression patterns of CpLEA genes over various tissues and different stages of develop-
mental fruit. Moreover, the transcript level of most genes appeared to be significantly regulated
by drought, cold, and salt stresses, corresponding to the presence of cis-acting elements associated
with stress response in their promoter regions. These findings not only improve our knowledge on
lineage-specific family evolution in Brassicales, but also provide valuable information for further
functional analysis of LEA genes in papaya.

Keywords: papaya (Carica papaya); brassicales; late embryogenesis abundant protein; orthogroup;
abiotic stress; expression profile

1. Introduction

Late embryogenesis abundant (LEA) proteins comprise a large and diverse superfam-
ily that is widely involved in plant development as well as stress responses [1–3]. Since their
first discovery as accumulating late in cotton (Gossypium hirsutum) embryogenesis [4–6],
over the past four decades, LEA proteins have been found in a wide range of plants as
well as bacteria, fungi, and animals [1,7]. According to sequence similarity and particular
Pfam domains present, LEAs can be classified into eight main families, i.e., LEA_1 (Pfam
accession number PF03760), LEA_2 (PF03168), LEA_3 (PF03242), LEA_4 (PF02987), LEA_5
(PF00477), LEA_6 (PF10714), DHN (dehydrin, PF00257), and SMP (seed maturation protein,
PF04927) [3,8,9]. In the model plant arabidopsis (Arabidopsis thaliana), the presence of
51 LEA-encoding genes was reported, whereby two members (i.e., AtEM10 and AtEM17)
comprise one more family named AtM without significant protein domains [2,10]. Gener-
ally, LEA proteins are extremely hydrophilic; however, some members in the LEA_2 family
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were shown to be hydrophobic and even have a three-dimensional structure [11]. Increasing
evidence shows that the accumulation of LEA proteins is not only found in seeds, but also
different vegetative tissues especially under stress conditions, e.g., high temperature, low
temperature, drought, and salt [2,3,12,13]. Moreover, improved stress tolerance was also
observed after overexpressing LEA genes in Escherichia coli, yeast (Saccharomyces cerevisiae),
and several model plants such as tobacco (Nicotiana tabacum), arabidopsis, and rice (Oryza
sativa) [14–17]. Although the exact mechanism has not been clarified, LEA proteins are able
to stabilize other proteins and membrane structures during water stress [16,18].

Papaya (Carica papaya L., 2n = 18) is an important tree fruit crop that belongs to
the Caricaceae family within the order Brassicales, which also includes arabidopsis as
a representative in Brassicaceae, spider flower (Tarenaya hassleriana) in Cleomaceae, and
horseradish tree (Moringa oleifera) in Moringaceae. Compared with the occurrence of two
recent whole-genome duplications (WGDs) in both spider flower and arabidopsis, papaya
and horseradish tree did not experience any additional WGD after the ancient so-called γ

WGD shared by all core eudicots [19–22]. Although originated in Central America, the high
nutritional value with significant vitamins and minerals in papaya fruits has prompted
its wide cultivation in tropics and subtropics, e.g., India, Nigeria, Brazil, Mexico, Indone-
sia, and China [23]. In contrast to the considerable drought tolerance of wild relatives,
commercial papaya cultivars are highly susceptible to cold and drought stresses [24,25],
which frequently occur in subtropical regions such as south China. Therefore, explor-
ing genes involved in stress responses and breeding resistant varieties in these areas are
of particular importance. By taking advantage of available genome and transcriptome
datasets, in this study, we would like to report a genome-wide analysis of LEA genes in
papaya, which includes gene locations, exon-intron structures, sequence characteristics,
evolutionary relationships, and cis-acting elements in the promoter regions, as well as gene
expression patterns with a focus on fruit development and stress responses. These findings
provide a global view of CpLEA genes that can facilitate further functional studies, and the
comparative analysis with arabidopsis, spider flower, horseradish tree, and castor bean
(Ricinus communis) contributes to our knowledge on the lineage-specific evolution of this
special superfamily in Brassicales.

2. Materials and Methods

2.1. Data Retrieval and Identification of LEA Genes in Papaya, Horseradish Tree, and Spider Flower

LEA genes reported in arabidopsis and castor bean (see Table S1) were retrieved from
Araport11 (https://www.arabidopsis.org/, accessed on 18 June 2022) and Phytozome
v13 (https://phytozome-next.jgi.doe.gov/, accessed on 18 June 2022), respectively. Their
protein sequences were used to identify homologs from papaya, horseradish tree, and
spider flower, whose genome sequences were accessed from Phytozome v13, NCBI (http:
//www.ncbi.nlm.nih.gov/, accessed on 18 June 2022), and NGDC (https://ngdc.cncb.
ac.cn/, accessed on 18 June 2022). The E-value of the tBLASTn search [26] was set to
1 × 10−5, and gene models of candidates were curated with available mRNAs as described
before [27]. The presence of certain Pfam domains was confirmed using MOTIF Search
(https://www.genome.jp/tools/motif/, accessed on 18 June 2022). Systematic names were
assigned with two italic letters denoting the source organism and family name followed by
a progressive number of their locations on chromosomes (Chrs) or scaffolds (Scfs).

2.2. Synteny Analysis and Gene Expansion Patterns

Homolog pairs were identified using the all-to-all BLASTP method (E-value cutoff
1 × 10−10) and syntenic blocks were inferred using MCScanX (BLAST hits ≥ 5) [26,28].
Tandem repeats were defined when two paralogs were consecutive in a genome; WGD
repeats were considered when duplicated genes were located in syntenic blocks of du-
plicated chromosomes, and transposed repeats were identified using the DupGen_finder
pipeline as previously described [29]. Orthologs between different species were determined
using the Best Reciprocal Hit (BRH) method [30], as well as information from synteny
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analysis; and orthogroups (OGs) were assigned only when they were present in at least
two species examined.

2.3. Exon-Intron Structure, Phylogenetic Analysis, and Structural Characterization

The exon-intron structure was analyzed using GSDS 2.0 [31] by aligning the coding
sequence (CDS) to the corresponding genomic sequence. The molecular weight (MW), the-
oretical isoelectric point (pI), and grand average of hydropathy (GRAVY) were calculated
using ProtParam (http://web.expasy.org/protparam/, accessed on 18 June 2022), and
protein subcellular localization was predicted using WoLF PSORT (http://www.genscript.
com/wolf-psort.html, accessed on 18 June 2022). Multiple sequence alignment and phyloge-
netic reconstruction were performed using MEGA6 [32] with MUSCLE and the maximum
likelihood method (bootstrap: 1000 replicates), respectively. Conserved motifs in LEA
proteins were identified using MEME (v 5.4.1) [33]: any number of repetitions; maximum
number of motifs, 20; minimum sites, 2; and, the optimum width of each motif, between 6
and 100 residues.

2.4. Promoter Analysis

PLACE (http://www.dna.affrc.go.jp/PLACE/, accessed on 18 June 2022) was used to
examine the presence of two stress-related cis-acting elements (i.e., abscisic acid response
(ABRE, ACGTG) and low temperature response (LTRE, CCGAC)) in the 2000-bp promoter
region of CpLEA genes.

2.5. Plant Materials, RNA-seq, and Gene Expression Analysis

Gene expression profiles were analyzed on the basis of RNA sequencing (RNA-seq)
samples as shown in Table S2. Various tissues, i.e., root, apical bud, leaf, petiole, leaf
vein, male flower, female flower, fruit, peel, and seed, were collected from one-year-old
hermaphrodite plants of the cultivar Zhongbai that were planted in 2019 at the Wenchang
experimental base, Institute of Tropical Biosciences and Biotechnology, Chinese Academy
of Tropical Agricultural Sciences (Wenchang, Hainan, China: 19◦32′15.39” N, 110◦45′47.26”
E). Routine management was performed, and three groups of more than five trees were
used. As for cold and salt stresses, eight-week-old plantlets were used and treatments of
4 ◦C low temperature (i.e., 0, 7, 21, and 40 h) and 300 mmol/L NaCl (i.e., 0, 10, 15, and
20 d) were applied. To ensure the consistency of materials, only the second leaf from the
top of a plantlet was collected and at least 10 leaves were pooled for total RNA isolation
and subsequent Illumina RNA-seq as previously described [34,35]. As for drought stress,
watering was withheld from three-month-old plants for 0, 10, and 20 d; and samples of
roots, leaves, and phloem sap were sequenced as previously described [36]. Quality control
and read mapping were carried out using Trimmomatic [37] and TopHat (v2.0.8) [38],
respectively. The gene expression level was represented using FKPM (fragments per
kilobase of exon per million fragments mapped) [39], and differentially expressed genes
were determined using RSEM (v1.2.27) [40] with default parameters.

3. Results

3.1. Identification, Chromosome Localization, and Synteny Analysis of 28 LEA Genes in Papaya

Thus far, three genome assemblies have been reported in papaya, i.e., two for a virus-
resistant transgenic variety SunUp, and one for its progenitor Sunset [20,41]. Whereas
the ASGPBv0.4 assembly of SunUp is fragmented in 17,766 scaffolds [20], two recently
available assemblies for SunUp and Sunset are chromosomal-level genomes [41], providing
a good chance for comparative genomics analysis. Since the LEA genes identified in two
chromosomal-level genomes are exactly the same, only results from the Sunset genome,
as well as the ASGPBv0.4 assembly, were presented in Table 1, where an ortholog (i.e.,
sunset04G0003920/evm.TU.supercontig_6.122) of AtLEA13/-43 was not included due to
the absence of a significant LEA_4 domain. Based on the presence of Pfam domains in
deduced proteins, 28 identified CpLEA genes were assigned into eight out of nine families as
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described in arabidopsis (only excluding the AtM family), and each family contains two to
five members, respectively, i.e., CpLEA1-1 to -3, CpLEA2-1 to -4, CpLEA3-1 to -5, CpLEA4-1
to -5, CpLEA5-1 to -2, CpLEA6-1 to -2, CpDHN1 to -4, and CpSMP1 to -3 (Table 1). Gene
localization analysis indicated that they are not randomly distributed across eight out of
nine chromosomes (excluding Chr9), varying from one (i.e., Chr7) to nine (i.e., Chr5) genes.
Notably, several hotspots were observed, and a good example is the top of Chr5, which
contains the maximum of seven genes (Figure 1). Correspondingly, eight duplicate pairs
were identified, which include two tandem repeats (CpLEA2-4/-3/-2) and three transposed
repeats (CpLEA2-1/-4, CpLEA3-4/-5, and CpSMP1/-3) (Table S1); on the contrary, synteny
analysis revealed that the other three duplicate pairs are located in syntenic blocks and thus
were defined as WGD repeats, i.e., CpLEA3-1/-3, CpLEA5-1/-2, and CpSMP1/-2. Among
them, CpLEA2-4/-3/-2/-1 as well as CpLEA3-3 are located in the top region of Chr5, though
CpLEA3-4 is located in the bottom region (Figure 1). Whereas the protein identity between
tandem repeats CpLEA2-3 and CpLEA2-4 is relatively low (about 29.0%), CpLEA2-2 and
CpLEA2-3 exhibit 51.1% and 47.2% sequence identity at the nucleotide or protein level,
respectively. Moreover, the first 483-bp sequences (counting from the initiation codon)
of these two genes even harbor a relatively high sequence identity of 88.4%, and the low
sequence identity of the full CDS was shown to result from the divergence of 3′ sequences
(Figure S1).

Table 1. LEA genes identified in papaya.

Family Gene Name
Locus

AS
Deduced Protein

Sunset ASGPBv0.4 AA MW (kDa) pI GRAVY Loc

LEA_1
CpLEA1-1 sunset05G0006380 evm.TU.supercontig_18.65 - 160 17.01 9.65 −0.755 Nucl
CpLEA1-2 sunset05G0013060 evm.TU.supercontig_41.41 - 102 11.41 7.03 −0.908 Mito
CpLEA1-3 sunset08G0019430 evm.TU.supercontig_85.72 Yes 158 16.07 8.83 −0.878 Mito

LEA_2

CpLEA2-1 sunset05G0003590 evm.TU.supercontig_9.242 Yes 316 35.12 4.69 −0.384 Cyto
CpLEA2-2 sunset05G0009060 evm.TU.supercontig_11.66 Yes 305 34.10 5.38 −0.243 Chlo
CpLEA2-3 sunset05G0009070 evm.TU.supercontig_11.68 Yes 185 20.23 5.65 −0.056 Chlo
CpLEA2-4 sunset05G0009080 evm.TU.supercontig_11.69 Yes 151 16.16 4.75 0.094 Cyto

LEA_3

CpLEA3-1 sunset03G0023320 evm.TU.supercontig_16.192 - 103 11.21 10.07 −0.472 Chlo
CpLEA3-2 sunset04G0017920 evm.TU.supercontig_25.184 Yes 98 10.94 9.52 −0.526 Chlo
CpLEA3-3 sunset05G0003680 evm.TU.supercontig_9.251 Yes 99 10.61 9.89 −0.531 Cyto
CpLEA3-4 sunset05G0018090 evm.TU.supercontig_2471.1 Yes 95 10.62 9.66 −0.997 Mito
CpLEA3-5 sunset06G0002130 evm.TU.supercontig_200.7 - 104 11.78 9.69 −0.839 Cyto

LEA_4

CpLEA4-1 sunset01G0016400 evm.TU.supercontig_66.6 - 590 66.20 8.91 −0.515 Extr
CpLEA4-2 sunset03G0025310 evm.TU.supercontig_209.19 - 581 61.45 5.20 −0.864 Nucl
CpLEA4-3 sunset05G0000220 evm.TU.supercontig_146.20 - 193 21.63 5.21 −1.053 Extr
CpLEA4-4 sunset07G0004690 evm.TU.supercontig_464.2 - 222 24.57 8.95 −1.333 Chlo
CpLEA4-5 sunset08G0016230 evm.TU.supercontig_5.110 Yes 280 30.34 6.17 −1.360 Nucl

LEA_5
CpLEA5-1 sunset02G0011780 evm.TU.supercontig_19.160 - 89 9.64 5.51 −1.319 Cyto
CpLEA5-2 sunset08G0009640 evm.TU.supercontig_2485.2 - 111 12.10 5.51 −1.338 Nucl

LEA_6
CpLEA6-1 sunset01G0017510 evm.TU.supercontig_88.61 - 97 10.42 5.56 −0.705 Nucl
CpLEA6-2 sunset04G0003310 evm.TU.supercontig_6.54 - 78 8.77 5.22 −1.573 Nucl

DHN

CpDHN1 sunset01G0014930 evm.TU.supercontig_26.225 Yes 211 24.10 5.05 −1.584 Nucl
CpDHN2 sunset04G0004410 evm.TU.supercontig_6.176 - 137 14.76 9.45 −1.222 Nucl
CpDHN3 sunset06G0003520 evm.TU.supercontig_106.3 Yes 167 17.93 5.94 −1.265 Nucl
CpDHN4 sunset06G0021280 evm.TU.supercontig_161.14 Yes 93 10.50 6.62 −1.984 Nucl

SMP
CpSMP1 sunset03G0005590 evm.TU.supercontig_58.99 - 262 26.70 4.70 −0.270 Chlo
CpSMP2 sunset03G0027120 evm.TU.supercontig_487.3 - 267 27.97 4.56 −0.246 Cyto
CpSMP3 sunset06G0024460 evm.TU.contig_34050.2 - 244 25.13 6.44 −0.359 Nucl

AA, Amino acid; AS, Alternative splicing; Chlo, Chloroplast; Cyto, Cytoplasmic; Extr, Extracellular; GRAVY,
Grand average of hydropathicity; Mito, Mitochondria; MW, Molecular weight; Nucl, Nuclear; pI, Isoelectric point;
Loc, Subcellular localization.
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Figure 1. Chromosomal locations and duplication events of 28 CpLEA genes. Chromosome serial
numbers are indicated at the top of each chromosome. CpLEA2-4/-3/-2 are clustered as tandem repeats
(lines in green); CpLEA2-1/-4, CpLEA3-4/-5, and CpSMP1/3 are transposed repeats (lines in blue);
and CpLEA3-1/-3, CpLEA5-1/-2, and CpSMP1/2 are WGD repeats (lines in red) that are located in
syntenic blocks.

3.2. Identification of LEA Genes in Horseradish Tree and Spider Flower and Definition
of Orthogroups

The finding of almost half the amount of LEA genes in papaya relative to those in
arabidopsis impelled us to investigate the lineage-specific evolution of the LEA super-
family in different families of Brassicales, i.e., Caricaceae, Moringaceae, Cleomaceae, and
Brassicaceae. For this purpose, LEA genes were also identified from horseradish tree and
spider flower, whose genome sequences have recently been accessible [21,22]. As shown in
Table S1, 29 LEA genes identified in the horseradish tree are comparable to 28 present in
papaya, as well as castor bean (an Euphorbiaceae plant also not having experienced any
recent WGD), relatively less than 39 found in spider flower, and considerably less than
51 reported in arabidopsis, implying lineage-specific gene contraction and expansion. The
species-specific distribution of LEA genes in nine defined gene families is summarized in
Figure 2. Notably, no AtM homolog was found beyond arabidopsis.

Figure 2. Distribution of papaya, horseradish tree, spider flower, arabidopsis, and castor been LEA
genes in nine defined gene families.
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To gain insights into species-specific evolution patterns, we further conducted BRH-
based homology analysis between different species, resulting in 29 orthogroups that are
present in more than one species compared (Table 2). In total, 28 CpLEA genes belong to
27 orthogroups, and each orthogroup includes one, with the exception of LEA2b containing
two. As for two other orthogroups, DHNe is only present in horseradish tree and spider
flower, whereas LEA4f is widely found, though a papaya homolog (see above) has lost
the LEA_4 domain. Among three species without a recent WGD, i.e., papaya, horseradish
tree, and castor bean, nearly one-to-one orthologous relationships were observed, though
no member was identified in castor bean for LEA2b, DHNe, or LEA4a. Notably, a LEA4a
homolog is actually found in castor bean, i.e., 30074.t000080; however, no significant LEA_4
domain was identified, supporting species-specific divergence. Like papaya, orthogroups
that include more than one member were also found in horseradish tree and castor bean,
i.e., MoLEA5-2/-3 in LEA5b, RcDHN2/-3 in DHNb, and RcSMP1/-2 in SMPb, all of which
were characterized as tandem repeats (Table S1). On the contrary, orthologous relationships
between papaya and spider flower/arabidopsis are relatively complex, including one-
to-one, one-to-two, one-to-three, and two-to-four. In spider flower, the majority (84.6%)
of duplicate pairs within an orthogroup were characterized as WGD repeats, which is
relatively more than the 69.2% found in arabidopsis. Moreover, the duplication mode of
the remaining duplicate pairs is also different, i.e., dispersed duplication in spider flower
and tandem duplication in arabidopsis, respectively (Table S1).

Table 2. 29 Orthogroups identified in this study.

Family Orthogroup Papaya
Horseradish

Tree
Spider Flower Castor Been Arabidopsis

LEA_1

LEA1a CpLEA1-1 MoLEA1-1 ThLEA1-1
ThLEA1-2 RcLEA1-2 AtLEA6

AtLEA18
LEA1b CpLEA1-2 MoLEA1-2 - RcLEA1-1 -

LEA1c CpLEA1-3 MoLEA1-3 ThLEA1-3
ThLEA1-4 RcLEA1-3 AtLEA46

LEA_2

LEA2a CpLEA2-1 MoLEA2-1 ThLEA2-1
ThLEA2-2 RcLEA2-2 AtLEA26

LEA2b CpLEA2-2
CpLEA2-3 -

ThLEA2-3
ThLEA2-4
ThLEA2-5
ThLEA2-6

- -

LEA2c CpLEA2-4 MoLEA2-2 ThLEA2-7 RcLEA2-1 AtLEA1
AtLEA27

LEA_3

LEA3a CpLEA3-1 MoLEA3-1 ThLEA3-1 RcLEA3-5 AtLEA41
LEA3b CpLEA3-2 MoLEA3-2 ThLEA3-2 RcLEA3-4 AtLEA37

LEA3c CpLEA3-3 MoLEA3-3 ThLEA3-3
ThLEA3-4 RcLEA3-1 AtLEA2

AtLEA38
LEA3d CpLEA3-4 MoLEA3-4 ThLEA3-5 RcLEA3-2 -
LEA3e CpLEA3-5 MoLEA3-5 - RcLEA3-3 -

LEA_4

LEA4a CpLEA4-1 MoLEA4-1 ThLEA4-1 - AtLEA9
LEA4b CpLEA4-2 MoLEA4-2 ThLEA4-2 RcLEA4-2 AtLEA25
LEA4c CpLEA4-3 MoLEA4-3 - RcLEA4-4 AtLEA30

LEA4d CpLEA4-4 MoLEA4-4 ThLEA4-3 RcLEA4-3 AtLEA42
AtLEA48

LEA4e CpLEA4-5 MoLEA4-5 ThLEA4-4 RcLEA4-5 AtLEA19
AtLEA36

LEA4f - MoLEA4-6 ThLEA4-5
ThLEA4-6 RcLEA4-1 AtLEA13

AtLEA43
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Table 2. Cont.

Family Orthogroup Papaya
Horseradish

Tree
Spider Flower Castor Been Arabidopsis

LEA_5
LEA5a CpLEA5-1 MoLEA5-1 ThLEA5-1 RcLEA5-1 AtLEA20

LEA5b CpLEA5-2 MoLEA5-2
MoLEA5-3 ThLEA5-2 RcLEA5-2 AtLEA35

LEA_6
LEA6a CpLEA6-1 MoLEA6-1 ThLEA6-1 RcLEA6-1 AtLEA17

LEA6b CpLEA6-2 MoLEA6-2 ThLEA6-2 RcLEA6-2 AtLEA15
AtLEA16

DHN

DHNa CpDHN1 MoDHN1 ThDHN1
ThDHN2 RcDHN1

AtLEA4
AtLEA5

AtLEA10

DHNb CpDHN2 MoDHN2 ThDHN3 RcDHN2
RcDHN3

AtLEA33
AtLEA34
AtLEA51

DHNc CpDHN3 MoDHN3 ThDHN4
ThDHN5 RcDHN4 AtLEA14

AtLEA45

DHNd CpDHN4 MoDHN4
ThDHN6
ThDHN7
ThDHN8

RcDHN5 AtLEA8

DHNe - MoDHN5 ThDHN9 - -

SMP

SMPa CpSMP1 MoSMP1 ThSMP1 RcSMP3 AtLEA31
AtLEA32

SMPb CpSMP2 MoSMP2 ThSMP2 RcSMP1
RcSMP2 AtLEA3

SMPc CpSMP3 MoSMP3 ThSMP3
ThSMP4 RcSMP4 AtLEA47

Compared with other species examined, 27.5% of AtLEA genes seem to be arabidopsis-
specific. To uncover their evolution patterns in Brassicaceae, we further traced their
orthologs in representative Brassicaceae plants whose genome sequences are available in
Phytozome v13, i.e., A. lyrata, A. halleri, Capsella rubella, C. grandiflora, Eutrema salsugineum,
Brassica oleracea, and B. rapa. As expected, all of them have orthologs in at least one out of
seven species examined, though species-specific evolution was observed (Table S3).

3.3. Exon-Intron Structure, Phylogenetic Analysis, and Structural Characterization

To learn more about the divergence between papaya and arabidopsis, we performed
phylogenetic analysis of LEA proteins according to families, and further compared their
gene structures and protein motifs. As observed in arabidopsis, CpLEA genes feature few
introns, varying from zero to two in the coding region, accounting for 14.3%, 75%, and
10.7% of total genes, respectively. Notably, an additional intron was also found in 5′ or
3′ untranslated regions (UTR) of CpLEA2-1 and CpDHN4, though no intron is present
in the coding region of CpDHN4 (Figure 3). Moreover, 12 out of 25 intron-containing
CpLEA genes appeared to have alternative splicing (AS) isoforms, and the proportion of
48% is relatively more than the 39.5% found in arabidopsis (Table S1). For convenience,
the most expressed transcript was selected for further analyses. The deduced protein
length of CpLEA genes varies from 78 to 590 amino acids (AA), and molecular weight
(MW) and isoelectric point (pI) values range from 8.77 to 66.20 kDa, or from 4.56 to 10.07,
respectively. Except for CpLEA2-4, the GRAVY value of other CpLEA proteins is less than 0,
implying their hydrophilic feature. These proteins were predicted to target mitochondria,
chloroplast, nuclear, cytoplasmic as well as extracellular genes (Table 1). A further MEME
search resulted in 20 conserved motifs, which were shown to significantly distribute over
different families (Figures 3 and S2).
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Figure 3. Phylogenetic analysis, gene structure, and motif distribution of papaya and arabidopsis
LEA genes. (A) Phylogenetic analysis of eight families of Cp/AtLEA proteins; (B) Exon-intron
structures of Cp/AtLEA genes; (C) Distribution of 20 conserved motifs. Multiple sequence alignments
were conducted using MUSCLE and unrooted phylogenetic trees were constructed using MEGA6
(maximum likelihood method; bootstrap, 1000 replicates; shown are bootstrap values at nodes
supported by a posterior probability of ≥50%). Motifs were identified using MEME.
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3.3.1. LEA_1

The LEA_1 family is also known as D-113 [42]. In papaya, this family includes
three members, which is equal to that of arabidopsis (Figure 2). However, their gene
origin is not exactly the same. In fact, these genes belong to three phylogenetic groups
or orthogroups, i.e., LEA1a, LEA1b, and LEA1c (Figure 2 and Table 2). Among them,
AtLEA18 was characterized as a paralog of AtLEA6 that were resulted from the α WGD [43].
Whereas the majority of members in this family contain one intron, CpLEA1-1 and AtLEA18
in LEA1a are intronless (Figure 3), gene-specific loss of an intron can be speculated. Most
proteins in this family were shown to harbor Motif 20, which was characterized as the
LEA_1 domain. By contrast, despite the presence of the LEA_1 domain in CpLEA1-2 and
AtLEA6 as supported by a MOTIF Search, no motif was detected in CpLEA1-2 due to the
parameter of 20 motifs set in this study, whereas AtLEA6 was shown to harbor Motif 1,
which was characterized as a LEA_4-like domain, supporting their sequence divergence
(Figure 3). The length of three CpLEA1s varies from 102 to 160 AA, and the average of
140 AA is relatively longer than the 130 AA observed in arabidopsis. Correspondingly, the
MW value varies from 11.41 to 17.01 kDa, and the average of 14.83 kDa is relatively larger
than 13.85 kDa in arabidopsis (Table 1). Nevertheless, the pI value in two species appeared
to be greater than 7.0, implying their basic feature.

3.3.2. LEA_2

This family is also known as LEA14 or D-95 [42]. The four members found in papaya
are relatively more than the three present in arabidopsis (Figure 2). Similar to LEA_1, the
LEA_2 family also includes three orthogroups, i.e., LEA2a, LEA2b, and LEA2c (Table 2).
In contrast to AtLEA1 and AtLEA27 that are repeats derived from the β WGD [43], CpLEA2-1
was characterized as a transposed repeat of CpLEA2-4, which also resulted in CpLEA2-
3 via tandem duplication; and CpLEA2-2 is a more recent tandem repeat of CpLEA2-3
(Figure 1 and Table S1). Most genes in this family harbor a single intron in the coding region;
however, CpLEA2-3 contains two instead and the gain of the second intron can be speculated.
Moreover, one more intron was also observed in the 5′ UTR of both CpLEA2-1 and AtLEA26,
implying their early origin. All members in this family include Motif 6 and Motif 5, which
were characterized as the LEA_2 or LEA_3-like domain, respectively. Moreover, both
CpLEA2-1 and AtLEA26 harbor two additional motifs, i.e., Motif 13 and Motif 10, where
the latter was characterized as the LEA_2 domain; both CpLEA2-2 and CpLEA2-3 include
Motif 16, while CpLEA2-2 also contains eight copies of Motif 13 (Figure 3). The length of
CpLEA2s varies from 151 to 316 AA, and the average of 239 AA is relatively longer than
214 AA in arabidopsis. Correspondingly, the MW value varies from 16.16 to 35.12 kDa, and
the average of 26.40 kDa is relatively larger than 23.48 kDa in arabidopsis. Nevertheless,
the pI value in these two species varies from 4.53 to 5.65 (Table 1), suggesting that they
are acidic.

3.3.3. LEA_3

This family is also known as LEA5 or D-73 [42], and the five members present in
papaya are relatively more than the four present in arabidopsis (Figure 2), which can be
assigned into five orthogroups, i.e., LEA3a, LEA3b, LEA3c, LEA3d, and LEA3e (Table 1).
Among them, AtLEA38 and AtLEA41 are repeats of AtLEA2 and were derived from the
α or γ WGD, respectively [43]; CpLEA3-1 may also be derived from CpLEA3-3 via the γ

WGD, whereas CpLEA3-4 was characterized as a transposed repeat of CpLEA3-5, which
only exhibit 33.3% sequence identity at the protein level. This family features one intron;
however, AtLEA37 has gained an additional intron in the coding region. All members
in this family harbor a single motif (i.e., Motif 7), which was characterized as the LEA_3
domain (Figure 3). The length of CpLEA3s varies from 95 to 104 AA, and the average
of 100 AA is relatively shorter than 104 AA in arabidopsis. Correspondingly, the MW
value varies from 10.61 to 11.78 kDa, and the average of 11.03 kDa is slightly smaller than
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11.38 kDa in arabidopsis. The pI value in two species varies from 9.39 to 10.07 (Table 1),
indicating that they are basic.

3.3.4. LEA_4

This family is also known as D-7 or D-29 [42], which contains the most number of 6 or
18 members in papaya and arabidopsis, respectively (Figure 2). This family was shown to
be highly diverse, including six main orthogroups and six Brassicaceae-specific groups, i.e.,
LEA4a, LEA4b, LEA4c, LEA4d, LEA4e, LEA4f, AtLEA7/-29, AtLEA11/-12, AtLEA23/-24,
AtLEA28, AtLEA39, and AtLEA40 (Tables 2 and S3). Among them, AtLEA42/-48, AtLEA19/
-36, AtLEA13/-43, and AtLEA7/-29 are duplicates that resulted from the α WGD [43],
AtLEA11/-12 and AtLEA7/-40 are transposed repeats, and AtLEA23/-24 are tandem repeats
(Table S1). The intron number also varies from zero to two, and the copy number of the
widely distributed Motif 1, which was characterized as the LEA_4 domain, varies from one
to eleven. Additionally, both CpLEA4-1 and AtLEA9 harbor two more motifs, i.e., Motif
12 and Motif 18, where the former was characterized as a domain of unknown function
(DUF4149, PF13664) (Figure 3). The length of CpLEA4s varies from 193 to 590 AA, and the
average of 358 AA is considerably longer than 280 AA in arabidopsis. Correspondingly,
the MW value varies from 23.63 to 61.45 kDa, and the average of 39.33 kDa is relatively
smaller than 30.37 kDa in arabidopsis. Unlike most families, the pI value in both species is
highly diverse, varying from 4.82 to 9.71 (Table 1).

3.3.5. LEA_5

This family is also known as D-19 or EM [42], which includes two members in both
papaya and arabidopsis, comprising two orthogroups, i.e., LEA5a and LEA5b (Figure 2
and Table 2). Whereas CpLEA5-1 and -2 were characterized as WGD repeats, AtLEA20
and -35 are dispersed repeats (Table S1), implying possible chromosome rearrangement
after papaya-arabidopsis divergence. All members in this family feature a single intron
and harbor Motif 4 that was characterized as the LEA_5 domain (Figure 3). Nevertheless,
the sequence length of LEA5b is relatively longer than LEA5a (i.e., 89–92 vs. 111–152) due
to fragment insertion. The MW value of CpLEA5-1 and CpLEA5-2 is 9.64 or 12.10 kDa,
respectively, and the average of 10.87 kDa is relatively smaller than 13.27 kDa in arabidopsis.
The pI value in two species varies from 5.51 to 6.75 (Table 1), suggesting that they are acidic.

3.3.6. LEA_6

This family is also known as PvLEA18 [44], which harbors two or three members in
papaya and arabidopsis, respectively (Figure 2). It is composed of two orthogroups, i.e.,
LEA6a and LEA6b (Table 2), where AtLEA15 and AtLEA16 in LEA6b are tandem repeats
(Table S1). Although most genes are intronless, AtLEA15 was shown to gain one intron in
the 3′ UTR. The unique motif identified in this family (i.e., Motif 15) was characterized as the
LEA_6 domain (Figure 3). CpLEA6-1 and CpLEA6-2 are 97 or 78 AA in length, respectively,
and the average of 88 AA is slightly longer at 83 AA in arabidopsis, whereas the average
MW value of 9.60 kDa in papaya is relatively larger than 8.71 kDa in arabidopsis. The pI
value in these two species varies from 4.46 to 5.56 (Table 1), implying that they are acidic.

3.3.7. DHN

This family is also known as D-11 [42], and the 4 members found in papaya is con-
siderably less than the 10 present in arabidopsis (Figure 2). These genes constitute five
orthogroups and one Brassicaceae-specific group, i.e., DHNa, DHNb, DHNc, DHNd,
DHNe, and AtLEA44 (Tables 2 and S3). Among them, AtLEA4/-5 and AtLEA33/-34 are
tandem repeats (Table S1), where AtLEA4/-10, AtLEA14/-45, and AtLEA33/-51 are du-
plicates that were derived from the α WGD [43]. Most members in this family harbor
one intron in the coding region; however, AtLEA33 has lost the corresponding intron
present in its paralogs (i.e., AtLEA34 and AtLEA51). By contrast, one conserved intron
was found in the 3′ UTR of both CpDHN4 and AtLEA8, though the intron retention was
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observed in one alternative splicing isoform of CpDHN4, supporting species-specific evo-
lution. All members in this family include Motif 3, which was characterized as the DHN
domain (or more precisely as the K-segment), and the motif copies vary from one to six.
One copy of Motif 9, which was also characterized as the DHN domain (or more precisely
as the S-segment), is widely found with the exception of CpDHN4, AtLEA8, AtLEA33,
and AtLEA45. Further sequence alignment revealed the presence of the S-segment at the
C-terminal of both CpDHN4 and AtLEA8, and one to three copies of the Y-segment at the
N-terminal of CpDHN2, CpDHN3, AtLEA14, AtLEA34, AtLEA45, and AtLEA51. Based
on the presence and order of these conserved domains, all five architectures (i.e., Kn, SKn,
KnS, YnKn, and YnSKn) were found in arabidopsis, while only SKn, KnS, and YnSKn were
identified in papaya (Figure S3). Additionally, members in DHNa as well as AtLEA44 also
harbor Motif 19 (Figures 3 and S3), whose function has not been described yet. The length
of CpDHNs varies from 93 to 211 AA, and the average of 152 AA is relatively shorter than
181 AA in arabidopsis. Correspondingly, the MW value varies from 10.50 to 24.10 kDa, and
the average of 16.82 kDa is relatively smaller than 19.76 kDa in arabidopsis. Like the LEA_4
family, the pI value in both species is also diverse, varying from 4.74 to 9.38 (Table 1).

3.3.8. SMP

This family is also known as D-34 [42,45], and the three members identified in pa-
paya is considerably less than the six present in arabidopsis (Figure 2). They comprise
three orthogroups and one Brassicaceae-specific group, i.e., SMPa, SMPb, SMPc, and
AtLEA49/-50 (Tables 2 and S3). Among them, AtLEA31/-32 and AtLEA49/-50 are tandem
repeats, AtLEA3/31 are transposed repeats, and CpSMP2/-3 were characterized as WGD
and transposed repeats of CpSMP1, respectively. Members in SMPa and SMPc feature two
introns, whereas other group members have no or a single one instead. Despite the close
evolutionary relationship between AtLEA49 and AtLEA50, they include one intron in the
coding region or 5′ UTR, respectively, implying fast evolution and sequence divergence.
All members in this family include Motif 2, which was characterized as the SMP domain.
Moreover, Motif 14 is also present in members of SMPa, SMPb, and SMPc, whereas two
more motifs (i.e., Motif 8 and Motif 17) were also found in members of SMPa and SMPb
(Figure 3). Noteworthy, Motif 8 was also characterized as the SMP domain, implying possi-
ble fragment duplication or gene fusion. The length of CpSMPs varies from 244 to 267 AA,
and the average of 258 AA is relatively longer than 204 AA in arabidopsis. Correspondingly,
the MW value varies from 25.13 to 27.97 kDa, and the average of 26.60 kDa is relatively
larger than 21.15 kDa in arabidopsis. The pI value in the two species varies from 4.56 to
6.44 (Table 1), indicating that they are acidic.

3.4. ABRE and LTRE cis-Acting Elements Present in the Promoter Region of CpLEA Genes

LTRE, also known as DRE (drought responsive) or CRT (C-repeat), is a key cis-acting
element for CBF/DREB1 transcription factors, whereas ABRE is a key element involved
in ABA signaling [46,47]. Previous studies showed that these two elements are overrepre-
sented in the promoter region of AtLEA genes and are associated with ABA, cold and/or
drought responses [3]. To reveal possible response patterns of CpLEA genes to stresses,
we examined the presence of ABRE and LTRE elements in the 2,000-bp promoter regions.
Results showed that 89.3% of CpLEA genes contain 1 to 10 copies of the ABRE element, only
excluding CpLEA2-3, CpLEA3-5, and CpLEA6-1, while 67.9% of them contain 1 to 4 copies
of the LTRE element, excluding CpLEA1-2, CpLEA2-2, CpLEA3-4, CpLEA3-5, CpLEA5-2,
CpLEA6-1, CpDHN3, CpSMP1, and CpSMP3 (Figure 4). The proportion is similar to the
82.0% and 69.0% reported for AtLEA genes, respectively [3].
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Figure 4. ABRE and LTRE cis-acting elements present in 2000-bp promoter regions of CpLEA genes.

3.5. Tissue-Specific Expression Profiles of CpLEA Genes

Although some LEA proteins have been reported to be regulated by posttranslational
modifications (e.g., phosphorylation), cellular trafficking, homo- and heteromerization
[18,48–50], and transcriptional regulation still represent a key mechanism to perform their
functions. For this purpose, we first performed global expression profiling of CpLEA genes
in various tissues.

As shown in Figure 5, our transcriptional profiling supported the expression of all
CpLEA genes in at least one of 11 tissues examined in this study, i.e., root, apical bud, leaf,
petiole, leaf vein, phloem sap, male flower, female flower, fruit, peel, and seed, though
the transcript level was highly diverse. As expected, CpLEA genes were most expressed
in the seed, but considerably less expressed in the leaf and root, which is consistent with
the cluster analysis. In total, 22 out of 28 CpLEA genes (75.9%) possessed a FKPM value
>1 in the seed, which is relatively more than the 15 in the petiole, 15 in the vein, 13 in the
root, 12 in the bud, 11 in the fruit, 11 in the peel, 10 in the leaf, 10 in the female flower,
9 in the male flower, and 7 in the sap. Five genes, i.e., CpLEA3-3, CpDHN4, CpDHN1,
CpLEA2-1, and CpLEA2-4, appeared to constitutively express in these tissues, whereas other
genes were tissue-specific. As for a certain tissues, several key genes were also identified:
CpLEA3-3 represents the most expressed gene in most tested tissues, whereas CpLEA1-3
and CpDHN1 represent the most expressed genes in the seed or bud/fruit, respectively;
CpDHN4 represents the second most expressed gene in the male flower, female flower,
petiole, vein, and peel, whereas CpLEA3-3, CpDHN1, CpDHN3, and CpLEA2-2 represent
the second most expressed genes in the bud/fruit, root/leaf, seed, or sap, respectively.
According to tissue-specific expression patterns, CpLEA genes can be divided into five
main clusters: Cluster I includes the most of the 13 genes that are predominantly expressed
in the seed; Cluster II includes CpLEA3-5 (preferentially expressed in fruit), CpLEA3-2
(preferentially expressed in vein), CpSMP2 (preferentially expressed in seed), and other
four rarely expressed genes; Cluster III includes CpLEA3-3, CpDHN1, and CpDHN4, which
are constitutively expressed; Cluster IV includes CpLEA2-2, CpLEA2-3, and CpLEA2-4,
which are typically expressed in sap; and Cluster V includes the constitutively expressed
CpLEA2-1, as well as CpLEA3-1, which is preferentially expressed in fruit (Figure 5).
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Figure 5. Tissue-specific expression profiles of CpLEA genes. Color scale represents FKPM normalized
log10 transformed counts, where blue indicates low expression and red indicates high expression.

3.6. Expression Patterns of CpLEA Genes during Fruit Development

To learn more about the expression pattern of CpLEA genes during fruit development,
six typical stages were investigated, i.e., 30 days post-anthesis (30 DPA), 150 DPA, and stages
1–4 of fruit flesh from immature to ripe, i.e., S1, S2, S3, and S4, as previously defined [51].
Unlike rapid accumulation of LEA genes during the late stage of seed development as
described in other species, CpLEA genes were shown to be the most expressed in the
early stages of fruit development, but considerably less expressed in mature fresh fruit.
Based on the expression patterns of 15 genes with the FKPM value >1 in at least one of the
stages tested, these genes could be grouped into four clusters: Cluster I includes CpLEA3-1,
CpLEA3-3, CpDHN1, and CpDHN4, which were highly abundant in all stages; Cluster
II includes CpLEA1-3, CpLEA3-2, CpLEA3-4, and CpLEA5-1, which were rarely or lowly
expressed in a few stages; Cluster III includes CpLEA4-2 and CpSMP1, which were lowly
expressed in most stages; Cluster IV includes CpLEA2-1, CpLEA2-2, CpLEA2-3, CpLEA2-4,
and CpLEA3-5, which were moderately expressed in most stages (Figure 6).
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Figure 6. Expression profiles of CpLEA genes during fruit development. Color scale represents FKPM
normalized log10 transformed counts, where blue indicates low expression and red indicates high
expression. (DPA, days post-anthesis; S, stage of developmental fruit).

3.7. Expression Patterns of CpLEA Genes under Drought, Cold and Salt Stresses

The response of CpLEA genes to mild (10 d) and severe (20 d) drought was inves-
tigated based on transcriptomes of the roots, leaves, and phloem sap [36]. As shown in
Figure 7, a total of 15 CpLEA genes were differentially expressed in at least one tissue per
treatment, and the majority of them (86.7%) were shown to be significantly up-regulated.
As for the root, six genes, i.e., CpLEA1-3, CpLEA4-2, CpLEA4-3, CpLEA4-5, CpLEA5-1,
and CpSMP1, were up-regulated under both conditions; CpLEA3-2 was up-regulated by
mild drought, whereas CpLEA4-1 and CpDHN4 were up-regulated by severe drought;
by contrast, CpDHN1 was down-regulated by severe drought. As for the leaf, in con-
trast to the down-regulation of CpDHN1, four genes, i.e., CpLEA1-3, CpLEA4-2, CpLEA4-5,
and CpDHN4, were up-regulated by both treatments; CpSMP1 was up-regulated only by
mild drought, whereas CpLEA2-1, CpLEA3-3, CpLEA4-3, CpLEA5-1, and CpLEA6-2 were
up-regulated only by severe drought; CpLEA2-4 and CpLEA4-1 were down-regulated by
mild and severe drought, respectively. As for the sap, only one gene (i.e., CpLEA2-1) was
up-regulated by severe drought (Figure 7).
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Figure 7. Expression profiles of CpLEA genes upon drought stress. The FKPM value of all genes in
controls was normalized to one, and the color scale represents normalized log10 transformed fold
changes, where blue indicates low expression and red indicates high expression.

To study the response of CpLEA genes to cold and salt stresses, eight-week-old plantlets
were subjected to 4 ◦C chilling or 300 mM/L NaCl treatment, and the leaf transcriptome was
characterized at 0–40 h or 0–20 d post treatment, respectively. Among 18 CpLEA genes with
a FKPM value >1, 16 genes were shown to be significantly regulated: six (i.e., CpLEA1-3,
CpLEA2-4, CpLEA4-1, CpLEA4-2, CpLEA6-2, and CpDHN4) are shared by cold and salt
stresses, whereas five (i.e., CpLEA2-1, CpLEA2-2, CpLEA2-3, CpLEA3-3, and CpDHN1) and
five (i.e., CpLEA1-1, CpLEA3-1, CpLEA3-4, CpLEA4-3, and CpLEA4-5) are cold- or salt-
specific, respectively. Similar to drought stress, most genes were up-regulated, accounting
for about 68.8% of total LEA genes, though some of them (i.e., CpLEA1-3, CpLEA2-4, and
CpLEA4-1) were occasionally down-regulated at a certain time point. As for cold stress, five
regulated genes are shared by three time points, including four up-regulated (i.e., CpLEA2-4,
CpLEA3-3, CpLEA4-2, and CpDHN4) and one down-regulated (i.e., CpLEA2-3); CpLEA2-2
was down-regulated at two former time points, whereas CpLEA1-3 and CpDHN1 were up-
regulated at the latter two time points; CpLEA2-1 and CpLEA6-2 were down-regulated at 7
or 40 h post-treatment, respectively; CpLEA4-1 was down-regulated at 7 h but up-regulated
at 40 h post-treatment. As for salt stress, CpLEA4-2 and CpLEA4-5 were up-regulated at
three time points, whereas CpLEA1-3 was down-regulated at 10 d but up-regulated at the
latter two time points; CpLEA1-1, CpLEA4-1, and CpLEA4-3 were up-regulated at the latter
two time points, whereas CpLEA3-4 was down-regulated at the same time points; CpDHN4
was up-regulated at 10 d post-treatment, whereas CpLEA2-4 and CpLEA6-2 were down-
regulated at the same time point; CpLEA3-1 was up-regulated at 10 and 20 d post-treatment
(Figure 8).
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Figure 8. Expression profiles of CpLEA genes upon cold and salt stresses. The FKPM value of all genes
in the controls was normalized to one, and the color scale represents normalized log10 transformed
fold changes, where blue indicates low expression and red indicates high expression.

4. Discussion

4.1. Small Number but High Diversity of LEA Genes in Papaya

Although first identified for their accumulation in the later stages of seed development,
LEA proteins have been found in a wide range of plant tissues, as well as different types
of organisms [1,7,21,45]. In contrast to a single or few members present in algae, rapid
expansion of the LEA superfamily was observed in terrestrial plants, which was shown
to be essential for survival under water stress [9,52]. Rapid gene expansion is usually ac-
companied by WGDs, which are widespread and play an important role in the radiation of
flowering plants [53]. In eudicots, studies established that the γ whole genome triplication
event occurred at 117 million years ago (Mya), sometime before the diversification of core
eudicots [54]. After that, arabidopsis, a Brassicaceae plant within the order Brassicales, was
proven to experience two additional whole genome doubling events, i.e., β and α, occurred
within a window of 61–65 and 23–50 Mya, respectively [19,55]. As a result, a high number
of 51 LEA genes are present in arabidopsis, including seven dispersed repeats as well as
21 repeats that resulted from γ WGD (1), β WGD (1), α WGD (9), tandem duplication (7),
and transposed duplication (4) (Table S1).

In this study, a first genome-wide identification of LEA genes was conducted in an
important tropical fruit tree of the Caricaceae family, papaya, as well as another two
Brassicales plants, i.e., horseradish tree and spider flower. Horseradish tree is an important
multipurpose shrub with medicinal and nutritional properties and the ability to grow in
the low water conditions of the Moringaceae family, whereas spider flower belongs to a
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phylogenetic outgroup of the Brassicaceae sister family Cleomaceae [21,22]. Like castor
bean (Euphorbiaceae), the papaya and horseradish tree did not experience any additional
WGD after the γ WGD. By contrast, the spider flower shared the β WGD but further
experienced one genome triplication that is independent of the Brassicaceae-specific α

WGD as described in arabidopsis [19–22,56]. As expected, a relatively small number of 28
or 29 LEA genes were found in the papaya and horseradish tree, respectively, which are
comparable to 28 reported in castor bean, but relatively less than the 39 and 51 present in
spider flower and arabidopsis, respectively, reflecting the occurrence of lineage-specific
WGDs in the latter after their divergence [3,8,19,21].

LEA genes identified in this study belong to eight out of nine families as described
in arabidopsis, i.e., LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6, DHN, and SMP [3].
As for the AtM family, which includes two tandem repeats in arabidopsis, it is more likely
to be Brassicaceae-specific, because it is widely present in Brassicaceae plants (Table S3)
but has not yet been identified in other species [3,8,9,12,13], including species examined
in this study. Nevertheless, 28 CpLEA genes represent 27 out of 29 orthogroups based
on sequence comparison of the above five species, though a LEA4f homolog has lost the
corresponding LEA_4 domain. Moreover, no orthologs were identified for CpLEA1-2,
CpLEA2-2, CpLEA2-3, CpLEA3-4, or CpLEA3-5 in arabidopsis, though their counterparts
are present in at least one of three other species examined.

4.2. Comparative Genomics Analysis Reveals Lineage-Specific Evolution of the LEA Superfamily
in Brassicales

Orthology defines genes in different organisms that evolved from a common ances-
tral gene via speciation, which may perform similar functions [57]. Characterization of
29 orthogroups in five representative species allows us to infer lineage-specific evolution in
Brassicales. Notably, a nearly one-to-one orthologous relationship was observed between
the papaya/horseradish tree and castor bean, though they belong to different plant families,
implying that few LEA genes have been lost in either the papaya or horseradish tree after
the split with the castor bean. By contrast, tandem duplication plays a predominant role in
gene expansion within an orthogroup, i.e., RcDHN2/-3 in DHNb, and RcSMP1/-2 in SMPb,
CpLEA2-2/-3 in LEA2b, and MoLEA5-2/-3 in LEA5b. As for the spider flower, which experi-
enced two WGDs (including the β WGD shared by Brassicaceae plants) after the split with
papaya at approximately 72 Mya [21,58], duplicate pairs are mainly contributed by WGD
(12), followed by dispersed duplication (3) and transposed duplication (1) (Table S1). The
transposed duplication is shared by all five species examined, whereas WGD repeats appear
to be spider flower-specific. By contrast, AtLEA2/-41 and AtLEA1/-27 were characterized
as γ and β WGD-derived repeats, respectively [22], supporting species-specific evolution
following WGDs. Nevertheless, since the spider flower-specific WGD is a triplication event,
theoretically, it should have given rise to three gene copies from a single ancestral gene.
However, in most cases, only one or two copies are maintained. Unlike the spider flower,
tandem duplication also plays a key role in gene expansion in arabidopsis.

Further comparative analysis of exon-intron structures and protein motifs revealed
frequent gain and/or loss of certain introns/motifs, which includes the loss of the second
intron in CpLEA2-3 relative to CpLEA2-2. In fact, compared with papaya, such an occurrence
is relatively more prevalent in arabidopsis, which is consistent with a relatively faster
evolution of annual than perennial shrubs [59]. Nevertheless, family-specific Pfam domains
are highly conserved. It is worth noting that CpLEA2-1 and AtLEA26 contain two LEA_2
domains relative to a single one present in other LEA_2 family members, implying a
possible fragment repetition. From an evolutionary perspective, further characterization of
these species-specific genes is of particular interest.

4.3. Diverse Expression Patterns of CpLEA Genes and a Role in Fruit Development and Abiotic
Stress Responses

As reported in other species, our transcriptional profiling revealed diverse expression
patterns of CpLEA genes in 11 tissues, as well as six typical stages of fruit development
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examined in this study. In contrast to the constitutive expression of a few members, e.g.,
CpLEA2-1, CpLEA2-4, CpLEA3-3, CpDHN1, and CpDHN4, most CpLEA genes appeared to
preferentially express in a few tissues, especially in seed. However, except for CpLEA1-3
and CpSMP1 that preferentially accumulated in mature fruits, the expression patterns
of most CpLEA genes differ from that observed in seeds, which undergo a dehydration
process [2–6,21]. The high abundance of CpDHN4, CpDHN1, CpLEA3-1, and CpLEA3-3 in
fruits implies their possible important role in this special tissue.

Analyzing promoter sequences of CpLEA genes revealed the presence of a high number
of ABRE and LTRE cis-acting elements, implying their possible involvement in stress
responses. As expected, the transcript levels of most CpLEA were shown to be significantly
regulated by the cold, drought, and high salt conditions examined in this study. Among
three genes (i.e., CpLEA2-3, CpLEA3-5, and CpLEA6-1) without ABRE elements in their
promoters, none of them were regulated by drought as well as salt, though CpLEA2-3
was down-regulated by cold, which is consistent with the presence of one copy of the
LTRE element in its promoter. Among nine genes (i.e., CpLEA1-2, CpLEA2-2, CpLEA3-4,
CpLEA3-5, CpLEA5-2, CpLEA6-1, CpDHN3, CpSMP1, and CpSMP3) without LTRE elements,
only CpLEA2-2 was shown to be down-regulated by cold, while CpLEA3-4 and CpSMP1
were regulated by salt or drought, respectively. Among 20 genes containing both ABRE
and LTRE cis-acting elements, most of them (85.0%) were regulated by at least one of
the three stresses tested, only excluding CpLEA4-4, CpDHN2, and CpSMP2, which were
preferentially expressed in seed but lowly expressed in the leaf, root and sap examined in
this study. Among these 17 regulated genes, all of them were up-regulated by at least one
treatment in at least one of three examined tissues: nine genes (i.e., CpLEA1-1, CpLEA3-1,
CpLEA3-2, CpLEA3-3, CpLEA4-2, CpLEA4-3, CpLEA4-5, CpLEA5-1, and CpDHN4) exhibit a
single up-regulated pattern; CpLEA2-4, the unique gene regulated in sap, was up-regulated
by drought but down-regulated by cold in leaf; CpDHN1, a cold-induced gene, was down-
regulated by drought in both the root and leaf; CpLEA2-4 was up-regulated by cold but
down-regulated by both drought and NaCl in the leaf; CpLEA6-2 was down-regulated by
both cold and NaCl but up-regulated by drought in the leaf; CpLEA4-5, a NaCl-induced
gene, was down-regulated in leaf but up-regulated in root upon drought stress; by contrast,
an initial decline followed by a steady increasing trend was observed. Regulation by stresses
has been frequently reported in arabidopsis, rice, cassava (Manihot esculenta), and other
species [2,3,12,13]. In arabidopsis, a study revealed that 54.5% of genes highly expressed
in non-seed tissues were induced more than threefold by various stresses, mainly by cold,
drought and salt [3]. For example, AtLEA18, the ortholog of CpLEA1-1, was also induced by
salt; AtLEA41, the ortholog of CpLEA3-1, was induced by ABA, cold, and salt; AtLEA46, the
ortholog of CpLEA1-3, was induced by ABA, cold, drought, and salt [2,3]. Thereby, similar
functions could be speculated.

5. Conclusions

This study presents the first genome-wide identification of LEA genes in papaya as
well another two Brassicales plants, horseradish tree and spider flower; resulting in 28, 29,
and 39 members, respectively. These genes belong to eight out of nine families as described
in arabidopsis, i.e., LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6, DHN, and SMP. Further
comparison of LEA genes in papaya, horseradish tree, spider flower, castor bean, and
arabidopsis reveals lineage-specific evolution in Brassicales, and significant expansion in
spider flower and arabidopsis was mainly contributed by WGDs sometime after their split
with papaya. Analysis of exon-intron structures and protein motifs supported the fast
evolution of this special family, especially in arabidopsis. Moreover, global expression
profiles of CpLEA genes were comprehensively analyzed, which revealed tissue-specific
expression patterns and key roles in fruit development and stress responses. Taken together,
these findings provide valuable information for further functional analysis of LEA genes in
papaya and other species.
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Abstract: Environmental factors are the major constraints in sustainable agriculture. WRKY proteins
are a large family of transcription factors (TFs) that regulate various developmental processes and
stress responses in plants, including cotton. On the basis of Gossypium raimondii genome sequencing,
WRKY TFs have been identified in cotton and characterized for their functions in abiotic stress
responses. WRKY members of cotton play a significant role in the regulation of abiotic stresses,
i.e., drought, salt, and extreme temperatures. These TFs either activate or repress various signaling
pathways such as abscisic acid, jasmonic acid, salicylic acid, mitogen-activated protein kinases
(MAPK), and the scavenging of reactive oxygen species. WRKY-associated genes in cotton have
been genetically engineered in Arabidopsis, Nicotiana, and Gossypium successfully, which subsequently
enhanced tolerance in corresponding plants against abiotic stresses. Although a few review reports are
available for WRKY TFs, there is no critical report available on the WRKY TFs of cotton. Hereby, the
role of cotton WRKY TFs in environmental stress responses is studied to enhance the understanding
of abiotic stress response and further improve in cotton plants.

Keywords: abiotic stresses; cotton; hormones; signaling pathway; WRKY

1. Introduction

As an industrial crop, cotton is cultivated almost all over the world due to its crucial
role in the economy of a country [1]. Cotton is generally divided into two types, i.e., wild
and cultivated cotton. The cultivated cotton species are Gossypium hirsutum (G. Hirsutum),
G. herbaceum, G. arboreum, and G. barbadense. Among the cultivated species, G. hirsutum,
sometimes also called “American, Mexican or upland cotton”, is the most cultivated cotton
species globally. Despite cultivated cotton species, there are about 46 wild types of cotton
species that majorly belong to Australia and Mexico [2]. The importance of cotton fiber as
a product is due to its massive use in the textile industry [3,4]. Regarding world cotton
production, 80% comes from India, China, the United States of America (USA), Pakistan,
Brazil, Turkey, and Uzbekistan. Cotton production is crucial to the economy of several
developing countries such as Pakistan, India, and China [5,6]. However, global warming
created several types of abiotic stresses, which limit cotton production worldwide.

The harsh environmental conditions, including drought, salinity, extreme tempera-
tures, and high concentration of heavy metals, result in low crop yield and consequently
reduce the economy of a country [7,8]. Although cotton is slightly resistant (glycophytic)
to environmental stresses compared with rice, wheat, and maize; however, extreme en-
vironmental conditions are still affecting cotton production and fiber quality [9]. Due to
the immobile nature of plants, they tackle the abiotic factors in the same environment
by inducing different biological pathways and the production of stress hormones [10].

Life 2022, 12, 1410. https://doi.org/10.3390/life12091410 https://www.mdpi.com/journal/life
387



Life 2022, 12, 1410

Adaptations to these environmental stresses are critical for the life cycle of cotton plants
and also for their successive generations. Therefore, numerous adaptations have been
developed by cotton plants over the long course of evolution to perceive, transduce, and
respond to environmental stimuli by several morph-physiological, cellular, and molecular
processes [11,12]. In response to environmental stresses, extensive molecular reprogram-
ming starts in cotton plants at both the transcriptional and post-transcriptional levels. The
principal gene regulators, i.e., transcriptional factors (TFs), trigger several stress-responsive
genes to mitigate the effect of abiotic stresses in cotton [13–15]. These transcription factors
include MYB, WRKY, ERF, NAC, and bZIP, which are involved in stress responses and
development [9]. WRKY TFs are among the major regulators in cotton, which need to
be studied for further improvements in cotton. Hereby, the aim of the present study is
to highlight the role of WRKY TFs in cotton against abiotic stresses. In addition, it also
explains several molecular signaling pathways associated with WRKY TFs in cotton under
abiotic stresses.

2. WRKY Transcription Factors

Among the TFs, numerous WRKY TFs have been evaluated in plants for their crucial
role in the regulation of stress responses. In addition to stress responses, their role in senes-
cence and development has also been reported [11,13]. The WRKY family is considered
one of the largest families of TFs in plants, including cotton. The first member of WRKY
transcription factors was studied in sweet potato. Subsequently, several WRKY members
have also been identified in other plants, including 74 members in Arabidopsis, 109 in rice,
197 in soybean, and 71 in pepper [16,17]. Arabidopsis is considered a model plant, and its
WRKY proteins are well classified due to their small genome size. WRKY proteins are
classified according to the number of WRKY domains and the differences present in the
Zinc finger motif. Overall, the members of WRKY proteins are classified into three major
groups, i.e., Group I, II, and III, based on the number and diversity of WRKY domains.
Group I proteins contain two WRKY domains, while the rest of the two groups contain
one in each [18]. On the other hand, Group II and III proteins are differentiated from each
other due to the structural differences of the zinc fingers motif. In this way, Group II pro-
teins have a C2H2 zinc finger motif, while Group III proteins possess a C2HXC zinc finger
motif [19–21]. Moreover, Group II proteins can be further classified into five subgroups
(IIa-IIe) based on the phylogenetic analysis of WRKY. Apart from the WRKY domain and
zincfinger motif, most members of WRKY transcription factors have nuclear localization
signals, a serine/threonine-rich region, leucine zippers, kinase domains, glutamine-rich
region, proline-rich region, and other structures. These various structures confer different
transcriptional regulatory functions on WRKY TFs [22].

The name WRKY was assigned to these transcription factors after a conserved region
of 60 amino acids called the WRKY domain. The domain is characterized by a highly
conserved heptapeptide motif (WRKYGQK) at the N-terminal and a zinc finger-like motif
at the C-terminal [23,24]. In order to respond to both internal (development) and external
stimuli (stresses), members of the WRKY proteins bind to the W-box (TGACC (A/T)) in
the promoter region of its target genes and regulate the expression of downstream genes
responsible for the development and/or stress [19,25]. This triggering is usually auto-regulated
by the WRKY proteins themselves or by another WRKY transcription factor [11]. During
normal conditions, the WRKY genes regulate numerous important biological functions related
to the developmental processes in cotton and other plants. For example, a comparative
transcriptomic study of cotton species during somatic embryogenesis revealed that 4.8% of
WRKY TF encoding genes were detected in somatic embryogenesis [26]. Similarly, GhWRKY15
is involved in the regulation of root and stem development [17]. In addition, WRKY TFs
regulate several physiological processes associated with stress response in cotton either by
activating or inhibiting the transcription of physiological processes.
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3. Cotton WRKY Transcription Factors

The sequencing of the Gossypiumraimondii genome is provided the opportunity to
conduct genome-wide identification of WRKY genes in cotton. Like other plants, i.e., A.
thaliana, Triticum aestivum, Oryza sativa, and Cicer arietinum [27–30], genome-wide identi-
fication of cotton WRKY genes has also been assessed [31–33]. Both the whole genome
sequence scaffolds of two drafts of the D5 genome [1,31,34] and express sequence tags
(ESTs) from four cotton species, Cai et al. [35] detected 120 candidate WRKY genes. These
WRKY genes were based on the sequence information from Paterson et al. [33,35]. Of these
TFs, 103 homologous WRKY genes were also found based on the sequence data of Wang
et al. [1]. In addition, 3668 ESTs, including 70, 148, 519, and 2935 ESTs from G. arboreum, G.
barbadense, G. raimondii, and G. hirsutum, respectively, were found to match these WRKY
members with at least one EST hit. When the cotton WRKY genes were compared with Ara-
bidopsis sequences present in the online database of TAIR (http://www.arabidopsis.org/),
105 WRKY homologs were also found in Arabidopsis [35]. These candidate WRKY genes
were unevenly distributed on 13 chromosomes in G. raimondii from Paterson et al. [34].
Based on the phylogenetic analysis, WRKY members were divided into three major groups,
Group I contained 20 members, Group II had 88, and Group III contained 12 members.
Group II genes were classified further into five subgroups, groups IIa, b, c, d, and e, which
contained 7, 16, 37, 15, and 13 members, respectively [34].

In a genome-wide identification of the WRKY gene family in G. raimondii, a total of
116 WRKY genes were found from the complete genome sequence. Members of the WRKY
family have distributed unevenly on the chromosomes of G. raimondii, chromosome 7 and
5 contained the largest (16.04%) and fewest (2.83%) number of GrWRKY genes, respectively.
When the GrWRKY protein domain structures were compared with AtWRKY proteins,
variation in the WRKY domain structure was observed [31]. In another study, the authors
of the reference [32] identified 109 and 112 WRKY genes in G. arborium and G. raimondii,
respectively. According to the physical mapping, WRKY genes in G. arborium were not present
on the same chromosome of G. raimondii, which revealed that there is a great chromosomal
rearrangement in the diploid cotton genome. These studies revealed that there are more
than 100 WRKY genes in the G. arborium or G. raimondii genome. In addition to general
identification of the WRKY gene family, drought, salt, heat, cold, and alkalinity responsive
members of the WRKY gene family have also been found [31,32,35,36], which shows its
crucial role in abiotic stresses. These TFs enhance the stress-induced gene responsiveness
and hence the overall stress tolerance. The expression pattern of a large number of GhWRKY
genes was high during leaf senescence and fiber development which shows its prominent
role in leaf senescence and fiber development of diploid cotton [32,35,37]. Similarly, WRKY
genes GhWRKY27 and GhWRKY42 have been reported to induce leaf senescence and anther
development in transgenic plants [38–40]. The higher expression levels of WRKY transcription
factors in different tissues such as root, stem, leaf, petal, and anther reveal their role in the
respective tissue [35].

Numerous cotton WRKY genes have been characterized in model plants for their cru-
cial role in modulating stress responses. In a case, overexpression of GhWRKY15 increased
resistance against the infection of viruses and fungi in tobacco [17], while overexpressing
GhWRKY34 and GhWRKY41 enhanced salt tolerance in Arabidopsis and drought tolerance
in tobacco, respectively [41,42].

4. Functions of WRKY TFs in Cotton against Abiotic Stresses

The effects of environmental stresses and response mechanisms of cotton are discussed
below. It is important to understand the response mechanism of WRKY TFs signaling
pathways in manipulating the cotton genome against abiotic stresses.

4.1. Drought and Heat Stresses

According to the United States Department of Agriculture (USDA), cotton production
is expected to reduce by drought stress in the USA and other countries [9]. Similarly, in
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Pakistan, during the last five years, cotton production declined by 23.7% to an average of
7.42 M bales against the average production of 9.72 M bales from the previous 5 years. In
addition to other reasons, Harsh weather is responsible for this decline in cotton produc-
tion [43,44]. In general, drought conditions restrict plant growth and yield by affecting seed
germination, plant height, leaf area index, canopy, fiber quality, and root development [45].
Specifically, it decreases the photosynthetic rate, stomata conduction, transpiration rate,
carboxylation efficiency, and water potential of cotton leaves significantly during drought
stress [46]. Recently, Ibrahim et al. [47] reported the negative effects of drought stress on
cotton plants. According to their study, 31.1% lint yield and 44.4% fresh plant weight
of Gossypium hirsutum (Zhongmian 41) were reduced under drought stress. In addition,
the chlorophyll content and photosynthetic rate were also recorded lower under drought
compared with control plants. However, abscisic acid (ABA), indole acetic acid (IAA), su-
peroxide dismutase (SOD), H2O2, callose, and proline contents were reported to be higher.
The effects of drought stress on cotton and its coping strategies have been extensively
reviewed in our previous report [9,46]. Plants have devolved numerous morphological,
cellular, and molecular adaptations to cope with drought stress. In the case of biochemical
adaptations, cotton WRKY TFs are the key regulators in reducing the effects of drought
and heat stresses and consequently lead to various morpho-physiological changes crucial
for drought and heat tolerance in cotton.

WRKY transcription factors in cotton have been reported widely for their prominent
role in the regulation of drought stress [33,39,48,49]. During an investigation, 34 IId WRKY
genes were identified in the G. hirsutum genome. Among these, 10 genes were distinctly
expressed under drought and salt stresses. The highly expressed gene, Gh_A11G1801,
was silenced by Virus-Induced Gene Silencing (VIGS) technology in cotton plants. The
VIGS resulted in cotton seedlings showing enhanced sensitivity to drought stress. In
addition, these plants had higher malondialdehyde (MDA) content and lower catalase
(CAT) content [33]. Similarly, the expression of group III WRKY genes in cotton was
assessed under abiotic stresses. Expression patterns of GhWRKY7, 50, 59, 60, and 102 were
significantly upregulated under ABA, mannitol, and salt treatments. It reveals that these
genes may regulate drought and/or salt stress-responsive pathways, i.e., the ABA signaling
pathway in cotton plants. In addition, GhWRKY7 and GhWRKY7102 genes were markedly
expressed in roots under high concentration (200 mmol L−1) of mannitol and NaCl showing
their crucial role in root improvement [31]. Moreover, the GhWRKY1-like transcription
factor was identified in G. hirsutum as a drought tolerance regulator. The overexpression of
GhWRKY1-like in Arabidopsis improved drought tolerance by manipulating ABA synthesis
and interaction with several cis-elements [50]. An extensive root system is often counted as
favorable for drought tolerance in cotton and other plants. A transcriptomic study of cotton
roots under drought stress revealed that GhWRKY75 is involved in root development [51].

4.2. Salt Stress

Salinity is a global problem that affects approximately 20% of irrigated land and
reduces crop yields remarkably [52]. As a glycophyte, cotton is tolerant to mild salt
stress; however, high salt concentration affects cotton plants in various ways. It causes
oxidative stress and ion toxicity and affects nutrient uptake, increases water deficiency,
alters metabolic processes, membrane disorganization, and genotoxicity, and reduces cell
division and expansion. Consequently, these factors affect cotton growth, development,
productivity, and fiber quality [53]. Cotton plants respond to salinity stress by various
morpho-physiological and biochemical changes, where several pathways work together
at the transcriptional and post-transcriptional levels. At the transcriptional level, WRKY
transcription factors are the key mediators in the salt tolerance of cotton.

With the release of the cotton genome sequence, genome-wide analysis of WRKY
family genes has been carried out in G. arboreum, G. raimondii, and G. aridum. Numerous
studies have revealed the importance of specific WRKYs in the transcriptional regulation
of salt-related genes in cotton [54]. In a transcriptomic analysis of wild-type-salt-tolerant
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cotton species, 109 GarWRKY genes were identified [55]. Overexpression of a cotton WRKY
gene, GhWRKY25 enhanced salt tolerance in Nicotiana benthamiana [56]. Similarly, overex-
pressing GhWRKY39-1 Nicotiana benthamiana plants showed increased salt and oxidative
stress tolerance. In addition, overexpression of GhWRKY39-1 increased the transcriptional
level of antioxidant enzyme-associated genes [57]. Moreover, the overexpression of another
cotton WRKY gene, GhWRKY6-like, markedly enhanced salt tolerance in Arabidopsis. On
the other hand, the silencing of the GhWRKY6-like gene in cotton through VIGS technology
increased the sensitivity of cotton plants to drought and salt stresses [58].

4.3. Cold Stress

Cold stress is among the major abiotic stresses that limit cotton growth, productivity,
and fiber quality [59–61]. Plants have devolved sophisticated mechanisms involving altered
physiological and biochemical processes to cope with cold stress. The coping strategies that
plants develop to tolerate harsh conditions are diverse among plants. These strategies often
start changes to protect plants in the first instance, followed by cold acclimation, enhancing
plant survival under cold stress [62]. Most of these processes are regulated by TFs that
trigger the expression of stress-responsive genes. WRKY transcription factors are among
those TFs which mediate cold tolerance in cotton plants.

The expression of WRKY TFs during cold treatment in cotton has been widely reported,
which exhibited that WRKY TFs regulate cold-stress response. In a transcriptomic analysis
of cotton, 10 WRKY TFs were differentially expressed (upregulated) under cold stress [63].
In a previous study, the expression of GhWRKY41 was significantly induced by cold (4 ◦C),
heat (37 ◦C), salt, and drought stresses [41]. Similarly, the GhWRKY15 expression level was
also increased after the treatment of the cold. However, the overexpressing GhWRKY15
and GhWRKY41 tobacco lines were only checked for drought, salt, and other stresses [17].

The response of cotton plants to low temperatures is not only limited to the transcription
network. As a principal stress hormone, ABA promotes phospholipid metabolism and generates
second messengers in cold stress [64]. In a study, cold stress slightly enhanced endogenous ABA
levels in plants [65]. While the role of WRKY TFs in the ABA pathway has been discussed in
Section 5.2, it reveals that WRKY TFs indirectly regulate responses to cold stress.

4.4. Other Abiotic Stresses

Stresses are varied from place to place and time to time; similarly, plants cope with
each stress in their own correspondence. In addition to drought, heat, salt, and cold stresses,
other abiotic stresses such as waterlog, alkalinity, nutrient deficiency, wounding, and heavy
metals stresses have also been reported for cotton. These stresses have also been found to be
regulated by WRKY TFs [22,66]. Members of the WRKY gene family were induced in response
to waterlog stress. For example, microarray data were used and investigated 50 GhWRKY
gene expression patterns in roots and leaves under waterlog stress. As a result, the expression
level of several genes was found higher in the root than the in the leaves, which suggests
that most of the GhWRKY genes responding to waterlog stress are present in cotton roots. In
addition, numerous GhWRKY genes were also induced by pH stress in cotton. The expression
level of GhWRKY genes in waterlog and pH stresses suggest the participation of WRKY genes
in regulating these stresses [31].

Phosphorus is one of the essential plant nutrients for normal growth and development;
however, plants uptake phosphorus in the form of Phosphate [67]. Cotton WRKY gene,
GbWRKY1 regulated Phosphate deficiency in cotton. Overexpressing GbWRKY1 Arabidop-
sis plants reduced Phosphorus deficiency symptoms, accumulated high levels of total
phosphorus, increased lateral root development, and Phosphatase activity. These results
speculated the positive role of GbWRKY1 in Phosphate starvation and its involvement in
the modulation of Phosphate homeostasis and participation in Phosphate allocation and
remobilization [68].

Wounding stress is also counted as one of the abiotic stresses caused by snow, rain,
strong wind, herbivores, and insect attack. Wounding tissues are attractive and easy sites for
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pathogen (bacteria and virus) infection [69]. It activates both local and systematic response
mechanisms in plants. The systematic response mechanism includes transcriptional and
post-transcriptional changes [70]. In order to validate the role of WRKY TFs in wounding,
a cotton WRKY gene, the GhWRKY15 expression level was markedly high after 2 h of
wounding stress [17]. In addition, the transcript level of the cotton WRKY gene, GhWRKY40,
was increased in cotton upon wounding, while its overexpression enhanced the wounding
tolerance in Nicotiana benthamiana [71].

Heavy metals are one of the environmental stresses affecting both plants and animals
negatively [72]. Upon heavy metal (Cd) stress, several transcription factors, including
WRKY, were upregulated in rice [73]. For cotton, although it has been studied success-
fully in the phytoremediation of heavy metals [74], there is no such report available on
the WRKY TF’s involvement in the regulation of heavy metals stress response in cotton.
There may have functions of cotton WRKY TFs in the regulation of heavy metal stress or
phytoremediation of heavy metals. Thus, it is suggested to study WRKY TFs in cotton
under heavy metals stress and phytoremediation.

5. Signaling Pathways Associated with WRKY TFs

Cotton has evolved several strategies to cope with abiotic and biotic stresses because
they cannot escape from stresses. Numerous phytohormones, Reactive oxygen species (ROS)
scavenging, and kinases signaling pathways play a crucial role in signals transmission of
abiotic stresses. Phytohormones, ABA, Jasmonate (JA), Auxin (IAA), Salicylic acid (SA),
Ethylene (ET), Brassinosteroids (BR), Gibberellin (GA), and Cytokinin (CK) play a key role in
regulating cotton plant response against pathogens and abiotic stresses [7,46]. Especially, ABA
regulates plant responses against abiotic stresses [15]. These signaling pathways are presented
in Figure 1, where several pathways respond to abiotic stresses in a coordinated form.

Figure 1. Association of WRKY TFs with stress-responsive signaling pathways during abiotic
stresses in cotton.

5.1. Self-Regulatory Pathway

WRKY TFs are involved in stress responses by auto-regulation (self-regulation) or
cross-regulation. In auto-regulation, WRKY protein binds to a W-box-containing promotor
and auto-regulates the expression of stress-related genes. Apart from self-regulation, in
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cross-regulation, the expression of stress-related genes is regulated by another WRKY
TF [75]. The evidence is available for the model plant, i.e., Arabidopsis, where AtWRKY18,
40, and 60 interacted with themselves and with each other under stress conditions [11,22].
In addition, group III WRKY proteins, AtWRKY30, 53, 54, and 70, were also interacting
with themselves and with each other [76]. Similarly, GhWRKY91 is directly bound to
the W-box promotor of GhWRKY17 and cross-regulated GhWRKY17 expression in cotton
under drought stress. GhWRKY17 is involved in ABA signaling and ROS production [77].
It revealed that cotton has a cross-regulatory pathway of WRKY under drought stress.
The self/cross-regulatory WRKY signaling pathway is shown in the schematic diagram of
overall signaling pathways in cotton under stress conditions (Figure 1).

5.2. Abscisic Acid

Abscisic acid is a major stress-responsive hormone that plays a crucial role in stress
signaling pathways. When plants are exposed to different environmental stresses such as
extreme temperatures, drought, and salinity, plant growth is modulated by coordination
between several plant hormones, proteins, and regulatory factors [78]. ABA plays an
essential role in inducing various responses, such as the closing of the stomatal aperture and
the expression of stress-responsive genes under abiotic stresses. Abscisic acid responses to
stress conditions are divided into slow and rapid responses [79]. The slow response includes
the expression of target genes, while a rapid response is mediated by ion channels. Abscisic
acid signaling cascade consists of three steps regulatory process, including receptors,
protein kinases, and targets, i.e., transcription factors and ion channels [80]. The perception
of ABA through ABA receptors (membrane-bound or soluble) initiated the ABA-mediated
signaling cascade under stress conditions. The major component of ABA perception
and signaling consists of soluble cytoplasmic PYrabactin Resistance (PYR)/PYrabactin
Resistance such as (PYL)/Regulatory Component of ABA Receptors (RCAR) proteins.
Protein Phosphatase 2C (PP2Cs) is the negative regulator in the ABA signaling pathway,
i.e., it inhibits the SNF1-related kinases (SnRK2). Under stress conditions, ABA rapidly
accumulates and binds to the ABA receptors (PYR/PYL/RCARs), which in turn bind
and inactivate PP2C and lead to the auto-activation of SnRK2 [81–83]. The activated
SnRK2 further phosphorylates the downstream targets in the form of TFs and ion channels.
The ABA signaling pathway in response to environmental stresses has been presented
schematically in Figure 1. Recently, several studies revealed that WRKY TFs are positive
regulators of ABA-induced stomatal closure and hence abiotic stress responses, i.e., drought,
heat, salt, etc. Further, the role of WRKY TFs in the ABA signaling pathway has been
reviewed by the authors of the reference [75] in detail.

WRKY TFs in cotton are key elements in the ABA-mediated signaling network under
environmental stresses. Numerous cotton WRKY genes have been testified to be induced by
ABA treatment, and the same genes enhanced/reduced abiotic stress tolerance in cotton. In
a case study, the overexpression of the cotton WRKY gene, GhWRKY41, improved drought
and salt tolerance in Nicotiana benthamiana by an ABA-dependent signaling pathway. It has
been reported widely that ABA regulates stomatal movement. Hereby, stomatal aperture
and conductivity were remarkably reduced by ABA treatment. In addition, GhWRKY41
is highly expressed in stomata. Moreover, the genes associated with ABA signaling were
also upregulated during drought or salt stress. Among these, the SnRK2 gene was also
induced significantly by drought or salt treatment, while SnRK2 is directly involved in
the ABA signaling pathway [41]. In contrast, GhWRKY17 increased plant sensitivity to
drought stress by reducing the ABA content and expression level of ABA-associated genes.
In addition, the accumulation of ROS and the production of antioxidant enzymes were also
enhanced in overexpressing GhWRKY17 plants [48]. These studies revealed the essential
role of ABA in cotton and its association with WRKY genes during abiotic stresses.
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5.3. Jasmonic Acid, Ethylene, and Salicylic Acid

Jasmonic acid (JA) and its active derivatives, jasmonates, serve as important signaling
molecules in the regulation of stress responses and play an important role in mediating
the expression of defense-associated genes [84]. In addition, JA is also involved in plant
growth and development, such as root growth, tendril coiling, fruit ripening, and viable
pollen production [85]. On the other hand, SA is another phytohormone that plays an
essential role in plant growth, development, and stress response mechanisms [86]. Similarly,
ethylene is a naturally occurring gaseous hormone with multiple actions, including growth,
fruit ripening, senescence, flowering, seed germination, and response to both biotic and
environmental stresses [46,87]. The JA, SA, and ethylene signaling pathways during stress
conditions are presented in Figure 1. WRKY TFs have a crucial role in the regulation of
these phytohormones under environmental stresses.

WRKY TFs in cotton are also involved in regulating jasmonic acid, ethylene, and sali-
cylic acid signaling pathways [17,88]. Overexpressing GarWRKY5 increased salt tolerance
in transgenic Arabidopsis by regulating ROS scavenging, jasmonic acid, and salicylic acid
pathways [55]. The overexpressing GhWRKY40 enhanced wounding tolerance in Nicotiana
benthamiana. The transcript level of GhWRKY40 was increased by the stress hormones
methyl jasmonate, salicylic acid, and ethylene [71]. The expression pattern of several Gh-
WRKY genes (GhWRKY5, GhWRKY7, GhWRKY27, GhWRKY31, GhWRKY50, GhWRKY56,
GhWRKY59, GhWRKY60, and GhWRKY102) were upregulated by one or more treatments
of SA, JA, Ethylene, ABA, mannitol, and NaCl [31]. In another case study, GhWRKY15 was
significantly induced by the application of JA and SA [17].

5.4. Scavenging of ROS

Reactive oxygen species consist of singlet oxygen (1O2), hydrogen peroxide (H2O2),
superoxide anion (O2

−), and hydroxyl radical (OH) [89]. Production of ROS enhances
under abiotic and biotic stresses beyond the threshold level and causes ROS-related injuries
in plants [90]. When the concentration of ROS in a cell reaches beyond the threshold level,
it causes oxidative damage to DNA, RNA, proteins, and membranes. Eventually, it may
cause program cell death if the oxidation did not control on time [9]. However, plants
evolved a complicated scavenging system to control the excess amount of ROS in cells.
The plant scavenging system against ROS consists of enzymatic [e.g., SOD, catalase (CAT),
guaiacol peroxidase, glutathione reductase, and ascorbate peroxidase] and non-enzymatic
mechanisms [e.g., ascorbic acid, glutathione (GSH), proline, flavonoids, carotenoids, and α-
tocopherol] [91–93]. Like other plants, cotton has also developed a complicated scavenging
system to cope with abiotic stresses and relieve the effects of oxidative stress. While
WRKY TFs have been studied for their prominent role in mediating ROS scavenging
pathways in cotton, the evaluation of a WRKY TF gene, GhWRKY6-like, showed an elevated
response to oxidative stress. Overexpression of GhWRKY6-like reduced the H2O2 and
MDA content in Arabidopsis under osmotic stress [58]. Overproduction of ROS in the cell
increased the MDA level [94] and is used as a marker for the destructive effects of ROS
under stress conditions [92]. In addition, SOD and POD activities were also recorded
higher in overexpressing GhWRKY6-like transgenic lines under salt and osmotic stresses.
Proline played an essential role in oxidative stress responses and was also accumulated
higher in overexpressing lines than wild-type (WT) plants under salt and osmotic stresses.
They suggested that GhWRKY6-like promoted the expression of marker genes associated
with the ABA signaling pathway and other stress-responsive genes, thereby enhancing
drought and salt tolerance. The enhanced tolerance might be due to the activation of the
ABA signaling pathway and improved scavenging system for ROS [58]. The increased
antioxidant enzyme activities under salt and drought conditions reflect the reduced MDA
level in overexpressing plants suggesting that GhWRKY6-like is involved in the scavenging
of ROS. In contrast, another WRKY gene, GhWRKY17, reduced salt and oxidative stress
tolerance in Nicotiana benthamiana. Under salt and drought stresses, the overexpressing
plants had higher H2O2 and O2

− content compared with WT plants, indicating that ROS
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levels were increased by the ectopic expression of GhWRKY17 in tobacco plants. On the
other hand, antioxidant enzyme activities in overexpressing plants subjected to drought
stress exhibited a decreased level of SOD, POD, APX, and CAT content. In addition, proline
content was also recorded to be lower in transgenic lines than in WT plants [48]. The
reduced antioxidant enzyme activities under salt and drought conditions reflect oxidative
damage in overexpressing plants. These results revealed that GhWRKY17 is involved
in the ROS signaling pathway negatively. These contrasting studies reveal that WRKY
transcription factors regulate the ROS signaling pathway in both positive and negative
manner in plants under environmental stresses. Thus, we suggest determining the role
of WRKY genes before up- or downregulation in a plant and whether it positively or
negatively regulates the ROS signaling pathway. Upregulate the expression of WRKY
genes that positively regulate the ROS scavenging signaling pathway and downregulate
the expression if it is negatively involved in regulating the ROS signaling pathway.

5.5. Kinases (MAPK)

Mitogen-activated protein kinase (MAPK) cascade is one of the principal pathways medi-
ating plant responses to environmental stresses. The MAPK cascade is involved in transferring
extracellular signals to the nucleus for appropriate cellular response [95]. This cascade is mini-
mally consisting of three kinases, a MAPKKK (MAP3K), a MAPKK (MAP2K), and a MAPK,
which activate each other in a consecutive manner via phosphorylation (Figure 1) [96]. These
MAPKs play a significant role in cellular signaling by transferring information from sensors
to responders. Mitogen-activated protein kinase cascades are involved in plant responses to
water deficit, extreme temperatures, salinity, wounding, and pathogens [97,98]. WRKY TFs in
cotton have been studied in the regulation of MAPK activation.

In a genome-wide identification of the MAPKKK gene family in cotton, the authors
of the reference [99] identified 157 GhMAPKKKs. Various cis-elements were identified
in the promotor regions of GhMAP3Ks related to stress responses. The transcription
levels of maximum genes were significantly altered under abiotic stresses. In addition,
the expression of some GhMP3Ks genes, i.e., GhMEKK1012, 24, 31, 36, 38, 40, 45, GhRAF2,
3, 4, 7, 8, 21, 49, and GhRAF78 were induced under abiotic stresses in cotton. Silencing
of GhMEKK12 and GhRAF4 through VIGS technology increased drought sensitivity in
cotton seedlings. Drought-related physiological parameters, i.e., relative water content,
proline, SOD, and POD contents, were reduced in the gene-silenced seedlings, while the
stomatal aperture and MDA contents were enhanced. This study revealed the importance
of protein kinases in cotton under abiotic stresses. An earlier study revealed that the
cotton WRKY TF gene, GhWRKY59 played a significant role in the ABA-independent
GhMAPK cascade. A GhMAPK cascade consisting of GhMAPKKK15 (MAP3K)-GhMKK4
(MAP2K)-GhMPK6 (MAPK) was identified in cotton by Li et al. [100]. GhWRKY59 regulates
MAPK activation and GhMAPKKK expression through feedback. GhWRKY59 binds to
the GhDREB2 promoter and regulates the expression of downstream drought-responsible
genes. Moreover, it regulates GhMAP3K15 expression positively by establishing a feedback
loop. Overexpression of GhWRKY59 in Arabidopsis increased drought tolerance in transgenic
plants. A novel phosphorylation loop (GhMAP3K15-GhMKK4-GhMPK6-GhWRKY59) has
been found in cotton that regulates the GhDREB2-mediated and ABA-independent drought
response, which shows the WRKY-associated MAPK cascade in cotton [100].

The current advancement in the field of plant signaling under stress conditions has
revealed that a single factor does not trigger the overall response mechanism in cotton
plants. Mostly, these pathways activate each other and work in the form of an integrative
signaling mechanism [101]. Under single or multiple stresses, the coordinated response
mechanism of cotton in the form of stress signaling pathways associated with WRKY, either
directly or indirectly, has been elaborated in the schematic diagram (Figure 1). The tolerance
mechanism of cotton to several environmental stresses still needs to be understood due to
the complex nature of their response.
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6. Cotton WRKY TFs Genetically Engineered Plants

Genetically engineered plants could be a way to mitigate the effects of abiotic stresses.
Generally, genetic modification in crop plants comes through the introduction of a ben-
eficial foreign gene or silencing of the expression of an endogenous gene [102]. In the
last few decades, genetic manipulation has been started in several crop plants to develop
stress-resistant varieties [11]. Several crops have been genetically modified successfully
with increased crop yield, stress-resistant, and improved food quality [103–105]. Although
concerns persist in humans about the use of genetically modified crops, 526 transgenic
events have been approved to date in more than 30 crops for cultivation in various countries
of the world. Among them, Zea maiys L. (maize) accounts for the highest number of events,
i.e., 238, followed by cotton, i.e., 67, and then others [105,106]. Cotton has also been geneti-
cally modified to enhance tolerance against abiotic stresses by overexpressing stress-related
genes and/or silencing interested genes. Of these, cotton WRKY genes have also been
overexpressed and/or silenced in other plants, mostly in Arabidopsis and tobacco. Thus far,
all the genetically modified cotton WRKY genes have been enlisted in Table 1. Previous
research work revealed that WRKY TFs regulate several mechanisms related to biotic and
abiotic stresses. It includes root development, stomatal aperture regulation, phytohormone
signaling pathways, the generation of antioxidants and osmoprotectant substances, accu-
mulation of metabolites, and stress-associated gene expression [11,22,66,107]. For instance,
overexpression of cotton WRKY gene, GarWRKY5, enhanced salt tolerance in Arabidopsis.
Overexpressing lines accumulated higher levels of antioxidant enzymes, i.e., SOD and
POD. In addition, transgenic lines had longer roots than wild type. These characteristics in
overexpressing transgenic lines improved salt tolerance, while silencing of GarWRKY5 in
cotton increased plant sensitivity to salt stress [55]. In contrast, the ectopic expression of a
GhWRKY gene, GhWRKY17, enhanced salt and drought sensitivity in Nicotiana benthamiana.
The overexpression of GhWRKY17 reduced root length, seed germination, stomatal closure,
chlorophyll content, and expression pattern of ABA-signaling-pathway-associated genes.
In addition, increased water loss rate, electrolyte leakage, and accumulation of O2

−, H2O2,
and MDA contents were examined in overexpressing tobacco which led to enhanced salt
and drought sensitivity [48].

Most of the cotton WRKY genes were characterized in Arabidopsis and tobacco (Table 1),
while a few WRKY genes have also been studied in cotton through virus-induced gene
silencing technology. However, there is no report available on the overexpression of
WRKY genes in cotton, although it has been overexpressed in other crops. For example,
overexpressing TaWRKY2, a WRKY transcription factor, significantly enhanced grain yield
and drought tolerance in transgenic wheat [108]. On the other side, no one tested the yield
parameters, which is the most important part for the farmers and industry (Table 1). Till
now, we did not find any report on cotton WRKY genes overexpressing in cotton, although
several WRKY family genes have been overexpressed in Arabidopsis and tobacco. Thus, it
is strongly suggested to select and overexpress the WRKY genes (as summarized in Table 1)
in cotton. In addition, it would be highly appreciated if two or more genes regulating
different parameters (stress-tolerant, increased yield, high fiber quality, etc.) would be
engineered in the cotton.

396



Life 2022, 12, 1410

Table 1. Cotton WRKY genes regulated abiotic stresses.

WRKY Gene
(Sub Group)

Stress
Cellular
Localization

Expression in Plant Traits Regulated References

GbWRKY1 (I)

Reduced Phosphorus
starvation, and
tolerance to drought
and salt stresses

Nucleus Overexpressed in
Arabidopsis and cotton

Overexpressing lines reduced the accumulation
of anthocyanin and enhanced the activity of
phosphatase, MDA content, ion leakage and
root inhibition

[68,109]

GhWRKY3 (I)
Expressed under
drought, salt and low
temperature

Nucleus NA NA [110]

GarWRKY5 (III) Enhanced salt tolerance NA
Silenced in cotton and
overexpressed in
Arabidopsis

Overexpressing lines exhibited higher activities
of SOD, POD and enhanced root length [55]

GhWRKY6 Regulated drought and
salt stresses NA

Silenced in cotton and
overexpressed in
Arabidopsis

Overexpressing plants showed shorter root
length, larger stomatal aperture, increased
H2O2 and MDA level, reduced proline
accumulation and participated in ABA
signaling pathway

[111]

GhWRKY6-like Improved salt and
drought tolerance Nucleus

Overexpressed in
Arabidopsis and
silenced in cotton

In overexpressing lines, MDA and H2O2
content were reduced and proline, SOD and
POD contents were increased. Expression
pattern of ABA signaling pathway genes was
also reported higher in overexpressing lines.

[58]

GhWRKY15 (IId)
Increased resistant
against wounding Viral
and fungal infection

Nucleus Overexpressed in
Tobacco

Increased POD, APX and expression of stress
related genes [12]

GhWRKY17 (IId) Enhanced drought and
salt sensitivity Nucleus Overexpressed in

Nicotiana benthamiana

Reduced root length, seed germination,
stomatal closure, chlorophyll content and
expression pattern of marker genes involved in
ABA signaling pathway
Increased water loss rate, electrolyte leakage
and accumulation of O2

− , H2O2, MDA content

[48]

GhWRKY25 (I)

Enhanced salt tolerance
but reduced drought
tolerance and plant
defense against fungal
pathogen

Nucleus Overexpressed in
Nicotiana benthamiana

Increased MDA, O2
− , and H2O2 content

Decreased SOD, POD and CAT activities,
inhibited root length under drought stress

[56]

GhWRKY27a (III) Reduced drought
tolerance Nucleus

Overexpressed in
Nicotiana benthamiana
and silenced in cotton

Overexpressing lines exhibited short roots,
closed stomata, high content O2

− , and H2O2,
and low level of drought related genes
expression

[49]

GhWRKY33 (III) Reduced drought
tolerance Nucleus Overexpressed in

Arabidopsis

Inhibited seed germination, early seedling
growth and root length, reduced sensitivity to
ABA

[24]

GhWRKY34 (III) Enhanced salt tolerance Nucleus Overexpressed in
Arabidopsis

Seed germination, root length, chlorophyll
content and expression pattern of stress related
genes was higher

[42]

GhWRKY39 (IId)
Enhanced resistance to
pathogen infection and
salinity

Nucleus Overexpressed in
Nicotiana benthamiana

Reduced hydrogen peroxide accumulation and
increased the level of APX, CAT, GST and SOD [112]

GhWRKY39-1 (IId)
Enhanced resistance to
pathogen infection and
salinity

Nucleus Overexpressed in
Nicotiana benthamiana

Enhanced root length and expression pattern of
SOD, GST, APX, and CAT.
Decreased H2O2 content

[57]

GhWRKY40 (IIa) Enhanced tolerance
against wounding Nucleus Overexpressed in

Nicotiana benthamiana

Decreased level of O2
− and H2O2

Transcript level of JA and SA associated genes
in overexpressing plants was decreased

[71]

GhWRKY41 (III) Enhanced drought and
salinity tolerance Nucleus Overexpressed in

Nicotiana benthamiana

Reduced MDA, H2O2 content and ABA
dependent stomatal opening. Accumulated
increased level of SOD, POD and CAT

[41]

GhWRKY42 (IId) Induced drought and
salinity stress Nucleus Overexpressed in

Arabidopsis Increased senescence [33]

GhWRKY68 (IIc) Reduced drought and
salt tolerance Nucleus Overexpressed in

Nicotiana benthamiana

Stomatal opening, O2
− , H2O2, and MDA

content were increased.
Reduced total chlorophyll, CAT, SOD and POD
content, root length, expression pattern of
ABA-dependent pathway genes

[113]

GhWRKY91 (IIe)
Enhanced drought
tolerance and delayed
senescence

NA Overexpressed in
Arabidopsis

Expression pattern of marker genes involved in
drought tolerance was significantly higher. [77]

Footnote: ABA = Abscisic acid, APX = Ascrobate peroxidase, CAT = Catalase, GST = Glutathione peroxidase,
MDA = Malondialdehyde, NA = Not applicable, POD = Peroxidase, SOD = Superoxide dismutase.
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7. Concluding Remarks, Complications, and Recommendations

Cotton is an important industrial crop, and its production has been hampered badly
due to various factors in most of the world. Consequently, reduced the economic growth
of several developing countries such as Pakistan, India, China, Brazil, Turkey, etc. [9].
In this regard, research is on the way to improving tolerance in cotton against abiotic
stresses. Transcription factors are the major regulators of biological processes involved in
abiotic stresses [114]. Among the transcription factors, WRKYs are the largest family of
transcription factors regulating several stress-related pathways, including ABA, JA, SA,
MAPK, and the scavenging of ROS. Understanding stress-responsive signaling pathways
and the consequent manipulation of these could be a gateway for the resistant cotton
variety. WRKY transcription factors and their related genes have been expressed in other
plants (mostly in Arabidopsis and tobacco), showing significant responses against abiotic
stresses. However, the role of those genes/TF may not show the same results in cotton
due to its tetra genomic (AD genome) nature. On the other hand, producing transgenic
cotton plants require a long time to obtain homozygous transgenic seeds, which disheartens
scientists if the resulting transgenic cotton does not produce the same results shown in
model plants. Still, various transgenic cotton plants have been produced after a long
struggle by scholars. The transgenic cotton plants showed better resistance than existing
varieties. Even if successful genetically modified cotton plants are produced, research
should still continue to improve and combat future challenges. The available reports on
cotton WRKY transcription factors reveal that these TFs regulate abiotic stresses positively
and/or negatively.
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Abstract: Maize is an important cereal crop worldwide and is sensitive to abiotic stresses in fluctuant
environments that seriously affect its growth, yield, and quality. The small heat shock protein (HSP20)
plays a crucial role in protecting plants from abiotic stress. However, little is known about HSP20 in
maize (ZmHSP20). In this study, 44 ZmHSP20s were identified, which were unequally distributed
over 10 chromosomes, and 6 pairs of ZmHSP20s were tandemly presented. The gene structure
of ZmHSP20s was highly conserved, with 95% (42) of the genes having no more than one intron.
The analysis of the cis-element in ZmHSP20s promoter demonstrated large amounts of elements
related to hormonal and abiotic stress responses, including abscisic acid (ABA), high temperature,
and hypoxia. The ZmHSP20s protein had more than two conserved motifs that were predictably
localized in the cytoplasm, nucleus, endoplasmic reticulum, peroxisome, mitochondria, and plasma.
Phylogenetic analysis using HSP20s in Arabidopsis, rice, maize, and Solanum tuberosum indicated
that ZmHSP20s were classified into 11 categories, of which each category had unique subcellular
localization. Approximately 80% (35) of ZmHSP20 were upregulated under heat stress at the maize
seedling stage, whereas the opposite expression profiling of 10 genes under 37 and 48 ◦C was detected.
A total of 20 genes were randomly selected to investigate their expression under treatments of ABA,
gibberellin (GA), ethylene, low temperature, drought, and waterlogging, and the results displayed
that more than half of these genes were downregulated while ZmHSP20-3, ZmHSP20-7, ZmHSP20-24,
and ZmHSP20-44 were upregulated under 1 h treatment of ethylene. A yeast-one-hybrid experiment
was conducted to analyze the binding of four heat stress transcription factors (ZmHSFs) with eight of
the ZmHSP20s promoter sequences, in which ZmHSF3, ZmHSF13, and ZmHSF17 can bind to most of
these selected ZmHSP20s promoters. Our results provided a valuable resource for studying HSP20s
function and offering candidates for genetic improvement under abiotic stress.

Keywords: heat shock protein 20; maize; abiotic stress; yeast-one-hybrid

1. Introduction

In the changing environment, numerous adverse stress conditions such as drought,
salinity, heat, cold, and chemicals, nematodes, insects, and rodents were imposed on plants,
which significantly influence their growth and development [1]. These abiotic stresses can
cause damage to plant cells and cause secondary damage, such as osmotic and oxidative
stress [2,3]. Plants have a series of elaborate mechanisms in response to environmental
changes compared to animals, including maintaining cell membrane stability [4], capturing
reactive oxygen species (ROS), synthesizing antioxidants, osmotic accumulation, and
osmotic regulation, inducing some enzymes in response to stress, and enhancing the
transcription and signaling of partners [5], to adapt morphologically and physiologically [6].
Abiotic stresses in plants are often interrelated and lead to physiological, morphological,
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cellular, and molecular changes [1], and two or more abiotic stresses are often more lethal
than single stress [7].

Heat shock protein (HSP) in Drosophila melanogaster was primarily discovered under
exposure to high-temperature stress [8]. The response to stresses on the molecular level was
found in all organisms, especially the sudden changes in genotypic expression resulting
in an increase in the synthesis of HSP proteins [9–11]. The HSPs are characterized by the
presence of a carboxyl terminus called a heat shock domain [12]. Under environmental
stress conditions, plants reduce the synthesis of normal proteins and facilitate the tran-
scription and translation of HSPs [13]. The expression of HSPs is mediated by the binding
of heat stress transcription factors (HSFs) to heat shock element (HSE) sequences that are
located in the promoter region of HSPs [2]. The heat shock promoter is characterized by
a conserved palindromic element with the consensus motif “nGAAnnTTCn”. This HSE
motif or its various variants have different effects on the interaction of HSFs with HSE [14].
HSPs can be divided into five classes according to their molecular weight and sequence
homology, including HSP100, HSP90, HSP70, HSP60, and Small HSPs (HSP20) [15,16], in
which HSP20s are 12–25 kDa polypeptides. Most HSP20s occur together in oligomers with
12 subunits. Plants have many types of HSP20s, and some species have more than 40 types
of HSP20s [15]. The structure of HSP20s presents remarkable diversity, but all HSP20s share
a common α-crystalline domain (ACD) that allows them to be recognized [17], reflecting
their fitness with diversity stresses. HSP20s are widely present in plants and help to protect
plant cells against protein breakdown and maintain their functional conformation [18].
HSP20s can also act as an ATP-independent molecular chaperone to capture substrate
proteins denatured by stress [19], preventing the irreversible denaturation of substrates [20].
The feature facilitates the refolding of denatured proteins and improves plant performance
in adapting to environmental stress.

Most HSP20s are not expressed under normal conditions but can be omnipresent
in various biotic and abiotic stresses [21]. HSP20s are thus considered a component of
cell protein quality control to defend against stresses and coordinate defensive signaling
cascades by participating in the build-up of various resistance proteins. HSP20s are also
involved in plant embryogenesis, germination, and fruit development. For example, HSP21
in tomato participates in the accumulation of carotenoids during ripening [22]. HSP20 plays
an important role in abiotic stress and has been identified in various plants. PtHSP17.8 of
Populus trichocarpa enhances heat and salt tolerance by maintaining ROS homeostasis and
collaboration [23]. Overexpression of maize HSP16.9 in tobacco can increase heat tolerance
and oxidation resistance [24]. The expression of HSP22.8 in watermelon is reduced under
abscisic acid (ABA) stress and salt stress [25]. HSP17.7 in tomato can maintain intracellular
Ca2+ homeostasis and improve cold tolerance [26]. Moreover, most HSP20s in apple were
upregulated under heat stress [27].

Maize (Zea mays) is an essential staple crop in Latin America, Asia, and sub-Saharan
Africa, mainly for human consumption and animal feed production [28]. Aside from
its agronomic importance, maize has been a key model for fundamental research for
almost a century [29]. However, the HSP20 gene family in maize (ZmHSP20s) has not
been fully researched [30,31]. In this study, we systematically identified and characterized
ZmHSP20s in maize genome, which included the gene structure, conserved motif, cis-
element in the promoter, and phylogenetic relationship. We also analyzed the expression
level of ZmHSP20s under hormone treatments and abiotic stresses, especially for expression
levels under high temperatures. Moreover, the possible interactions between ZmHSP20s
and ZmHSFs were experimentally verified. These results provide valuable resources for
investigating the function of HSP20s in plants.

2. Materials and Methods

2.1. Plant Growth and Treatment

Seeds of the maize inbred line B73 were planted in a greenhouse with a controlled
temperature (~25 ◦C/22 ◦C, day/light cycle), a 14 h/10 h light/dark cycle, and 60% average
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humidity. As previously described, the treatments were imposed on seedlings at the second
leaf stage [32]. For the high-temperature treatment, the seedlings were transferred to an
artificial climate chamber at 37, 42, and 48 ◦C, and the leaves were collected after 4 h of
stress. The seedling leaves under 10 ◦C, drought stress after 1, 2, and 4 h treatments, and
waterlogged roots were also collected. For hormone treatments, 100 μM of ethylene (ET),
100 mM of ABA, and 100 mM of gibberellin (GA) were applied to treat the seedlings, and
the leaves after 1, 2, and 4 h treatments were sampled. The leaves and roots of seedlings
growing under 25 ◦C conditions were collected as the control. For each sample, more than
six seedlings were mixed and immediately frozen at −80 ◦C.

2.2. RNA Extraction and Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was isolated using TRIZOL reagent (Invitrogen, Gaithersburg, MD, USA)
and treated with RNase-free DNase (Invitrogen). Purified RNA was used to synthesize
single-stranded cDNA using recombinant M-MLV reverse transcriptase (Invitrogen). Quan-
titative reverse transcription PCR (qRT-PCR) was performed using gene-specific primers
(Table S1) and a 2 × iTaqTM Universal SYBR Green Super Mix (Bio-Rad, Hercules, CA, USA).
ZmActin1 (GRMZM2G126010) was used as an internal control for the normalization of ex-
pression data. Relative expression levels were calculated using the 2−ΔΔCT (cycle threshold)
method [33]. PCR involved an initial denaturation step at 95 ◦C for 5 min, followed by
40 cycles of 15 s at 95 ◦C, 10 s at 58 ◦C, and 20 s at 72 ◦C. The primers used for qRT-PCR were
designed using online software Primer3Plus (https://www.primer3plus.com/ (accessed
on 1 June 2022)).

2.3. Identification of ZmHSP20s

Two approaches were applied to identify the ZmHSP20s family genes in maize. The
conserved ZmHSP20 domain (PF00011) from the Pfam database [34] was used to query
the maize B73 proteome (RefGen_v4) [35] with the ZmHSP20 HMM using the HMMER3.0
package [36], and the ZmHSP20 proteins were collected based on the E-value < 1 × 10−5.
Moreover, the protein sequences of HSP20 family members in Arabidopsis and rice [37] were
downloaded from TAIR [38] and the MSU Rice Genome Annotation Project [39] databases,
respectively. These protein sequences from these Arabidopsis and rice HSP20 were used as
queries to search against the maize proteome with an E-value < 1 × 10−5 based on a local
BLASTP program with the default parameters. The proteins from these two approaches
were collected and redundant sequences were manually eliminated. The Pfam [34] and
SMART [40] databases were utilized to confirm the conserved domain in the identified
proteins. The molecular weight (MW) and isoelectric point (pI) of ZmHSP20s were com-
puted with the online ExPASy tool [41]. Four online tools (Predotar [42], WOLF PSORT
(https://www.genscript.com/wolf-psort.html (accessed on 6 June 2022)), TargetP [43], and
CELLO [44]) were used to predict the subcellular localization. Some subcellular localiza-
tions of ZmHSP20s that cannot be predicted using software will be predicted by affinities
with other species.

2.4. Analysis of Gene Structure, Chromosome Distribution, Duplication, Collinearity, and
Conserved Motif

DNA, coding sequences (CDSs), and protein sequences of ZmHSP20 family genes
and their corresponding physical location in the maize B73 reference genome (RefGen_v4)
were downloaded from the MaizeGDB database. The gene structures were drawn and
displayed by Gene Structure Display Server (GSDS) [45] using DNA and CDS sequences
of each gene. The online program of Multiple Em for Motif Elicitation (MEME, V5.0.3,
https://meme-suite.org/meme/doc/meme.html, accessed on 6 June 2022) was applied to
predict the potential motifs with default parameters. The MG2C (MapGene2Chromosome
V2, http://mg2c.iask.in/mg2c_v2.0/, accessed on 8 June 2022) software was used to display
the physical location of each gene in its corresponding position. According to the manual,
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the ZmHSP20s gene collinearity analysis within the maize genome was conducted using
MCScanX software with default parameters [46].

2.5. Phylogenetic Analysis

To illuminate the evolutionary relationship of ZmHSP20s, the phylogenetic tree was con-
structed using representative HSP20s protein sequences of Arabidopsis thaliana (AtHSP20s) [47],
rice (OsHSP20s) [48], Solanum tuberosum (StHSP20s) [49], and 44 ZmHSP20s. After being
aligned using ClustalW [50], the aligned sequences were imported into MEGA11 [51] to con-
struct an unrooted neighbor-joining phylogenetic tree (NJ) using 1000 bootstrap repetitions.
The phylogenetic tree was modified using the online software iTOL [52].

2.6. Predicting the Cis-Regulatory Elements

The 1.5 kb sequences of the promoter of ZmHSP20 genes were obtained from the
EnsemblPlants database and were then uploaded to the website of PlantCare [53] to predict
the cis-regulatory DNA elements. The elements related to stress response and hormones
were selected and displayed through Tbtools [54].

2.7. Prediction of the Interaction between ZmHSP20s and ZmHSFs

Protein sequences for HSF family members in maize (ZmHSFs) [55] were downloaded
from maizeGDB [56], which were uploaded onto STRING database [57] to predict the interac-
tion with ZmHSP20s. The interaction networks were drawn through Cytoscape_v3.9.1 [58].
The promoter sequences of ZmHSP20s were uploaded onto PlantRegMap [59] to predict the
binding of ZmHSFs.

2.8. Yeast One- and Two-Hybrid Assays

A full-length CDS of ZmHSFs was cloned into vector pGADT7-Rec2 and the 1.5 kb
promoter sequence of ZmHSP20s was cloned into vector pHIS2 using a CloneExpressII
One Step Cloning Kit (Vazyme, Nanjing, China) with the corresponding primers (Table S1).
Recombinant vectors were co-transfected into yeast competent AH109. Transformants
were cultured on SD/-Leu-Trp and were then placed on SD/-Leu-Trp-His with a special
concentration of 3-amino-1,2,4-triazole (3-AT). For the yeast-two-hybrid experiment, the
full-length CDS of ZmHSFs was cloned into vector pGADT7 while the full-length CDS
of ZmHSP20s was cloned into vector pGBKT7, and the transformants were screened on
SD/-Leu-Trp-His-Ade.

3. Results

3.1. The Characters of ZmHSP20 Gene Members

A total of 44 members of ZmHSP20s in maize were finally identified through
BLASP and HMMER programs, which were referred to as ZmHSP20-1 to ZmHSP20-44
based on their location in chromosomes (Table S2). ZmHSP20s locate across 10 chromo-
somes, and chromosomes 1 (11) and 3 (7) had the largest member of ZmHSP20s while
chromosomes 4 (ZmHSP20-22 and ZmHSP20-23), 7 (ZmHSP20-32 and ZmHSP20-33),
and 10 (ZmHSP20-44) had the smallest member of ZmHSP20s. The isoelectric point
ranged from 4.75 (ZmHSP20-30) to 11.66 (ZmHSP20-17) and the molecular weight
(MW) ranged from 13.98 to 62.73 kilodalton (Kd), most of which were around 20 Kd.
ZmHSP20-8 (62.73 Kd) and ZmHSP20-21 (46.21 Kd) had higher apparent MWs al-
though both proteins had a conserved domain of HSP20 (Table S2). The subcellular
localization of ZmHSP20s demonstrated that most of these proteins localized in the
cytoplasmic region, while some proteins localized in nuclear, mitochondrial, endo-
plasmic reticulum (ER), plastid, and peroxisome (Po) regions. Four gene clusters of
ZmHSP20s in chromosomes 1 (2 clusters), 3 (1 cluster), and 9 (1 cluster) were iden-
tified, of which cluster 1 contained three genes (ZmHSP20-2 to ZmHSP20-4), cluster
2 contained three genes (ZmHSP20-5 to ZmHSP20-7), cluster 3 contained five genes
(ZmHSP20-16 to ZmHSP20-20), and cluster 4 contained three genes (ZmHSP20-40 to
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ZmHSP20-42) (Figure 1). Moreover, six pairs of ZmHSP20s exhibited collinearity, which
included ZmHSP20-8 and ZmHSP20-11, ZmHSP20-11 and ZmHSP20-24, ZmHSP20-12
and ZmHSP20-44, ZmHSP20-16 and ZmHSP20-34, ZmHSP20-22 and ZmHSP20-39, and
ZmHSP20-30 and ZmHSP20-36.

Figure 1. Genome-wide distribution of ZmHSP20 genes on maize chromosomes. The chromosomal
location of each ZmHSP20 gene is annotated with the gene name. Chromosome numbers are
indicated at the top of each bar. The ZmHSP20 genes present on duplicated chromosomal segments
are connected by red dashed lines.

Of 44 ZmHSP20s, 22 members had no intron, 20 members had only 1 intron,
and 1 member (ZmHSP20-21) had 6 introns (Figure 2). One gene, ZmHSP20-13, had
an ultra-long intron. Seventeen ZmHSP20s did not predict the 5′-UTR and 3′-UTR
regions. To explore the potential regulatory and function of ZmHSP20 genes, the
cis-acting elements of the ZmHSP20s promoter region involved in hormone stimulus
and stress response were analyzed (Figure 3). Ten elements involved in hormone
stimulus were detected, including the ABA response element (ABRE), auxin response
element (TGA-element, AuxRR-core), GA response element (TATC-box, GARE-motif,
and P-box), MeJA response element (CGTCA-motif and TGACG-motif), SA response
element (TCA-element and SARE). The cis-elements of drought responsiveness (DRE),
anaerobic responsiveness (ARE and GC-motif), low-temperature responsiveness (LTR),
wound responsiveness (WUN-motif), and light responsiveness (G-box) were also
identified. The number of cis-elements ranged from 4 (ZmHSP20-43) to 39 (ZmHSP20-
21). ZmHSP20-3 had 26 cis-elements, of which 16 cis-elements were related to hormone
and abiotic stresses, including ABA, auxin, GA, MeJA, drought, low-temperature, and
light. The G-box occupied the most genes, which appeared in the promoter regions of
40 ZmHSP20 genes, except ZmHSP20-7, ZmHSP20-22, ZmHSP20-28, and ZmHSP20-42.
ABRE presented in 36 genes, of which ZmHSP20-19 contained 10, and ZmHSP20-10
and ZmHSP20-21 contained 8, respectively. In particular, GC-motif appeared 6 times in
ZmHSP20-33 but no more 2 in the other genes. Moreover, 23 of ZmHSP20s contained
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the MBS element, 10 of ZmHSP20s contained the TGA element, and 9 of ZmHSP20
contained the TATC_box. These results indicated that ZmHSP20s were involved in
multiple hormonal and abiotic responses.

 
Figure 2. The gene structure of ZmHsp20s. The CDSs are displayed with yellow rectangles. The
introns are displayed with black lines. Purple rectangles represent UTR. CDS, coding sequence; UTR,
untranslated region.
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Figure 3. Characters of cis-elements in promoter regions of ZmHSP20s. Cis-elements related to
hormone responsiveness are represented as cylindrical and cis-elements related to abiotic stress
responsiveness are represented as a wedge. ABRE was the response to ABA; ARE and GC-motif were
the response to anaerobic conditions; CGTCA-motif was the response to MeJA; DRE and MBS were
the response to drought; G-box was light response, GARE-motif and TATC-box were the response to
GA; LTR was the response to low temperature; TC-rich repeat was the response to defense and stress;
and TGA-element was the response to auxin.

3.2. Conserved Function of ZmHSP20s

The conserved motifs in ZmHSP20s proteins were analyzed using MEME (Figure 4).
A total of five motifs were identified, of which Motif 1 was detected in all ZmHSP20s
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proteins, and more than two motifs in one protein were identified (Figure 4A). Motif 1,
Motif 3, and Motif 4 were distributed on most of the proteins while Motif 5 was only
found on 8 members, including ZmHSP20-02, ZmHSP20-03, ZmHSP20-04, ZmHSP20-16,
ZmHSP20-17, ZmHSP20-18, ZmHSP20-34, and ZmHSP20-43. These ZmHSP20s were di-
vided into two subgroups based on whether they contained the Motif 5 at the N-terminal.
Interestingly, members in group 1 (containing Motif 5) were localized to the cytoplasm
and had no intron except ZmHSP20-17 had 1 intron. In particular, ZmHSP20-17 in
group 1 lacked Motif 3 compared with other members. The length of these conserved
motifs varied from 15 to 29 amino acids (Figure 4B). The GO enrichment analysis of
44 ZmHSP20 genes was conducted, of which 35 genes were enriched (Figure S1). The
significant GO terms mainly included the response to hydrogen peroxide, response to
hydrogen peroxide, response to reactive oxygen species, response to heat, response to os-
motic stress, response to stimulus, and protein oligomerization, indicating the important
roles in abiotic stress.

Figure 4. Analysis of the conserved motif in the ZmHSP20s protein. (A) Conserved motifs in
ZmHSP20 proteins. The phylogenetic tree of ZmHSP20s was constructed with amino acid sequences
using MEGA11 software. Different motifs are presented in different colors. ZmHSP20s were classified
into group 1 and group 2 based on the presence or absence of Motif 5. (B) Motif sequences were
predicted in the ZmHSP20s protein. The overall height of the amino acid stacks plotted on the y-axis
indicates the sequence conservation at a given position, while the height of individual symbols within
a stack indicates the relative frequency of a nucleotide base at that position.

To explore the evolutionary relationship of HSP20s in plants, 44 of ZmHSP20s, 18
of AtHSP20s, 18 of OsHSP20s, and 35 of StHSP20s were subjected to construction of a
phylogenetic tree, which was divided into 11 categories according to a previous classi-
fication [47,60,61] (Figure 5). These proteins were predicted to localize in 6 organelles,
including the cytoplasm and nucleus (C), endoplasmic reticulum (ER), peroxisome (Po),
mitochondria (M), and plasma (P). The proteins in the categories of CI, CII, CIII, CV, CVI,
and CVII were mainly localized in the cytoplasm and nucleus, proteins in the category
of MI and MII were mainly localized in the mitochondria, while proteins in the category
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of ER, Po, and P were mainly localized in the endoplasmic reticulum, peroxisome, and
plasma, respectively. The CI category had the largest number of members, and most of the
members in category CII belonged to maize and rice. The category of CV and Po had only
four members, with one member of each species. The P category had only three ZmHSP20s
(ZmHSP20-5, ZmHSP20-6, and ZmHSP20-7), and the CVII category had three members
(AtHSP14.7, StHSP20-27, and StHSP20-28) from dicotyledonous plants, and the CVI cate-
gory had four members from maize, Solanum tuberosum, and Arabidopsis. The phylogenetic
relationship indicated the conservation and difference in HSP20s in plant evolution.

Figure 5. Phylogenetic tree of HSP20 proteins of rice (Os), Arabidopsis (At), Solanum tuberosum (St),
and maize (Zm) using MEGA11 software based on the NJ method. Eleven subfamilies with different
colors were classified and unclassified ZmHSP20s are labeled with grey.

3.3. High Temperature Strongly Induced the Expression of ZmHSP20s

To investigate the response of ZmHSP20s to high temperature, qRT-PCR was applied
to analyze the expression level of 44 ZmHSP20s under 37, 42, and 48 ◦C stresses (Figure 6).
Of 44 genes, 31 genes were upregulated after heat stress, while 12 genes such as ZmHSP20-3,
ZmHSP20-16, ZmHSP20-17, ZmHSP20-18, ZmHSP20-34, and ZmHSP20-43 were increasingly
induced under three temperature gradients (Figure 6A). The highest upregulation of
ZmHSP20s was under 42 ◦C stress, which was more than 1000-fold compared with the
normal condition (25 ◦C). Only 23 genes were upregulated under 48 ◦C stress, of which one
gene, ZmHSP20-24, was only upregulated (116-fold) at this temperature point. One gene,
ZmHSP20-38, was only upregulated (32-fold) under 37 ◦C stress. The interaction network
of ZmHSP20s showed that only 30 genes interacted with each other (Figure 6B,C). Except
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for ZmHSP20-24, these 14 ZmHSP20s that were not in the network were not upregulated by
heat stress. We further compared the expression level of ZmHSP20s under 37 and 48 ◦C
stresses, and nine genes such as ZmHSP20-20, ZmHSP20-24, ZmHSP20-28, and ZmHSP20-
36 to ZmHSP20-39 displayed opposite expression profiling under 37 and 48 ◦C stresses
(Figure 6B,C). Moreover, a significantly higher expression level of ZmHSP20s under 37 and
42 ◦C stresses than under 48 ◦C stress was detected (Figure S2), implying the differential
expression of ZmHSP20s under different degrees of heat stress.

Figure 6. The expression level of ZmHSP20s under heat stress. (A) Heatmap showing the expression
levels of ZmHSP20s at 25, 37, 42, and 48 ◦C based on qRT-PCR. (B) The PPI map of ZmHSP20s was
drawn and the genes upregulated at 37 ◦C are shown in red, and the downregulated genes are shown
in green. PPI, protein–protein interaction. (C) The PPI map of ZmHSP20s was drawn and the genes
upregulated at 48 ◦C are shown in red, and the downregulated genes are shown in green.

3.4. Differential Expression of ZmHSP20s under Hormonal Stimuli and Abiotic Stresses

Given that a large number of cis-elements related to hormone and abiotic response
occurred in the promoter region of ZmHSP20s, 20 ZmHSP20s were randomly selected to
analyze their expression level under three treatments of hormone (ABA, ethylene, and GA)
and three abiotic stresses (cold, drought, and waterlogging) (Figure 7). Under the ABA
treatment, ZmHSP20-40 was apparently upregulated, while ZmHSP20-3, ZmHSP20-10, and
ZmHSP20-30 had minor changes. All four genes (ZmHSP20-3, ZmHSP20-7, ZmHSP20-24,
and ZmHSP20-44) were upregulated under 1 h of ethylene treatment, whereas ZmHSP20-3
and ZmHSP20-24 were downregulated under 2 and 4 h of treatment. ZmHSP20-4 had
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more than 10-fold induction after GA treatment, while ZmHSP20-27 was reduced by GA.
Cold stress strongly restricted the expression of four genes (ZmHSP20-12, ZmHSP20-25,
ZmHSP20-37, and ZmHSP20-38), and the expression restriction of ZmHSP20-4, ZmHSP20-6,
ZmHSP20-33, and ZmHSP20-38 was different under waterlogging stress. Furthermore,
ZmHSP20-18 were upregulated after 2 and 4 h of drought stress, whereas ZmHSP20-37
was strongly limited. These results indicated that the members of ZmHSP20s play different
roles in different stimuli.

Figure 7. Expression level of ZmHSP20s under hormone stimulus and abiotic stresses. The height of
each column indicates the mean value of three technical replicates. ABA, abscisic acid; ETH, ethylene;
GA, gibberellin; 1, 2, and 4 h indicate the time of treatment.

3.5. Interaction of the ZmHSP20s with the ZmHSFs

The protein interaction between ZmHSP20s and ZmHSFs was predicted using Strings [57]
and it was found that 7 of the ZmHSP20s interacted with 14 of the ZmHSFs (Figure S3).
To verify their interaction at the protein level, six ZmHSFs CDSs (ZmHSH02, ZmHSH10,
ZmHSH15, ZmHSH17, ZmHSH24, and ZmHSH25) were inserted into the pGADT7 vector,
and six ZmHSPs CDSs (ZmHSP20-1, ZmHSP20-9, ZmHSP20-26, ZmHSP20-38, ZmHSP20-41,
and ZmHSP20-44) were inserted into the pGBKT7 vector (Table S1). Yeast-two-hybrid
experiments detected no interaction between ZmHSFs and ZmHSP20s (Figure S4). The pre-
dicted binding of ZmHSFs with the promoter sequence of ZmHSP20s in PlantRegMap [59]
showed that four ZmHSFs (ZmHSF3, ZmHSF6, ZmHSF13, and ZmHSF17) can bind to
32 of the ZmHSP20s promoters (Table S3). Yeast-one-hybrid was applied to verify the
binding of four ZmHSFs with the promoter sequence of eight ZmHSP20s (ZmHSP20-
1, ZmHSP20-12, ZmHSP20-14, ZmHSP20-20, ZmHSP20-26, ZmHSP20-27, ZmHSP20-31,
and ZmHSP20-44) (Figure 8). The ZmHSF3 and ZmHSF13 can interact with ZmHSP20-1,
ZmHSP20-12, ZmHSP20-14, ZmHSP20-20, ZmHSP20-26, ZmHSP20-31, and ZmHSP20-44,
ZmHSF6 can interact with ZmHSP20-1, ZmHSP20-14, ZmHSP20-20, and ZmHSP20-44, and
ZmHSF17 can interact with ZmHSP20-12, ZmHSP20-20, and ZmHSP20-31. The differential
strength of interactions between ZmHSPs and ZmHSFs was also observed, which included
the strong interaction between ZmHSF3, ZmHSF13, and ZmHSF17 with the promoter of
ZmHSP20-20, ZmHSP20-26, and ZmHSP20-31.
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Figure 8. The binding of ZmHSFs with the promoter of ZmHSP20s using the yeast-one-hybrid
experiment. The p53 represents the positive control; SD, synthetic dropout medium; L, leucine; T,
tryptophan; H, histidine; 3-AT, 3-amino-1,2,4-triazole.

4. Discussion

Abiotic stress hurts crop development and yield and is a major barrier to meeting
food demand worldwide. Plants have different strategies for coping with different types of
stress. HSPs were induced in almost all stresses [2], and each member of the HSPs group
has a unique roles [62]. HSP20s is a subfamily of HSPs groups, which is also called small
HSPs. The expression levels of HSP20s were regulated by heat, salt, and powdery mildew in
barley (Hordeum vulgare L.) [63], and the expression of Lilium davidii HSP16.45 in Arabidopsis
thaliana enhanced the latter cell activity in heat, salt, and oxidative stress [64], indicating that
HSP20s play essential roles in biotic and abiotic stresses. In the present study, a total of 44
ZmHSP20s were identified (Table S2), and four clusters in three chromosomes were detected
(Figure 1). The gene structure and amino acid sequence were conserved among 44 members
(Figures 2 and 4), and six pairs of genes were collinear, of which these characters were also
detected in tomatoes and apples [65,66]. The analysis of the phylogenetic relationship in
maize, rice, Arabidopsis, and potato demonstrated that the specific subcellular localization
of each category was presented, indicating the specific function of HSP20s in each category.
Some evolution-related categories such as P and CVI were also identified, which may play
vital roles in maize and dicotyledonous plants, respectively. Moreover, the member of
OsHSP20s was not detected in the CVI category, implying the possible association with the
aquatic environment.

Gene expression was strongly affected by environmental stimuli, which was regulated
through multiple factors such as cis-elements and trans-factors. The protein of trans-factors
can bind to the cis-elements in the promoter to activate or inhibit the expression of targets.
The cis-elements in the promoter of one gene can reflect its potential expression profiling.
The HSP20s participate in diverse biotic and abiotic stresses [49], which implied that
some cis-elements related to stresses may be located in the promoter of HSP20s. Using
the online tool PlantCare [53], the cis-elements in the promoter of 44 ZmHSP20s were
identified (Figure 3), and large amounts of elements associated with hormone and abiotic
stress were detected in all genes, indicating that ZmHSP20s are also tightly associated with
abiotic stresses. To verify these results, qRT-PCR was conducted to analyze the response
of hormone and abiotic stresses (Figure 7). All selected genes responded to hormone
stimuli (ABA, GA, and ethylene) and abiotic stresses (hypoxia, low temperature, and
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drought), of which all four genes increased their expression after 1 h of ethylene, suggesting
their possible roles in ethylene-mediated signals. The expression of four ZmHSP20s were
restricted under cold stress, similar to previous transcriptome analysis [67]. Under given
conditions, some ZmHSP20s were upregulated while some ZmHSP20s were inhibited,
demonstrating their differential function in response to stresses.

Heat stress seriously affects growth, development, and yield, which frequently occurs
with the increasing global climate. The expression of HSP20s was activated, and yielded
proteins can avoid protein degradation [13,18], which usually play roles in molecular
chaperone, retaining suitable conformations [19,20]. The GO analysis of 44 ZmHSP20s
displayed that these genes are mainly involved in stresses such as high temperature,
osmosis, and salt stress. They also involved in protein assembly, folding, and membrane
composition (Figure S1), which were also discovered in rice [68], indicating the conserved
characters of HSP20s in plants under heat stress. Transcriptome analysis of maize seedling
leaves revealed that ZmHSP20 were obviously upregulated under heat stress [67], and
qRT-PCR analysis of ZmHSP20 under 37, 42, and 48 ◦C stresses showed that approximately
80% of ZmHSP20 were upregulated (Figure 6), implying the essential roles of ZmHSP20s
under heat stress. Moreover, the differential expression profiling of ZmHSP20s under 37
and 48 ◦C conditions indicated their diverse roles. Specifically, the genes in cluster 3 such
as ZmHSP20-16, ZmHSP20-17, and ZmHSP20-20 were significantly upregulated (more than
1000-fold) under heat stress, which would be a potential target for genetic improvement of
heat stress. Moreover, the induced expression of ZmHSP20s under heat stress depended on
the binding of ZmHSFs proteins in their promoter regions (Figure 8), but not on protein–
protein interaction between ZmHSFs and ZmHSP20s (Figure S4), suggesting the molecular
mechanism of ZmHSP20s in response to heat stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12091397/s1, Figure S1. Functional analysis of 44 ZmHSP20s
based on Gene Ontology. Figure S2. Boxplots showing the expression levels of ZmHSP20s under heat
stress. Expression levels of ZmHSP20s increased under 37 ◦C, 42 ◦C, and 48 ◦C conditions, comparing
with 25 ◦C. Figure S3. Predicted Interaction between ZmHSP20s and ZmHSFs protein using STRING
database. Figure S4. The interaction between ZmHSFs and ZmHSP20s based on yeast-two-hybrid
experiments. SD, synthetic dropout medium; Leu, leucine; Trp, tryptophan; His, histidine; Ade,
adenine. Table S1. The primer using in this study. Table S2. Information of 44 ZmHSP20s, including
Gene, Gene ID, position start, position end, chromosome, isoelectric point (PI), molecular weight
(MW), and predicted subcellular localization. Table S3. Predicted gene fragments for ZmHSP20 and
HSF interaction.
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Simple Summary: Plants are subjected to a variety of biotic and abiotic stresses, which affect the
rhizospheric attributes and limit agricultural crop productivity. To meet the food and energy demands
of the future, several diverse approaches are used for achieving more stress-tolerant and climate-
flexible crops for sustainable yields. Several organic and inorganic amendments are used to ameliorate
these stresses. Crop-mediated modification (crop residues and allelopathic extracts) has great effects
on weed management, improving rhizospheric attributes, and ultimately producing the best quality
yield. Sorghum crop residues and their allelopathic extract can be used as a nutrient resource to
enhance soil and crop productivity through their application. Sorghum-mediated crop modification
will support the soil health and environmental sustainability, providing insight into the improvement
of crop productivity. This study will help policymakers in modelling and enhancing sustainable
crop production.

Abstract: The reduction of herbicide use and herbicide-resistant weeds through allelopathy can
be a sustainable strategy to combat the concerns of environmental degradation. Allelopathic crop
residues carry great potential both as weed suppressers and soil quality enhancers. The influence
of sorghum crop residues and water extracts on the weed population, soil enzyme activities, the
microbial community, and mung bean crop productivity was investigated in a two-year experiment
at the Student Research Farm, University of Agriculture Faisalabad. The experimental treatments
comprised two levels of sorghum water extract (10 and 20 L ha−1) and two residue application
rates (4 and 6 t ha−1), and no sorghum water extract and residues were used as the control. The
results indicated that the incorporation of sorghum water extract and residue resulted in significant
changes in weed dynamics and the soil quality indices. Significant reduction in weed density (62%)
and in the dry weight of weeds (65%) was observed in T5. After the harvest, better soil quality
indices in terms of the microbial population (72–90%) and microbial activity (32–50%) were observed
in the rhizosphere (0–15 cm) by the same treatment. After cropping, improved soil properties in
terms of available potassium, available phosphorus soil organic matter, and total nitrogen were
higher after the treatment of residue was incorporated, i.e., 52–65%, 29–45%, 62–84%, and 59–91%,
respectively. In the case of soil enzymes, alkaline phosphatase and dehydrogenase levels in the
soil were 35–41% and 52–77% higher, respectively. However, residue incorporation at 6 t ha−1 had
the greatest effect in improving the soil quality indices, mung bean productivity, and reduction
of weed density. In conclusion, the incorporation of 6 t ha−1 sorghum residues may be opted to
improve soil quality indices, suppress weeds, harvest a better seed yield (37%), and achieve higher
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profitability (306 $ ha−1) by weed suppression, yield, and rhizospheric properties of spring-planted
mung beans. This strategy can provide a probable substitute for instigating sustainable weed control
and significant improvement of soil properties in the mung bean crop, which can be a part of
eco-friendly and sustainable agriculture.

Keywords: crop residues; profitability; soil fertility; soil biology; allelopathy

1. Introduction

The human population will be 8.6 billion by 2030, as estimated by the United Nations,
and is projected to be 9.8 billion by 2050 [1]. To feed this many humans, there must be an
increase of 40% to 70% in food production [2] to feed the growing number of people by
the year 2050. Food production increased by about 146% between 1961 and 2000, while
the agricultural land for crops increased by only 8% [3]. This milestone was reached by
an intensive use of topsoil nutrients and agrochemicals, rendering the soil exhausted and
polluted [4]. Geographically, a large part of Pakistan is located in a dry-land environment
where 80% of the land is classified as arid to semi-arid and only 8% is humid [5]. More than
60% of Pakistan’s population depends on dry land to support their life and income, mainly
through agriculture and pastoral activities [6]. Sustainable land management and crop
production systems are necessary for developing countries to achieve stable production in
the food supply system [5,6].

Weeds are another major concern in agriculture, and a large number of herbicides have
been manufactured and used in soil [7]. The rhizosphere contains millions of weed seeds
that grow when they get suitable growing conditions, otherwise remaining dormant [7].
Of the total pesticides manufactured around the world, 15% are herbicides [8]. Although
the use of herbicides in Pakistan is higher because of the availability of labor for manual
weeding, that is changing fast due to the introduction of mechanized systems in agriculture,
and the tendency of applying chemical herbicides is on the rise with time [7].

Furthermore, the rise in the application of herbicides for managing weeds is a serious
environmental risk to organisms and the planet. According to government statistics,
Pakistan has seen an increase in the use of the pesticide glyphosate. In 2015, over 1100 tons
of glyphosate were imported from other countries. In 2020, this number increased to
2000 tons, with importers including both domestic and foreign pesticide manufacturers [9].
Excessive herbicide use may result in a shift with the emergence of herbicide-resistant
weeds and related health problems, which have changed the research interest to find
alternative tools for managing weeds [10]. Finding more sustainable alternative options for
weed control that will decrease the dependence on traditional farming practices, including
synthetic herbicides, need time [11].

Allelopathy is the best substitute compared to synthetic herbicides, as allelochemicals
have no residual toxic effects; however, many allelochemicals have limited efficacy and
specificity [12,13]. Allelopathic crops carry great potential for the development of cultivars
that are weed-suppressive. The application of residue of allelopathic crops suppresses
weeds and improves soil health and crop production [14]. Crop residue is not only an
excellent source of nutrients, but a significant source of organic material applied to soils as
it improves soil health by increasing nutrient and water-holding potential [13]. Many crop
plants including sorghum have been widely used for allelopathy. Besides these allelopathic
properties, sorghum ranks among the top three important grains, as its industrial demand
is increasing particularly in the food, beverage, and livestock feed industries [14]. Recently,
sorghum has also gained interest as a new-generation bioenergy crop because of its multiple
uses and wide adaptability to varied agroclimatic conditions [15]. Crops such as sunflower,
sorghum, wheat, rice, rye, barley, maize, cucurbits, and alfalfa all show strong allelopathic
potential. Among them, sorghum is the most investigated crop concerning its allelopathic
potential [16]. The application of crushed sorghum mulch significantly decreased the total
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weed dry weight (26–56%) with a yield increase of 6–17% in wheat crops [17,18]. In cotton
and maize, the use of sorghum surface mulch substantially decreased the weed population
with a significant crop yield increase [11,16,19]. Species-specific compounds found in root
exudates have important ecological consequences on soil health (macro- and microbiota)
and plant health. Symbiotic relationships are supported and soil qualities, such as chemical
and physical properties, are altered by the exudation of diverse substances [20]. The
concentrations and classifications of these metabolites have a direct effect on ion absorption.
For example, N and K absorption is boosted by a modest concentration of dibutyl phthalate
and diphenylamine [16,20].

In the rhizospheric biome, there are millions of bacteria that have positive interactions
with the plants and promote their growth and survival, while only a few are found to be
pathogenic to plants [21]. The beneficial bacteria stimulate plant growth, make nutrients
available to plants, suppress the growth of pathogens, and improve the soil structure, thus
playing an essential role in sustainable crop production [3,7,11]. These beneficial microbes
in the rhizosphere decompose the added residues which results in the improvement of soil
health such as soil organic C sequestration, microbial biomass C, activity of soil biota [22],
increase in soil organic matter, reduction in the fertilizer cost, and weed control, which
ultimately results in better production [23].

A wide range of factors, including soil health, production costs, net revenue per
acre, crop yields, gross income per acre, individual farm income, and many more can be
improved through sustainable agriculture [16]. Organic and sustainable farming practices
move us one acre closer to sustainability, or at the very least one acre less likely to cause
harm [24]. Some studies have documented weed control by using sorghum water extract
and sequential plantation of sorghum [7,11,16,24]. However, not much is known about the
possible changes of such uses of allelopathic interventions on the soil–plant environment
and microbial diversity. In this study, we hypothesized that sorghum water extracts and
residues may suppress weeds while improving soil health and mung bean productivity,
which is the only viable option available for meeting the growing demand for food in
developing countries. The precise objective of the experiment was to find out the impact of
sorghum water extracts and the residues upon soil enzymatic and chemical activities, weed
dynamics, the population of microbes, and mung bean productivity by the modulation of
physiological parameters.

2. Materials and Methods

2.1. Experimental Site, Climate and Soil Sampling

The experiment in this study was conducted at the Student Research Farm, Department
of Agronomy (University of Agriculture Faisalabad), Pakistan (Latitude: 31◦26′ N and
Longitude: 73◦06′ E; Altitude: 184.4 mASL). As per the classification system, the soil
belongs to the Lyallpur series. According to the US Department of Agriculture classification
system, the soil type is arid sol-fine-silty, hyperthermic Ustalfic, mixed, and Haplargid.
According to the Food and Agriculture Organization classification system, it is classified as
Haplic Yermosols soil type.

The soil samples from mung bean plants’ rhizosphere were sampled 20 days after
planting and the following harvest. Before the experiment began, a composite sample
of ten soil samples (0–15 cm) was taken from the experimental site. A second composite
sample was then taken from the same field after the crop had been harvested to determine
the enzymatic characteristics and microbial counts of the soil samples. The soil samples
were subjected to air drying, grinding, and sieving (using a 2 mm sieve), and all parameters
except for microbial culture and dehydrogenase activity were examined. Soil samples were
kept at 4 ◦C for both dehydrogenase and microbiological analysis. Soil properties, nutrient
dynamics, soil enzyme activities, and microbial populations of the experimental soil were
measured before sowing by following standard protocols as depicted in Table 1.
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Table 1. Soil properties, nutrient dynamics, soil enzyme activities, and microbial populations of the
experimental soil before sowing.

Soil Indices Experiment Year 1 Experiment Year 2

pH 7.85 7.79
Electrical Conductivity (dS m−1) 1.11 1.19
Total Soil Organic Matter (%) 0.53 0.61
Available Phosphorous (mg kg−1) 6.74 6.95
Available Potassium (mg kg−1) 123.00 131.00
Total Soil Nitrogen (g kg−1) 0.24 0.29
Bacteria (cfu/g × 105) 35.00 45.00
Fungi (cfu/g × 104) 5.00 8.00
Microbial Activity (mg CO2-C kg−1 d−1) 3.05 3.14
Alkaline Phosphatase Activity (μg NP g−1 soil h−1) 135.00 143.00
Dehydrogenase Activity (μg TPFg−1 soil h−1) 21.00 25.00

The field data related to weather parameters for the whole period of crop growth and
management were taken from the Meteorological Observatory, Department of Agronomy,
University of Agriculture, Faisalabad, Pakistan and are given in Table 2.

Table 2. Weather indices of an experimental site for the study period.

Months Weather Indices Experiment Year 1 Experiment Year 2

March

Maximum Temperature (◦C) 25 25
Minimum Temperature (◦C) 14 14

Rain Fall (mm) 42 68
Relative Humidity (%) 60 64

April

Maximum Temperature (◦C) 32 33
Minimum Temperature (◦C) 19 21

Rain Fall (mm) 28 33
Relative Humidity (%) 52 44

May

Maximum Temperature (◦C) 37 39
Minimum Temperature (◦C) 24 25

Rain Fall (mm) 41 17
Relative Humidity (%) 33 28

June

Maximum Temperature (◦C) 41 38
Minimum Temperature (◦C) 28 26

Rain Fall (mm) 7 12
Relative Humidity (%) 34 39

July

Maximum Temperature (◦C) 37 35
Minimum Temperature (◦C) 28 27

Rain Fall (mm) 58 128
Relative Humidity (%) 54 61

2.2. Experimental Treatments and Design

The field experiment in this study was designed with the treatments: control (plots
with no crop residues or extract application), sorghum water extract at 10 L ha−1, sorghum
water extract at 20 L ha−1, sorghum residues at 4 t ha−1, and sorghum residues at 6 t ha−1.
The field experiment design involved a randomized complete block design (RCBD) with
three replications. The size (area) of each plot for each treatment was measured to be 15 m2

(3.0 m × 5.0 m).

2.3. Crop Management

The experimental site was ploughed twice using a tractor-drawn cultivator and then
planked. Flat wooden planks were utilized for breaking up clods, and a laser leveler
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was used for leveling soil. Wheat was the fore-crop for mung beans. The seed of mung
bean cultivar NM-92 was collected from the National Institute of Agriculture and Biology
(NIAB), Faisalabad. It was planted on 15 March 2014 and repeated on 20 March 2015.
A recommended rate of mung bean seeds (25 kg ha−1) was used to maintain the plant
population in 30 cm apart rows using a hand drill. Urea, diammonium phosphate, and
sulphate of potash were applied at the rate of 3 kg N, 58 kg P2O5, and 63 kg K2O ha−1 for
the nutrient requirement. The recommended dose of P and K and 1/3rd of N was applied
at the time of sowing, and the remaining N was applied with the first and second irrigation
using the top-dressing method. After ten days of sowing, the first irrigation was applied
(7.5 cm), while subsequent irrigation was applied upon crop requirement. To control the
termites and pod borers, insecticides Fipronil and Emamectin Benzoate were applied at the
rate of 1.73% w/w ha−1 and 5.03% w/w ha−1, respectively. The crop harvesting was done on
the 10th and 15th of July during both years.

2.4. Sorghum Crop Water Extracts Preparation

Sorghum plant residue samples were obtained from the Student Research Farm (Uni-
versity of Agriculture Faisalabad). The plant samples were harvested at maturity, shade
dried, and cut into pieces (<3 cm in size) by using the electric fodder cutter. These shredded
pieces of sorghum residues were then placed in distilled water for 24 h with a ratio of
1:10 (w/v%) and the filtrate liquid obtained from it was used as fresh [25]. This sorghum
water extract was used as 10 & 20 L ha−1 by spraying (300 L ha−1) with the help of a T-jet
nozzle using a knapsack sprayer 5 days after the sowing (3–5 leaf stage) of the mung bean
plants. A total volume of sprayed liquid was determined by the calibration method.

2.5. Sorghum Crop Residues Preparation

Samples of sorghum plant residues were also collected from Student Research Farm
(University of Agriculture Faisalabad). Plants were harvested at maturity, shade dried,
and then cut into tiny pieces in sizes less than 3 cm with the help of a machine (electric
fodder). These dried pieces of the crop were then applied to the soil before the sowing as
per treatments of 4 and 6 t ha−1 in the experiment.

2.6. Data Analysis

For the measurement of weeds-related, soil-related and yield-related attributes, the
following protocols were followed.

2.6.1. Soil Attributes, Microbial Population, and Soil Enzymatic Activities

Soil electrical conductivity (EC) and the pH of the soil were determined by following
the protocols of Ryan et al. [26]. Water/soil suspension was utilized at a ratio of 2:1 to
measure soil EC and pH. The value of EC and pH was measured using a Jenway Model
4510 digital conductivity meter and a Kent Eil 7015 pH meter. The protocols of Blake
and Hartge [27] and Vomocil [28] were followed to determine the total porosity of soil
(TP) and soil bulk density (BD), respectively. Similarly, methods developed by Bremner
and Mulvaney [29], Walkley and Black [30], Olsen and Sommers [31], and Helmke and
Sparks [32] were used for the calculation of total nitrogen (TN), available potassium (K),
available phosphorus (P), and SOM (soil organic matter). The microbial populations of
soil samples were measured by the method of spiral plating serial dilutions of each sample
on agar plates [33]. A total number of culturable bacteria populations was measured on
R2A (half-strength) agar plates following the methods described by Janssen et al. [34]
and Wu et al. [35]. The culturable fungi in samples were determined using the plating
method in Rose Bengal media of potato dextrose agar [36] and the colony counts were
carried out after enough time (48 h) for culturing. The microbial activity as indicated
by CO2 evolution was measured by acid-base titration procedure and reported as mg
CO2-C kg−1 d−1. Soil dehydrogenase enzymatic activity was measured by the procedures
described by Min et al. [37] and was reported as μg TPF g−1 12 h−1. Alkaline phosphatase
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activity was determined spectrophotometrically by following the method described by
Tabatabai and Bremner, [38] and was reported as μg p-nitrophenol g−1 h−1 in this study.

2.6.2. Weeds Dynamics

Weed dynamics such as the total number of weeds (0.25 m−2), fresh weight (g 0.25 m−2),
and dry weight (g 0.25 m−2) were observed and recorded from each plot for 30 days after
sowing by randomly selecting two quadrates (50 cm × 50 cm). First, weeds were counted
one by one and then cut at levels above the ground surface. For determining the dry weight,
weeds were dried under the sunlight for 48 h and then dried in an electric oven for 72 h,
maintaining temperatures at 70 ◦C. The dry weight of samples was recorded by using an
electric balance after attaining the constant weight.

2.6.3. Yield Attributes

The yield components such as the number of pods per plant, number of seeds per
pod, and 1000-seed weight were observed and recorded by the methods described by Rab
et al. [39]. Mung bean crop samples were harvested at maturity and threshed manually for
the separation of seeds from straw. The seed yield of each experimental unit was recorded
and expressed as kg ha−1 in the experiment.

2.6.4. Statistical Analysis

Statistical analysis of data (both years) was carried out using Statistix 8.1. For the
comparison of treatments, the LSD (least significance difference) test at 5% probability
was applied.

3. Results

3.1. Weeds Dynamics

Horse purslane (Trianthema portulacastrum) and purple nutsedge (Cyperus rotundus)
both were dominant in each experimental unit during both years of study. This study
indicated that the density and dry weight of horse purslane significantly differed with
various allelopathic weed management strategies. Total weed density and dry weight also
significantly differed with various allelopathic weed management strategies. However,
the dry weight of purple nutsedge was non-significant among various allelopathic weed
management strategies (Table 3). The effect of time was significant for all weed param-
eters except the dry weight of purple nutsedge (Table 3). The interaction of allelopathic
weed management strategies and the year was significant for total weed density but non-
significant for the dry weight of the weeds, as well as for density and dry weight of the
horse purslane and purple nutsedge (Table 3).

The lowest horse purslane (13) and purple nutsedge (3) densities were recorded with
sorghum residues at 6 t ha−1 compared to the control (40 and 10, respectively). The lowest
values were observed in the control (Table 3). Total weed density and dry weight decreased
over time and the minimum values were observed during the 2nd year (Table 2). In the
case of horse purslane, dry weight (14 g/0.25 m−2) was observed with sorghum residues
at 6 t ha−1, followed by sorghum residues at 4 t ha−1 (Table 3). The maximum value of
dry weight (48 g/0.25 m−2) was observed in the control (Table 3). In the case of total
weed density, the interactive effect of allelopathic weed management strategies and the
year showed a statistically significant effect. The minimum total weed density (18.42) was
recorded with 6 t ha−1 sorghum residues during the 2nd year, as compared to the control
(56.55). The lowest total weed dry weight (56.23 and 19.97 g/0.25 m−2, respectively) was
observed with sorghum residues at 6 tons ha−1 and the maximum total weed density
(56.85) was recorded in the control (Table 3).

424



Life 2022, 12, 1359

Table 3. Effect of sorghum water extracts and residues on weed dynamics in mung bean crops.

Treatments

Year 1 Year 2 Mean (a) (T) Year 1 Year 2 Mean (T) Year 1 Year 2 Mean (T)

Horse Purslane Density (0.25 m−2)
Horse Purslane Fresh Weight

(g/0.25 m2)
Horse Purslane Dry Weight (g/0.25 m2)

T1 41 40 40 A 156 147 152 A 49 47 48 A
T2 41 32 36 B 135 126 130 B 40 43 41 B
T3 38 27 32 C 118 99 108 C 37 32 34 C
T4 22 16 19 D 82 65 73 D 26 21 23 D
T5 13 12 13 E 48 43 46 E 15 13 14 E

Mean (b) (Y) 31 A 26 B 104 A 100 B 33 A 31 B
LSD (p ≤ 0.05) T = 3.76; Y = 2.38 T = 14.19; Y = 3.15 T = 4.51; Y = 1.85

Purple Nutsedge Density (0.25 m−2)
Purple Nutsedge Fresh Weight

(g/0.25 m2)
Purple Nutsedge Dry Weight

(g/0.25 m2)

T1 10 10 10 A 13 13 13 4 4 4
T2 9 7 8 B 10 6 8 3 2 3
T3 7 7 7 C 6 6 6 2 2 2
T4 6 5 5 D 3 3 3 1 1 1
T5 3 2 3 E 3 3 3 1 1 1

Mean (Y) 7 A 6 B 7 6 2 2
LSD (p ≤ 0.05) T = 1.09; Y = 0.68 NS NS

Total Weed Density (0.25 m−2) Total Weed Fresh Weight (g/0.25 m2) Total Weed Dry Weight(g/0.25 m2)

T1 57.15 a 56.55 a 56.85 A 175.18 165.94 170.56 A 58.05 55.12 56.58 A
T2 52.93 ab 49.61 bc 51.27 B 147.90 141.61 144.76 B 49.39 47.39 48.39 B
T3 45.77 c 36.55 d 41.16 C 130.28 112.08 121.18 C 43.79 38.02 40.91 C
T4 35.98 d 25.78 e 30.88 D 88.16 78.70 83.93 D 31.37 26.15 28.76 D
T5 24.35 e 18.42 f 21.39 E 59.78 52.68 56.23 E 20.78 19.16 19.97 E

Mean (Y) 43.12 A 37.50 B 120.26 A 110.20 B 39.69 A 38.15 B
LSD (p ≤ 0.05) T = 3.81; Y = 2.41; T × Y = 5.39 T = 14.44; Y = 8.13 T = 4.59; Y = 0.55

Figures of interaction and main effects sharing the same case letter do not differ significantly (p ≤ 0.05) by the
least significant difference test; likewise, the figures of main effects and interaction without lettering do not differ
significantly (p ≤ 0.05) by the least significant difference test; T1 = Control (plots with no crop residues or extract
application); T2 = Sorghum water extract at 10 L ha−1; T3 = Sorghum water extract at 20 L ha−1; T4 = Sorghum
residues at 4 t ha−1; T5 = Sorghum residues @ 6 t ha−1; (a) T = treatments; (b) Y = year.

3.2. Yield and Yield Parameters

Yield and yield parameters differed significantly among the various allelopathic weed
management strategies (Table 4). Likewise, the year effect was significant for the weight of
1000 seeds, biological yield, harvest index, and yield, but non-significant for No. of pods per
plant and No. of seeds per pod (Table 4). The interaction of allelopathic weed management
strategies and the year was significant only for yield (Table 4). However, the interaction
was non-significant for No. of pods per plant, No. of seed per pod, the weight of 1000 seeds,
biological yield, and harvest index (Table 4). The results indicated that the maximum values
of No. of pods per plant (24.6), No. of seed per pod (9.9), weight of 1000 seeds (55.33 g),
biological yield (4106 kg ha−1), harvest index (26.01%), and yield (1019.3 kg ha−1) were
recorded with sorghum residues at 6 tons ha−1. The minimum values of No. of pods per
plant (14.6), No. of seeds per pod (5.9), weight of 1000 seeds (50.25 g), biological yield
(3206 kg ha−1), harvest index (22.74%), and yield (744.3 kg ha−1) were observed in the
control (Table 4). A linear increase in the No. of pods per plant, No. of seeds per pod,
weight of 1000 seeds, biological yield, harvest index, and yield was observed over time and
all the above observations had a significant increase in values during the 2nd year of the
study (Table 4). In the present study, all treatments gave higher net returns as compared
with the control during both the years of study. Among all treatments, sorghum residue at
6 tons ha−1 gave maximum economical returns during both years, while a minimum net
benefit was obtained from the control (Table 5).
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Table 4. Effect of sorghum water extracts and residues on yield and yield components of mung
bean plants.

Treatments
Year 1 Year 2 Mean (a) (T) Year 1 Year 2 Mean (T) Year 1 Year 2 Mean (T)

Final Emergence Count per Plot Plant Height at Maturity (cm) Number of Nodules per Plant

T1 557 558 558 40.7 41.2 40.9 C 5 5 5 C
T2 558 560 559 42.5 42.7 42.6 C 7 8 8 B
T3 560 562 561 42.6 43.7 43.1 C 7 8 8 B
T4 561 562 562 45.5 46.6 46.0 B 9 9 9 AB
T5 563 565 564 47.7 49.0 48.3 A 10 11 11 A

Mean (b) (Y) 560 561 44.0 44.4 8 8
LSD (p ≤ 0.05) NS T = 2.1 T = 1.79

No. of Pods per Plant No. of Seeds per Pod Weight of 1000-Seeds (g)

T1 13.76 15.33 14.55 D 5.43 6.37 5.90 E 49.95 50.54 50.25 E
T2 17.00 19.09 18.05 C 6.55 7.80 7.17 D 52.58 54.03 53.31 D
T3 19.45 21.19 20.32 BC 6.95 8.02 7.48 C 53.25 54.90 54.08 C
T4 20.03 23.99 22.32 AB 7.07 9.01 8.04 B 53.76 55.66 54.71 B
T5 23.55 25.72 24.63 A 9.24 10.61 9.92 A 54.49 56.16 55.33 A

Mean (Y) 17.96 21.86 7.05 8.36 52.81 B 54.26 A
LSD (p ≤ 0.05) T = 2.62 T = 0.25 T = 0.59; Y = 1.45

Biological Yield (kg ha−1) Harvest Index (%) Yield (kg ha−1)

T1 3196 3216 3206 E 22.62 22.85 22.74 C 741.9 e 746.7 e 744.3 E
T2 3351 3410 3380 D 22.48 23.07 22.78 C 789.2 d 811.5 d 800.4 D
T3 3525 3587 3556 C 23.95 24.15 24.05 B 844.1 c 867.6 c 855.8 C
T4 3660 3670 3665 B 24.26 24.74 24.50 B 931.2 b 934.2 b 932.7 B
T5 3970 4242 4106 A 25.67 26.35 26.01 A 1009.1 a 1029.4 a 1019.3 A

Mean (Y) 3540 B 3625 A 23.80 B 24.23 A 863.70 B 877.29 A
LSD (p ≤ 0.05) T = 105.07; Y = 75.92 T = 0.39; Y = 0.41 T = 21.97; Y = 11.45; T × Y = 31.07

Figures of interaction and main effects sharing the same case letter do not differ significantly (p ≤ 0.05) by the
least significant difference test; likewise, the figures of main effects and interaction without lettering do not differ
significantly (p ≤ 0.05) by the least significant difference test; T1 = Control (plots with no crop residues or extract
application); T2 = Sorghum water extract at 10 L ha−1; T3 = Sorghum water extract at 20 L ha−1; T4 = Sorghum
residues at 4 t ha−1; T5 = Sorghum residues at 6 t ha−1; (a) T = treatments; (b) Y = year.

Table 5. Economics of mung bean crops grown in various allelopathic weed management strategies.

Treatments Yield (kg ha−1)
Adjusted Yield

(kg ha−1)
Gross Income

(d) $ ha−1 Total Cost $ ha−1 Net Benefits $ ha−1 Benefit–Cost
Ratio

(a) Control 744 670 750 615 135 0.22
(b) SWE at 10 L ha−1 800 720 806 628 179 0.29

SWE at 20 L ha−1 856 770 863 633 230 0.36
(c) SR at 4 tons ha−1 933 840 940 688 252 0.37

SR at 6 tons ha−1 1019 917 1027 721 306 0.42
Remarks $44.67/40 kg

(a) Control = (plots with no crop residues or extract application); (b) SWE = sorghum water extract; (c) SR = sorghum
residues; (d) $ = US dollar.

3.3. Rhizosphere Soil Microbial Population and Enzymes Activity

Microbiological and biochemical indicators are also used as full indicators of soil
health. They are more susceptible than physical and chemical attributes to changes im-
posed on the environment. Microbiological indicators such as the population of bacteria,
fungi, and microbial activity at 20 days after sowing and harvesting differed significantly
among various allelopathic weed management strategies (Table 6). The year effect was
also significant for all the above parameters (Table 6). The interactive effect of allelopathic
weed management strategies and the year was significant for the population of fungi but
non-significant for the population of bacteria at 20 days after sowing and at harvesting
(Table 6). Biochemical indicators like soil enzymes (alkaline phosphatase and dehydro-
genase) differed significantly among various allelopathic weed management strategies at
harvest (Table 6).
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Interaction (allelopathic weed management strategies × year) was significant for the
fungal population. The highest fungal population (25 cfu/g × 104 and 20 cfu/g × 104,
respectively) was recorded with the application of sorghum residues at 6 t ha−1 at both
stages, i.e., 20 days after sowing and at the harvesting of the second year of the experiment.
However, the highest bacterial population (79 cfu/g × 104 and 42 cfu/g × 104, respec-
tively) and microbial activity (5.52 mg CO2-C kg−1 d−1 and 4.58 mg CO2-C kg−1 d−1,
respectively) were recorded with the application of sorghum residues at 6 t ha−1 at
both stages, i.e., 20 days after sowing and at harvesting. The lowest microbial activity
(3.70 mg CO2-C kg−1 d−1) and the lowest populations of both bacteria (22 cfu/g × 105) and
fungi (6 cfu/g × 104) were observed in the control (Table 6). A linear increase in the bacte-
rial population was observed over time at 20 days after sowing and at harvesting, and the
highest bacterial population was observed during the second year (Table 6). In the case of
soil enzymes, the interactive effect of the allelopathic weed management strategies and the
year resulted in a significant effect on the activity of both enzymes alkaline phosphatase and
dehydrogenase. The highest value (196.22 μg NP g−1 soil h−1 and 44.00 μg TPFg−1 soil h−1,
respectively) was observed with the application of sorghum residues at 6 t ha−1 during
the second year, which was followed with the same treatment in the first year. The lowest
value (135.50 μg NP g−1 soil h−1 and 23.33 μg TPFg−1 soil h−1, respectively) was recorded
in the control (Table 6).

3.4. Rhizosphere Soil Properties and Nutrient Dynamics

At the end of the experiment, the physical indicators of soil health like soil porosity
and bulk density significantly differed among various allelopathic weed management
strategies (Table 7). The year effect was also statistically significant for the soil’s physical
indicators but the interaction (allelopathic weed management strategies × year) was non-
significant (Table 7). Chemical indicators of soil health such as EC (electrical conductivity),
SOM (soil organic matter), N (nitrogen), available K (potassium), and P (phosphorus)
significantly differed among various allelopathic weeds management strategies (Table 7).
The year effect was also statistically significant for all soil chemical indicators except soil
pH and available K. The interaction (allelopathic weed management strategies × year) was
statistically significant for SOM, N, and available P. However, for soil pH, EC and available
K interactions were non-significant (Table 7). The lowest bulk density (1.30 g cm−3) and
the highest soil porosity (50.22%) were observed in treatments when sorghum residues
at 6 tons ha−1 were applied, as compared to the control, while the lowest bulk density
(1.23 g cm−3) and highest soil porosity (51.79%) were observed in second year of the
experiment (Table 7). In case of SOM, N, and available P, the highest values (1.37%,
0.45 g kg−1, 10.31 mg kg−1, respectively) were observed during the second year when
sorghum residues at 6 tons ha−1 were applied as compared to the control (0.69%, 0.21 g kg−1,
6.77 mg kg−1, respectively). Among all allelopathic weed management strategies, the
statistically highest values of soil EC (1.34 dS m−1) and available K (200.83 mg kg−1) were
obtained with the application of sorghum residues at 6 tons ha−1. The statistically lowest
values for all parameters given above were observed in the control, which was statistically
similar to sorghum water extracts at 10 and 20 L ha−1 (Table 7). A linear increase in soil
EC and available K was observed over time, and these parameters (soil EC and available
K) had the highest values during the second year of the experiment (Table 7). In the case
of soil pH, a decreasing trend was observed. The lowest soil pH (7.28) was observed with
the application of sorghum residues at 6 tons ha−1 and the highest soil pH (7.73) was
observed in the control, which was statistically similar to the sorghum water extract at 10
and 20 L ha−1 (Table 7).

428



Life 2022, 12, 1359

T
a

b
le

7
.

E
ff

ec
to

fs
or

gh
u

m
w

at
er

ex
tr

ac
ts

an
d

re
si

d
u

es
on

so
il

p
ro

p
er

ti
es

an
d

nu
tr

ie
nt

d
yn

am
ic

s
in

th
e

rh
iz

os
p

he
re

of
m

u
ng

be
an

cr
op

s
at

ha
rv

es
t.

T
re

a
tm

e
n

ts
2

0
1

4
2

0
1

5
M

e
a

n
(a

)

(T
)

2
0

1
4

2
0

1
5

M
e

a
n

(T
)

2
0

1
4

2
0

1
5

M
e

a
n

(T
)

2
0

1
4

2
0

1
5

M
e

a
n

(T
)

S
o

il
B

u
lk

D
e

n
si

ty
(g

cm
−3

)
T

o
ta

l
S

o
il

P
o

ro
si

ty
(%

)
S

o
il

p
H

S
o

il
E

C
(d

S
m

−1
)

T 1
1.

48
1.

46
1.

47
A

42
.8

2
43

.7
3

43
.2

7
C

7.
75

7.
72

7.
73

A
1.

07
1.

11
1.

09
C

T 2
1.

47
1.

46
1.

46
A

43
.5

3
44

.1
0

43
.8

2
C

7.
75

7.
70

7.
73

A
1.

11
1.

14
1.

12
C

T 3
1.

47
1.

46
1.

46
A

43
.8

0
44

.1
1

43
.9

6
C

7.
74

7.
69

7.
72

A
1.

12
1.

14
1.

13
C

T 4
1.

41
1.

29
1.

35
B

48
.5

0
50

.3
9

49
.4

4
B

7.
44

7.
41

7.
43

B
1.

23
1.

27
1.

25
B

T 5
1.

38
1.

23
1.

30
C

48
.6

6
51

.7
9

50
.2

2
A

7.
38

7.
18

7.
28

C
1.

32
1.

36
1.

34
A

M
ea

n
(b

)
(Y

)
1.

44
A

1.
38

B
45

.4
6

B
46

.8
3

A
7.

61
A

7.
54

B
1.

17
B

1.
20

A
LS

D
(p

≤
0.

05
)

T
=

0.
04

;Y
=

0.
06

T
=

0.
75

;Y
=

0.
92

T
=

0.
12

;Y
=

0.
04

T
=

0.
07

;Y
=

0.
02

T
o

ta
l

S
o

il
O

rg
a

n
ic

M
a

tt
e

r
(%

)
T

o
ta

l
S

o
i

N
it

ro
g

e
n

(g
k

g
−

1
)

A
v

a
il

a
b

le
P

o
ta

ss
iu

m
(m

g
k

g
−

1
)

A
v

a
il

a
b

le
P

h
o

sp
h

o
ro

u
s

(m
g

k
g
−

1
)

T 1
0.

67
d

0.
69

d
0.

68
C

0.
22

d
0.

21
d

0.
22

C
12

1.
45

12
1.

93
12

1.
69

C
6.

74
d

6.
77

d
6.

76
C

T 2
0.

68
d

0.
69

d
0.

69
C

0.
22

d
0.

21
d

0.
22

C
12

1.
52

12
1.

64
12

1.
58

C
6.

77
d

6.
77

d
6.

78
C

T 3
0.

69
d

0.
71

d
0.

70
C

0.
22

d
0.

21
d

0.
22

C
12

1.
52

12
2.

00
12

2.
76

C
6.

77
d

6.
80

d
6.

79
C

T 4
0.

96
c

1.
24

ab
1.

10
B

0.
32

c
0.

38
b

0.
35

B
17

8.
85

19
0.

00
18

4.
43

B
8.

09
c

9.
28

b
8.

69
B

T 5
1.

12
b

1.
37

a
1.

25
A

0.
38

b
0.

45
a

0.
42

A
19

5.
00

20
6.

65
20

0.
83

A
9.

25
b

10
.3

1
a

9.
78

A
M

ea
n

(Y
)

0.
82

B
0.

94
A

0.
27

B
0.

29
A

14
7.

67
15

2.
45

7.
53

B
7.

99
A

LS
D

(p
≤

0.
05

)
T

=
0.

10
;Y

=
0.

06
;T

×
Y

=
0.

14
T

=
0.

03
;Y

=
0.

01
;T

×
Y

=
0.

03
T

=
8.

43
T

=
0.

41
;Y

=
0.

26
;T

×
Y

=
0.

58

Fi
gu

re
s

of
in

te
ra

ct
io

n
an

d
m

ai
n

ef
fe

ct
s

sh
ar

in
g

th
e

sa
m

e
ca

se
le

tt
er

d
o

no
td

if
fe

r
si

gn
ifi

ca
nt

ly
(p

≤
0.

05
)b

y
th

e
le

as
ts

ig
ni

fi
ca

nt
d

if
fe

re
nc

e
te

st
;l

ik
ew

is
e,

th
e

fig
ur

es
of

m
ai

n
ef

fe
ct

s
an

d
in

te
ra

ct
io

n
w

it
ho

ut
le

tt
er

in
g

do
no

td
iff

er
si

gn
ifi

ca
nt

ly
(p

≤
0.

05
)b

y
th

e
le

as
ts

ig
ni

fic
an

td
iff

er
en

ce
te

st
;T

1
=

C
on

tr
ol

(p
lo

ts
w

it
h

no
cr

op
re

si
du

es
or

ex
tr

ac
ta

pp
lic

at
io

n)
;T

2
=

So
rg

hu
m

w
at

er
ex

tr
ac

ta
t1

0
L

ha
−1

;T
3

=
So

rg
hu

m
w

at
er

ex
tr

ac
t@

20
L

ha
−1

;T
4

=
So

rg
hu

m
re

si
du

es
at

4
th

a−
1 ;T

5
=

So
rg

hu
m

re
si

du
es

at
6

th
a−

1 ;(a
)

T
=

tr
ea

tm
en

ts
;(b

)
Y

=
ye

ar
.

429



Life 2022, 12, 1359

4. Discussion

Incorporating allelopathic crop residues is a green approach to manage weeds in
field crops. Our results showed significant weed suppression potential with the incor-
poration of sorghum residues and water extract. This approach had a maximum reduc-
tion in weed density, fresh weight, and dry weight of weed species in mung bean crops
(Table 3). This reduction was due to the release of phenolic compounds, including phenolic
acids (Dhurrin, p-hydroxybenzaldehyde, sorgoleone, vanillic acid, p-hydroxybenzoic acid,
p-hydroxybenzaldehyde, p-coumaric acid, and ferulic acid) with a wide spectrum of bi-
ological activities, including allelopathy [40,41]. In the case of field crops, sorghum had
the highest allelopathic potential, which has been reported by many researchers [16,17,42].
Inhibitory activity of sorghum allelochemicals on grassy and broad-leaved weeds has been
reported [17]. Cheema and Khaliq [18] investigated that 35–49% of weed density and weed
biomass was reduced by using water extract of mature sorghum crop plants as compared
with the control group. The sorghum residue treatments showed the highest suppression
of weeds compared to sorghum water extracts treatments (Table 3); adding sorghum at
2–6 Mg ha−1 to the soil reduced the weed biomass by 40–50%. Crop residues may change
the weed frequency and distribution, and may cause the suppression of weeds [14,43].
Zaji and Majd [44] showed that the fresh weight and dry weight of different weed biota,
viz., red root pigweed (Amaranthus retroflexus), palmer amaranth (Amaranthus palmeri),
black nightshade or wonder berry (Solanum nigrum), and curled dock (Rumex crispus) were
decreased severely by the impact of canola crop residues. The growth suppression of domi-
nant weed biota in this experiment might have been observed due to the physical resistance
by sorghum residues’ incorporation or the release of chemicals from these residues [7].
Allelochemicals released through different parts of plants are dependent on many factors,
i.e., applied crop family, size and dose of mulching, decomposition rate, moisture contents,
the texture of the soil, and soil microbiota [45,46]. Weed suppression level is directly related
to the dose of allelopathic products [47,48]. The higher the amount of plant material used
for mulch, the greater the total amount of allelochemicals present in the mulch and released,
leading to a higher concentration of allelochemicals into the soil [49–51]. Generally, by
incorporating a higher amount of crop residues, greater weed suppression was observed. A
two-year field experiment was conducted by Alsaadawi et al. [52] who stated that sorghum
residue incorporation significantly reduced the weed number and produced a higher yield
of broad bean than weedy check.

In our study, more than a 37% increase in mung bean yield was achieved through
effective allelopathic weed management strategies (Table 4). This increase in crop yield
might be due to the improvement of soil properties and reduced weed competition during
the critical periods of crop growth. The effective reduction of weeds also increases the
obtainability of resources such as light, moisture, nutrients, and yield gap [7,53]. Research
on wheat residue application in the Mediterranean environment by Stagnari et al. [54]
concluded that the conservation of soil moisture was improved, especially during the
critical growth period of the test crop. The residues which are completely decomposed
into the soil not only provide allelochemicals, but also participate in nutrition for crop
plants. They provide nitrogen by releasing it into the rhizosphere soil of the tested crop
plant. The application of sorghum residues as biological weed management helps in the
mineralization of nitrogen and enhances nitrogen availability in the rhizosphere [7,14,50].
However, at later stages of crop growth, the obtainability of nitrogen was improved by
mineralization, so this sustained supply of nitrogen was a nonstop source of nutrition for
test crops as well as next crops. Therefore, the incorporation of sorghum residues improved
soil properties, viz., moisture retention; restored physical properties; enhanced nutrient
cycling and microbial activity due to the presence of phenolic compounds [55–57]; and
suppressed weeds due to the physical hindrance by residues, reduced light penetration,
and the suppressing ability of allelochemicals, which, released from these plant residues,
harvested better seed yield and achieved higher profitability in spring-planted mung
bean [16,45,46,58].
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Our results indicated that using sorghum residues as allelopathic weed management
strategies in mung bean crops improved the microbial population and enzymatic activities
of the soil (Table 6). Microbial abundance and soil enzymes are biological soil activities and
important indicators of soil quality [59–61]. The incorporation of different crop residues
in the soil modified the bio-chemical attributes, i.e., soil microbial population and soil
enzymatic activity [62]. Soil enzymes and microbiota play a key role in the availability of
nutrients. The dehydrogenase enzyme is important for the oxidation of soil organic matter
(SOM), transferring the hydrogen and electrons from substrates to acceptors. The activity
of soil enzymes, viz., dehydrogenase and phosphatase, depends on the type of residues
incorporated in the soil. It also depends on the moisture content and the temperature
of the soil. It affects the activity of dehydrogenase by changing the oxidation-reduction
status of soil [63,64]. Incorporation of crop residues, viz., tobacco and sunflower in the soil
increased the activities of most of the soil enzymes, while the residues of tomato crop only
increased the activity of amylase and phosphodiesterase [16,65]. In Akola, Maharashtra,
Ravankar et al. [66] reported that the incubation of soil with 1% organic residues, stalks,
straw, stubble, stovers, trash, and husks of various field crops showed a wide variation in
the rate of decomposition, C:N ratio, and the microbial population at different intervals.
Fungal, bacterial, and actinomycetes populations increased after 30 days of incubation.
Bacteria were predominant over fungi and actinomycetes.

The incorporation of sorghum residues not only had a positive effect in the case of
reducing the weed population and biomass, but also improved nodulation and nitrogen
fixation processes, as well as the physical, chemical, and nutritional statuses of field soils.
Our results indicate that increased quantities of crop residues have decreased the bulk
density and increased the total porosity of the soil over time (Table 7). Soil porosity is
directly related to the soil bulk density because as soil bulk density decreases, the soil
porosity increases [67]. In the case of soil properties, sorghum residues as an allelopathic
weed management strategy improved the SOM, N, available K, and P in the soil (Table 7).
Crop residues are good sources of nutrients and are the primary source of organic material
added to the soil [68]. They increase the nutrient availability and water-holding capacity of
the soil [69]. Moisture retention is the main benefit of residue incorporation. It is caused by
a decrease in runoff and evaporation of water from the soil [70,71]. The improvement in
nutrient accumulation (especially P and K) might be attributed to the enhanced moisture re-
tention within the soils [16,72]. Improved moisture availability due to residue incorporation
also indicated that the soil’s water-holding capacity was improved and the soil moisture
was available for longer times to support plant growth [73]. This increase in moisture re-
tention properties might decrease the irrigational requirements of the crops, which should
be investigated in future studies. In one study, Raut et al. [74] stated that incorporation of
sunflower straw at 4 t ha−1 and RDF at (125% N + 100% P) in green gram recorded signifi-
cantly higher soil N, K, and P content in green gram–sunflower sequence. As a result, the
incorporation of sorghum residues increased the soil’s physical characteristics, microbial
activity, and nutrient cycling [55,56,75,76]. The decreased chance of light penetration and
the potential of allelochemicals emitted from the plant debris to limit growth also repressed
weeds [46,65,77]. The spring-planted mung bean crop was more profitable and produced a
higher yield of seeds as a result of all the aforementioned operations.

5. Conclusions

Due to their direct mode of action on the soil surface, herbicides are hazardous to
both plants and soil microbes. Weeds and soil quality were significantly impacted by the
sorghum crop’s allelopathy. In our study, the differential ability to suppress weeds was
observed among various sorghum residue and water extract application treatments. A high
suppression of weed density, fresh weight, and dry weight was observed when sorghum
residues were incorporated into the soil at 6 t ha−1. The residues favorably affected the soil
properties, viz., microbial populations, activity, and soil enzymes. The improvement in soil
properties and the suppression of weeds harvested a better seed yield and achieved higher
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profitability in spring-planted mung bean. In short, sorghum residue implementation
may provide better weed control along with enhancing the soil health and seed yield
of spring-planted mung bean. Different multidisciplinary approaches that incorporate
sorghum crops for strategic weed control might be potential alternatives that can also serve
as lead compounds for herbicide discovery programs. Future studies should also focus
on the interactions of micronutrients in the soil environment under multiple allelopathic
weed management techniques in the field. Additionally, there are still relevant issues to
look into regarding nitrogen and weed management using different allelopathic strategies
and observing the allelopathic effect between the crop residue and the crop that is applied.
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Abstract: Chitinases are enzymes catalyzing the hydrolysis of chitin that are present on the cell wall
of fungal pathogens. Here, we identified and characterized the chitinase gene family in cultivated
soybean (Glycine max L.) across the whole genome. A total of 38 chitinase genes were identified in
the whole genome of soybean. Phylogenetic analysis of these chitinases classified them into five
separate clusters, I–V. From a broader view, the I–V classes of chitinases are basically divided into
two mega-groups (X and Y), and these two big groups have evolved independently. In addition, the
chitinases were unevenly and randomly distributed in 17 of the total 20 chromosomes of soybean, and
the majority of these chitinase genes contained few introns (≤2). Synteny and duplication analysis
showed the major role of tandem duplication in the expansion of the chitinase gene family in soybean.
Promoter analysis identified multiple cis-regulatory elements involved in the biotic and abiotic stress
response in the upstream regions (1.5 kb) of chitinase genes. Furthermore, qRT-PCR analysis showed
that pathogenic and drought stress treatment significantly induces the up-regulation of chitinase
genes belonging to specific classes at different time intervals, which further verifies their function in
the plant stress response. Hence, both in silico and qRT-PCR analysis revealed the important role of
the chitinases in multiple plant defense responses. However, there is a need for extensive research
efforts to elucidate the detailed function of chitinase in various plant stresses. In conclusion, our
investigation is a detailed and systematic report of whole genome characterization of the chitinase
family in soybean.

Keywords: Glycine max L.; PR proteins; chitinase; genome-wide; plant stresses

1. Introduction

Plants, being immobile, are often subjected to different environmental stresses that
lead to a decrease in plant growth and productivity [1,2]. However, to combat these
external threats, plants have developed well established defense mechanisms. For example,
a small group of heterogeneous proteins called pathogenesis-related (PR) proteins are
produced following the attack of disease pathogens, and these proteins plays critical role in
inducing plants’ potential to resist pathogen attack [3,4]. Many studies have documented
the accumulation and activation of these proteins under multiple abiotic stresses, and thus
they are recognized as part of multiple defense systems. Up to now, many families of PR
proteins have been characterized [3]; among them, the PR3 family consist of chitinases
enzymes that inhibit fungal growth by degrading heterogenous polysaccharide (chitin),
a major component of the fungi cell wall [4]. Under normal conditions, these proteins
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are expressed at basal level; however, pathogen attack or abiotic stress such as drought
increases their expression considerably, resulting in systemic acquired resistance (SAR) [4].

Chitinases are ubiquitous in nature and are found in living organisms across different
kingdoms of life [5]. The proteins are categorized into two glycosyl hydrolases (GH)
families, GH18 & GH19, based on the presence of specific catalytic domains [6]. In addition,
by considering the different characteristics of chitinases such as structure, catalytic reaction,
phylogenetic relationship and specificity to inhibitors, etc., these chitinases represent five
distinct classes (classes I–V) [4]. The members of the GH19 family are specifically found
in plants only; however, GH18 family members are widely distributed across different
kingdoms, including plants. A lack of chitin in the plant cell wall and other tissue parts
makes chitinase an important component of the plant defense system. Chitinase has been
documented to the control positive feedback cycle in the plant defense system [7]. This
pathway is used by plants in the regulation of plant defense reactions against fungal
pathogens [8]. Hence, the chitinases are important targets for enhancing plant growth,
especially under environment stresses [9]. To this end, recent studies have also documented
the role of chitinase in abiotic situations such as salinity and water deficit conditions [10–12].

Soybean (Glycine max L. Merr.), an important legume crop, possesses high levels of
edible oil and protein in its seed [13]. However, many environment stresses, including both
biotic and abiotic conditions, have a negative influence on soybean growth and yield, and
the frequency of these stress events has increased due to the changing global climate [14].
Among the biotic stresses, pathogenic diseases such as white mold (caused by Sclerotinia
sclerotiorum) are a major stress affecting the growth, yield and quality of soybean [15,16].
White mold disease is documented as the fourth major cause of yield losses in soybean [17].
Lack of information about the genes regulating disease resistance is the major hindrance to
developing pathogenic-resistant cultivars [18], and the phenotypic evaluation of disease
scoring in the field is also technically challenging. Development of resistant cultivars
against pathogens requires the identification of underlying genes. The gene family of
chitinase has been identified in multiple species, and research studies have confirmed
its role against the invasion of fungal pathogens [3,19]; for example, transgenic lines of
chitinase genes possess increased resistance to pathogens of fungal origin [3,5]. To this
end, chitinases are documented to modulates abiotic stress responses, such as to drought in
various plant species [6,11,20]. However, until now, the gene family has not been identified
and characterized at the whole genome level in Glycine max L. Nevertheless, there are
research studies that have used chitinase genes from other organisms to develop transgenic
soybean lines [21].

Until now, almost negligible efforts have been made to characterize and identify the
chitinase gene family in soybean at the whole genome scale. However, the availability of
the whole genome sequence of crop plants is allowing characterization of the whole gene
families in plants. In this context, the whole genome sequence of the soybean plant is freely
available in public databases (SoyBase and Phytozome); hence, in the current investigation,
we identify and characterize the chitinase gene family at the genome-wide scale in soybean.
In addition, we also studied the response of the identified chitinase genes under pathogenic
attack and drought stress, to confirm their role in plant defense.

2. Materials and Methods

2.1. Identifying Chitinase Genes in Soybean

For chitinase gene family identification in soybean, the whole genome sequences of
soybean were downloaded from the Phytozome database (https://phytozome-next.jgi.doe.
gov/ (accessed on 11 November 2019)), using the Glycine max Wm82.a2.v1. This genome
sequence was used to develop the protein local database of soybean, using Bioedit ver
7.2 software. Moreover, the 24 known chitinase genes of Arabidopsis thaliana freely available
at the TAIR database (https://www.arabidopsis.org/ (accessed on 11 November 2019))
were used as a query sequence to identify putative orthologs in soybean, using BLASTp [22].
The e-value <10−5 and bit scores >100 were the fitted parameters used to pick out high
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scoring pairs (HSPs). Redundant hits possessing highest similarity were eliminated to
select the unique sequences. To confirm the Glyco_hydro_18 or Glyco_hydro_19 conserved
domains, we submitted all identified unique sequences to NCBI-The Conserved Domain
Database (https://www.ncbi.nlm.nih.gov/cdd/?term=) (accessed on 17 November 2019).

2.2. Phylogenetic Analysis and Multiple Sequence Alignment

Protein sequences of chitinases were aligned using the CLUSTALW function present
in MEGA 7.0 [23]. The neighbor-joining method and a bootstrap value of 1000 were
used to develop the phylogenetic tree. Chitinases of cultivated soybean (Glycine max L.)
plus 24 chitinases of Arabidopsis thaliana were utilized to develop the phylogenetic tree.
Grouping of the chitinases were based on the different chitinase classes (I–V) of A. thaliana.
Finally, using EvolView (https://www.evolgenius.info//evolview/#login (accessed on
2 December 2019)), the evolutionary trees were developed.

2.3. Structure Analysis and Chromosomal Location of Chitinase Genes

The ProtParam database (https://web.expasy.org/protparam/ (accessed on 7 De-
cember 2019)), an online program for determining physical protein properties such the
molecular weight (MW), length of protein and isoelectric points (pI), was utilized in tge
present study for chitinase proteins [24]. The genomic and coding sequence of all chitinases
genes were collected from an online database (Phytozome); and gene structures (i.e., exon-
intron structures) analysis was performed using the online Gene Structure Display Server
tool (http://gsds.gao-lab.org/ (accessed on 7 December 2019)). Chromosomal location
information of individual genes of chitinase was obtained from the Phytozome database
(https://phytozome-next.jgi.doe.gov/ (accessed on 10 December 2019)); and chromosomal
maps were developed with MapChat software (www.https://mapchat.ca/ (accessed on
15 December 2019)).

2.4. Promoter Analysis and Three-Dimensional (3D) Structure of Chitinase Genes

The PlantCARE Database (https://bioinformatics.psb.ugent.be/webtools/plantcare/
html/ (accessed on 19 December 2019)) was utilized for analysis of cis-regulatory elements
in the promotor region (upstream region of 1.5 kb) of chitinase [3].

PHYRE2 server software (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=
help (accessed on 19 December 2019)) was used for generating three-dimensional (3D) mod-
els, and the thresholds were kept as alignment coverage >65% and confidence = 100%. The
transmembrane helix and topology of chitinases proteins were predicted by the MEMSAT-
SVM prediction method, available at the PSIPRED online site (https://bio.tools/memsat-
svm (accessed on 20 December 2019)).

2.5. Synteny and Duplication Analysis

The syntenic information about Glycine max and Arabidopsis thaliana was downloaded
from the Phytozome database (https://phytozome-next.jgi.doe.gov/ (accessed on 23 De-
cember 2019)). Using the comparison of inter-genomic, the mapping of chitinase genes
were performed, and TBtools software (https://bio.tools/tbtools (accessed on 24 December
2019)) was used to draw a syntenic diagram. By using the criteria of physical positions of
chitinase genes in the genome of cultivated soybean, we identified the tandem duplications.
Tandem duplication genes are considered as those that are separated by not more than one
intervening gene.

2.6. Plant Materials and Culture

To sterilize the seeds of soybean (W82), we initial used ethanol (70% v/v) for 1 min,
and after this for 6 min these seeds were bleached (10%); this was followed by sowing
them in a 10 cm diameter pot containing vermiculite and nutritive soil at 1:1 (v/v) mixture.
The soybean seedlings were raised in a growth chamber by maintaining the controlled
conditions followed by Aleem et al. [25]. After every four days, seedlings were supplied
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with water in half-length Hoagland solution. The V3 stage of the seedlings were selected
for the stress treatments, i.e., fungus inoculation and osmotic stress treatment.

2.7. Pathogenic and Drought Treatments

The white mold pathogen of soybean (Sclerotinia sclerotiorum) was cultured by fol-
lowing the detailed procedure described by Hoffman et al. [26]. The drop-mycelium
method was used for the inoculation of Sclerotinia sclerotiorum to soybean leaves, using
four replications [27]. The experiments were conducted in controlled conditions at the
Soybean Research Institute, Nanjing Agricultural University, China. The S. sclerotiorum
isolate 105 HT was provided by the Department of Plant Protection, Nanjing Agricultural
University and used in disease evaluation. Procedures for the controlled evaluation of
white mold diseases in soybean were followed, as described by Chen and Wang, [27].
For about three to four days, potato dextrose agar (PDA) medium was used to grow the
sclerotia (sterilized), and fresh stock was maintained by re-culturing the sclerotia. Small
pieces of mycelia were put into the liquid broth of potato dextrose, and homogenization of
the potato dextrose broth was performed in a G10 Gyrotory shaker (Edison, NJ) at 200 rpm
for four nights. A household blender was used to homogenize the suspension of mycelia for
maintaining mycelium uniformity immediately before the inoculation. A battery-operated
hand sprayer was used to spray a suspension of blended mycelia at ~4.6 ml/plant on the
plant leaves, and this spray was used at the V3 growth stage. The inoculated plants were
placed in controlled chambers, maintaining near 100% humidity inside the chambers. A
control was also used, that was not inoculated with the pathogen.

Seedlings were randomly grouped in four replicates for the osmatic treatments. Three
replicates were subjected to drought stress and treated using 20% PEG-6000, whereas the
fourth one was used as control, and not subjected to drought treatment. Collection of
fresh and healthy leaf tissues was carried out for both control and treated plants (in case
of both disease and drought stress) at time intervals of 6, 12, 24 and 48 h post-inoculation
(hpi)/post-treatment for the extraction of RNA, and were rapidly flash frozen in liquid
nitrogen and stored at −80 ◦C.

2.8. qRT-PCR Analysis

Total RNA was extracted from the leaf tissue (100 mg) that was collected from soybean
plants using a PureLink RNA Mini Kit (Ambion Life Technologies, 5791 Van Allen Way
Carlsbad, CA, USA). A nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE,
USA) was used for checking the quality and quantity of RNA. The protocol used for cDNA
synthesis was same as followed by us in the previous study of Sharmin et al. [27]. The
primers used in the qRT-PCR analysis are listed in the Table S1. The qRT-PCR reaction was
performed as initial annealing at 95 ◦C for 5 min, followed by 40 cycles as 94 ◦C for 30 s,
60 ◦C for 30 s, and 72 ◦C for 30 s. The reaction mixture and replication used is as per our
previous study [28,29].

In our experiment, we used the actin gene as an internal control, and relative expres-
sion of each gene was estimated by the Delta Ct method [30]. The p < 0.05 was used to
check the level of significance.

2.9. Statistics

In our experiments we used replicates of three, and every replicate was repeated three
times. Student’s t-test was used to check for significance differences in gene expression of
chitinases. In all experiments, the difference among the groups is reported as statistically
significant (* p < 0.05) or extremely significant (** p < 0.01).

3. Results

3.1. Chitinase Genes Identified in the Glycine max Genome

Soybean whole-genome sequence availability has allowed the characterization of
novel gene families in these crop plants, but it requires already known orthologs query
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genes from the model plants. Therefore, by using the known sequence of 24 chitinase genes
of A. thaliana as a query, we identified the 38 chitinase genes in cultivated soybean (Table 1).
These sequences were further subjected to functional annotation using the Conserved
Domain Database (CDD), and the results revealed that the predicted protein sequence of
these genes possess either the Glyco_hydro 18 or Glyco_hydro 19 domain (Table 1). These
domains are the key component needed by the chitinase enzymes to hydrolyze the chitin;
therefore, this confirmed their role as chitinase enzymes. Protein sequences containing the
catalytic domain of Glyco_hydro 18 are members of either Class III or V, whereas those
possessing Glyco_hydro 19 are the members of any of the three different classes, Class I, II
or IV. Interestingly, out of the 38 identified chitinases in soybean, 25 possess Glyco_hydro
18, while only 13 harbored the Glyco_hydro 19 domain (Table 1).

3.2. Phylogenetic Analysis and Chromosomal Location of Chitinase in Glycine max

The protein sequence of the 38 chitinases of soybean, along with the 24 known chiti-
nases from A. thaliana, were utilized for developing an unrooted maximum likelihood
phylogenetic tree (Figure 1). Based on the phylogenetic relationship, chitinases are clas-
sified into five different groups representing five classes of chitinases, I, II, III, IV and V
(Figure 1). Each class of chitinase is grouped into separate cluster. Broadly, chitinases are
grouped into two mega-groups. All the chitinases of classes I, II and IV, comprising the
GH19 family, are clustered into mega-group 1, while mega-group 2 possesses the chitinases
of the GH18 family. Naming of chitinases for Glycine max is based on their known ortholog
of A. thaliana, which shows three, seven, nineteen, three and six chitinases of class I, class II,
class III, class IV and class V, respectively.

Figure 1. Phylogenetic analysis and chromosomal distribution of chitinase genes identified in the
soybean genome.
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By analyzing the distribution of the chitinase genes on the different chromosomes in
soybean, we identified that all of the 38 chitinase genes are distributed on 17 of the total of
20 soybean chromosomes (Figure S1). Distribution of these chitinase genes was random
and uneven across the soybean genome. For example, Chr.15 possess four genes, whereas
Chr.04, Chr.06 and Chr.14 possess no chitinase gene; however, the remaining chromosomes
contain one to three genes. Hence, the results of current study showed that Glycine max
chitinases are not evenly distributed in the soybean genome.

3.3. Structural Analysis of Chitinase Genes in Glycine max

Exon–intron analysis of soybean chitinase genes was carried out by comparing the
genomic and coding sequence of each gene (Figure 2). Structural analysis showed that
most of the genes of same chitinase class possess almost the same number of exons or
introns. For instance, all the three chitinases of class I have two introns; similarly, chitinase
genes of class IV and class V contain one intron, except Gm_chitinaseV-2 of class V, that
possesses six introns. Moreover, out of seven chitinases of class II, four have two introns,
two have one intron and one has three introns. However, the 19 chitinase genes of class
III are very diverse in terms of intron number, which varies from 0–6 introns; for example,
eight of them contains zero introns, another eight possess one intron, and the remaining
one has three, one has two and two have six introns. Overall, structural analysis revealed
that soybean chitinases showed significant variation in exon and intron numbers, and this
ultimately leads to differences in the length of different chitinases and their physio-chemical
properties (Table 1).

To understand the role and response of the chitinases in plant growth and multiple
plant stresses, 1.5 kb upstream promoter sequences of ten randomly selected chitinase
genes (two each from classes I, II, III, IV and V) were utilized for cis-regulatory element
identification (Figure S2; Table 2). Our results showed the presence of multiple cis-elements
regulating the response against biotic and abiotic stresses. For example, biotic stress
responsive elements were observed as EIRE (fungal elicitor responsive elements), Box-W,
TCA-element (SA-responsive element), CGTCA-motif and TGACG-motif (JA responsive
element) and TC-rich repeats (ATTTTC). Similarly, abiotic stress response cis-elements
were identified in the chitinase promoter genes such as LTRE motif (TGG/ACC GAC),
involved in cold/chilling response, MBS/MYB motif (TAACTG) for water-deficit, HSE
motif (CNNGAANNTTCNNG), involved in heat stress, WUN-motif, involved in wound
response and ABREs motif (ACGT), regulated by expression of ABA. To this end, many
elements showing responsiveness for hormones are also identified, such as gibberellin-
(P-box and GARE-motif), ethylene- (ERA) and auxin-responsive elements (TGA) (Table 2).
The presence of these elements in the chitinase promoters suggests their regulatory role in
multiple abiotic and biotic stresses.

3.4. Molecular Modeling of Chitinases in G. max

Dynamic and energetic information regarding the chitin binding domain of the chiti-
nase proteins can be determined by using the bioinformatic approach of molecular mod-
eling. This information is very laborious and expensive to obtain, as well as taking a
long time. The PHYRE2 server, freely available online, was used to construct 3D models
for chitinases of I–V classes, and this analysis provides a better understanding about the
structural properties of chitinase genes in soybean (Figure 3). The following parameters
were used to generate the 3D model of chitinase proteins: confidence >90% and residue
coverage of 72–98. These predicted 3D protein structures can serve as the preliminary basis
to understand the function of chitinase genes at the molecular level. Our results revealed
that, except class II members, all of the chitinases have a N-terminal signal peptide that
possesses a different number of amino acids; however, all the five classes of chitinases
possess pore linings with varying amino acid numbers. A signal peptide at the N-terminal
guides chitinase proteins to their proper location, and after they reaches their destination,
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the signal peptide is cleaved off. In addition, results showed the cytoplasmic nature of all
chitinases, and extra-cellular mode of action (Figure 3).

Figure 2. Exon–intron analysis of chitinase genes of soybean. Graphic representation of the gene
models of 38 GmChis genes identified from Glycine max. L genome revealed presence of varied
numbers of introns. Exons are shown as red boxes and introns are shown as black lines.
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Figure 3. Predicted 3D structures and transmembrane helix (TM) of 10 randomly selected soybean
chitinase proteins, two from each class I–V, from top to bottom.

3.5. Synteny Analysis of Chitinases

Soybean crops have encountered different duplication events, such as one WGD and
WGT events, during their evolution [31]; these events give rise to many copies of different
soybean genes, and a highly duplicated genome [32]. Hence, it is expected that each
Arabidopsis thaliana chitinase gene might have multiple copies in the soybean genome.
In this context, we identified only 38 chitinase orthologs from the 24 chitinase genes of
Arabidopsis thaliana. It is interesting these 38 chitinase genes represent the orthologs of
only nine chitinase genes of Arabidopsis, i.e. At_chitinaseI-1, At_chitinaseII-1, At_chitinaseII-
2, At_chitinaseII-3, At_chitinaseII-4, At_chitinaseIII-1, At_chitinaseIV-9, At_chitinaseV-7 and
At_chitinaseV-8. The remaining 15 chitinase genes of Arabidopsis thaliana do not have any
orthologs in the soybean genome, perhaps because these chitinase genes have been lost
during the evolution of the soybean genome. The highest number of 19 ortholog genes was
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observed for Arabidopsis At_chitinaseIII-1 in the soybean genome, followed by three genes
each for At_chitinaseI-1, At_chitinaseIV-9, At_chitinaseV-7 and At_chitinaseV-8 and two
genes each for At_chitinaseII-1, At_chitinaseII-2, At_chitinaseII-3. At_chitinaseII-4 has the
lowest, one ortholog gene, in the soybean genome. The Circos and synteny analysis showed
that both tandem duplication and segmental duplication are involved in the expansion of
the chitinase gene family in the soybean (Figure 4).

Figure 4. Syntenic relationships of among A. thaliana and G. max L. chitinase genes are indicated
in different colors. Synteny relationships were lined by Circos (http://circos.ca/ (accessed on
23 December 2019)).

3.6. Transcriptional Analysis of Chitinase Genes in Response to White Mold and Drought Stress

Research evidence has revealed the regulatory role of chitinases in biotic stress such
as antifungal disease resistance [3,10,33], and abiotic stress such as drought [11,34–36]. In
addition, the role of chitinases in modulating plant growth and productivity has been
also reported [37]. Hence, the current investigation examined changes in the expression
of the genes in response to white mold fungal pathogen (Sclerotinia sclerotiorum) and
drought stress (Figure 5). In this regard, we randomly selected two GmChis genes from
each of five different classes (I–V) of chitinases identified in the soybean to determine
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their expression pattern in response to pathogen infection and drought stress. Our results
revealed that chitinase of different classes showed a considerably varied response under
both pathogen and drought stresses. For example, the chitinases belonging to class I and
class III were significantly up-regulated (6-fold to 10-fold) at different intervals following
pathogen infection. In contrast, the chitinases of class-II, class IV and class V did not show
any significant response under the pathogen treatment. Under drought stress, only the
chitinase of class V showed significantly higher up-regulation (up to a 16-fold increase
in expression) at all the four time intervals (6 h, 12 h, 24 h and 48 h) following the stress
treatment. Chitinases of the remaining four classes did not significantly change under
drought stress. This suggests a diverse and specific role of different chitinase genes of
soybean in the regulation of biotic and abiotic stresses. Hence, research efforts are needed
to functionally elucidate the role of chitinase genes in the regulation of different biotic and
abiotic stresses in soybean.

Figure 5. Expression analysis of ten randomly selected chitinase genes (two from each of the five
classes) of the soybean ate 6, 12, 24 and 48 h after the inoculation of white mold pathogen (Sclerotinia
sclerotiorum) and drought stress treatment. Three biological replicates were used to calculate error
bars, based on standard error.

4. Discussion

Plants, being immobile, often encounter various environmental stresses, leading
to negative effects on the plants’ growth [1]. Plants possess well established defense
mechanism to alleviate these stresses. For example, PR proteins are a diverse range of
proteins produced by the plants in response to stress, and chitinases are one class of PR
proteins that are ubiquitously found in prokaryotes and eukaryotes, including plants [3,38].
Chitinases regulate plant growth and development under biotic (such as fungal pathogens)
and abiotic stresses [3,5]. Research investigation has confirmed the important role of
chitinases in plant defense, but there is a need to identify and elucidate the function of
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these genes for their potential use in crop improvement. To date, little is known about
chitinases in cultivated soybean (Glycine max L.), and no systematic investigation has been
carried in soybean. Hence, we undertook a comprehensive and systematic investigation
to identify and characterize the chitinase gene family across the whole soybean genome.
We identified 38 chitinase genes in the soybean genome, and this number was relatively
higher than previously reported in A. thaliana [5]. This can be explained as follows: the
soybean genome is complex, and in its evolutionary history it has gone through the events
of WGD and WGT, ~13–130 million years ago, which might have created multiple gene
copies [31]. However, soybean possesses a very similar number of chitinases to what has
previously been reported in rice (37), grape (38), B. rapa (33) and cucumber (28) [39–42]. In
contrast, soybean possesses a lower number of chitinase genes than Gossypium hirsutum (92),
Gossypium barbadense (116), E. grandis (67) and C. sativa (79) [3,5,43]. This can be attributed
to the large genome size and more duplication events present in these species, compared
to soybean [3]. Moreover, chitinase genes in Glycine max L. are unevenly and randomly
distributed in 17 of the 20 chromosomes (Figure S1). Chen et al. [41] also reported the
distribution of 33 chitinases genes on eight of the 10 total chromosomes. Similar findings
were observed in rice [39] and P. trichocarpa [44].

Based on the phylogenetic relationship, soybean chitinase, along with the known
chitinases of Arabidopsis thaliana, are classified into five separate clusters, and these five
clusters represent five chitinase classes, i.e., I, II, III, IV and V in soybean. From a broader
viewpoint, these five clusters are basically separated into two mega-clusters (“mega-cluster
1” & “mega-cluster 2”). The GH19 family chitinases that include class I, II and IV are
grouped in “mega-group 1”, and “mega-group 2” possess the chitinases of the GH18
family (class III and V). However, GH19 and GH18 are distinct from each other, as well as
having an independent history of evolution [3]. For example, chitinases of the GH18 family
possess the catalytic domains triosepho-sphateisomerise (TIM barrel) with highly conserved
motif (DxDxE), and these chitinases function in hydrolytic reactions, whereas chitinases
of the GH19 family contains alpha-helices and catalyze single displacement [45–47]. The
chitinase classes of I and II are grouped close to each other, because class II has originated
from class I via chitin-binding domain insertion [48]. In addition, the two mega-clusters
can be easily identified based on their domain; for example, “mega-cluster 1” chitinases
are characterized by the Glyco_hydro_19 domain, whereas “mega-cluster 2” possess the
Glyco_hydro_18 domain. Chitinases of “mega-cluster 2” are present in diverse living
organisms, such as microorganisms, animals and plants; in contrast, the chitinases of
“mega-cluster 1” are uniquely found in plants [44]. However, our results showed that the
soybean genome possesses a lower number of GH19 chitinases (13) than GH18 chitinases
(25). Similar differences in the contribution of GH18 and GH19 genes to the chitinase family
has been also previously reported in B. rapa [41], Musa acuminata [49] and Zea mays [50], etc.

Stress-related genes have been observed to contain a smaller number of introns, relative
to other genes that possess no role in plant stress response (Jeffares et al. 2008). Hence,
our study showed that, out of 38 chitinase genes identified in the soybean, 36 possess
three or fewer introns, and confirmed the above conception. Similar findings were recently
reported by Mir et al. [3], who also reported fewer introns in the chitinase genes of B. juncea
and C. sativa. Moreover, many authors have reported lower intron numbers in different
stress-related genes such as the LEA family [51], leucine-rich repeat (LRR) family [52] and
the trehalose-6-phosphate synthase gene family [53]. Genes that possess a higher number
of introns need a longer time for transcription, hence the product of these genes is not
available immediately for cellular function. In contrast, genes with reduced intron numbers
are quickly transcribed, and are thus rapidly available for defense response [54]. In this
context, the reduced number of introns in the soybean chitinase genes allows them to react
quickly and respond to stress conditions immediately.

In order to understand chitinase functioning in the various stress responses, we
scanned the 1.5 kb upstream promoter regions of chitinase genes for cis-elements. The
bioinformatic analysis revealed the presence of multiple cis-regulatory elements, either
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in one or more copies, in the upstream promoter regions. The biotic stress regulatory cis-
elements present in the promoter region include SA motifs, TC-rich repeats, JA motifs and
fungal responsive elements. Hence, this suggests a function of chitinase in modulating the
stress response in plants. The ABA-dependent pathway activates the genes involved in the
abiotic stress response in plants, and it requires the presence of single or multiple copies of
ABREs motifs. In addition, these genes are activated independently via binding of different
DREBPs groups to DRE motifs (TAC CGA CAT) [55]. To this end, the MYB and MBS
cis-elements identified in the upstream region are drought-inducibility elements/motifs,
suggesting role of the chitinase in drought stress [56]. Additionally, cold/chilling responsive
cis-elements (LTRE) were also identified [57], and HSEs are the important cis-elements
present in the heat shock protein genes (HSPs) regulating the heat stress response in
plants [58]. Moreover, the presence of ERA, GARE- motif, P-box and TGA-element in the
chitinase promoters suggests their regulatory influence by plant hormones. The motifs
of SA and JA are present in many stress-related genes and regulate stress tolerance in
plants [4]. Similar to our findings, these motifs (existing in one or more copies) were also
previously reported in chitinase genes and other PR genes in different plants, such as
B. juncea and C. sativa [3,4], and thus our results provide preliminary evidence for the
functioning of chitinase genes in multiple plant stresses. Therefore, cis-regulatory element
analysis showed that soybean chitinase might be involved in modulating both biotic and
abiotic stress tolerance in soybean.

Widening of gene families occurs through different types of duplication events, such
as WGD/WGT, segmental and tandem duplications [59]. The two and one WGD and
WGT events experienced by soybean genome in its evolution have produced many copies
of soybean genes and led to the genome’s complexity [31,32]. However, all A. thaliana
chitinase genes do not have homologous genes in the soybean genome; only nine chiti-
nase genes of Arabidopsis possess homologs in the soybean genome. The remaining 15
chitinase genes of Arabidopsis do not have any orthologs in the soybean genome, per-
haps because these chitinase genes have been lost during the evolution of the soybean
genome. Interestingly, At_chitinaseIII-1 has 19 chitinase orthologs in the soybean genome,
and they represent mostly tandem duplications, but a few are segmental duplications.
Four genes, At_chitinaseI-1, At_chitinaseIV-9, At_chitinaseV-7 and At_chitinaseV-8, revealed
triplication, and this has evolved through tandem duplication. The remaining three genes,
At_chitinaseII-1, At_chitinaseII-2 and At_chitinaseII-3, showed duplication, and this has also
evolved through tandem duplications, and At_chitinaseII-4 has only a single copy in the
soybean genome. Hence, the widening of the soybean chitinase gene family has mainly
resulted from tandem duplications (Figure 4). Our results suggest that Arabidopsis chitinase
genes might have been conserved before speciation, but have been lost during the evolution
of the soybean genome as well as during artificial selection. Similar to our findings, the
homologs of Arabidopsis chitinase has been lost in other plant species as well. For example,
10 Arabidopsis chitinase genes do not have orthologs, and are lost in B. rapa [41]. Similar
findings were observed in B. Juncea and C. sativa by Mir et al. [3]. In addition, the WGD
and WGT events leading to the loss of genes in soybean have been reported for other gene
families, such as cytokinin oxidase/dehydrogenase (CKX) genes [60], nucleotide binding
site (NBS)-encoding genes [61] and MKK and MPK genes [62]. These results suggest that
expansion or elimination of some Arabidopsis chitinase genes in the soybean genome might
have occurred due to functional differentiation of these genes under diverse environmental
stresses. The soybean probably has retained a sufficient number of chitinase genes during
its evolution to respond to external stress properly.

In plants, PR proteins modulate the plant defense system to provide protection against
various environmental stresses. Hence, the PR-3 family of PR proteins represents the
chitinases class [9], and expression of PR-3 proteins has been demonstrated to be induced
by both biotic and abiotic stresses [5,11]. Therefore, our results revealed that chitinases
belonging to specific classes were significantly induced under white mold fungal pathogen
and drought stress treatments. For example, the chitinases belonging to class I and class III
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were significantly up-regulated (6-fold to 10-fold) at different intervals following pathogen
infection. In contrast, the chitinases of class II, class IV and class V did not show any
significant response under the pathogen treatment, which is similar to reports of different
studies in various plants [63–65]. Moreover, in the cotton plant, the expression of chitinase
genes was induced by inoculation of a pathogen (Verticillium dahlia) and significantly
reached peak level 24 h following inoculation [5]. Under drought stress, only the chitinases
of class V showed significantly higher up-regulation (up to a 16-fold increase in expression)
at all the four time intervals (6 h, 12 h, 24 h and 48 h) following the stress treatment.
Chitinases of the remaining four classes did not undergo significant changes under drought
stress. In agreement with our report, chitinase expression induced by drought stress has
also been reported in Arabidopsis thaliana [11] and Crocus sativus [20]. Hence, the above
findings suggest an important role of chitinase genes in controlling multiple plant stress
(diseases and abiotic) responses in soybean plants. Therefore, the more research efforts are
required to elucidate the detailed function and mechanism involved in chitinase-mediated
regulation of plant defense.

5. Conclusions

The current investigation provides a comprehensive and systematic report of the
chitinase gene family at the whole genome scale in soybean. Here, we detected 38 chitinase
genes in the soybean genome, and these genes were randomly and unevenly distributed
on the soybean chromosomes. Phylogenetic analysis grouped these chitinase genes into
five distinct clusters representing five classes of chitinase (I, II, III, IV and V). In addition,
synteny and duplication analysis revealed that tandem duplication has played the major
role in widening the family of chitinase genes in soybean, while segmental duplication
has the smallest role. Promoter analysis showed multiple cis-regulatory elements related
to biotic and abiotic stresses in the upstream region of the chitinase genes, suggesting
their role in plant defense response against multiple stresses. Moreover, gene expression
analysis revealed that pathogenic and drought stress treatments significantly induce the up-
regulation of chitinase genes belonging to specific classes at different time intervals, which
further confirmed their role in plant stress response. Overall, our study provides evidence
about the role of the chitinases in multiple plant stress responses in soybean. However,
there is a need for future research efforts to validate the specific or general functions of
different chitinases against different biotic and abiotic stresses. Therefore, extensive research
efforts are required to elucidate the detailed mechanism involved in chitinase-mediated
modulation for different plant stresses, for their potential use in soybean improvement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12091340/s1, Figure S1: Diagram showing the distribution of
the 38 chitinase genes identified among the different 17 of the total 20 chromosomes of the soybean;
Figure S2: In silico analysis of Chitinase gene promoters of G. max L. Promoter cis-elements of 10
chitinase genes (two genes from each five classes of chitinases identified in soybean) in response
to biotic, abiotic and hormonal stresses are shown in different shapes and colors along with their
respective positions from the start codon ATG; Table S1: List of primers used in the qRT-PCR analysis
of the selected chitinase genes of soybean.
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Abstract: ZIP4 (zinc transporter 4) plays important roles in transporting Cu2+ ions in plants, which
may contribute to the maintenance of plant metal homeostasis in growth, plant development and
normal physiological metabolism. However, ZIP4 transporters have not been described in mulberry
and the exact function of ZIP4 transporters in regulating the homeostasis of Cu in mulberry remains
unclear. In this study, a new ZIP4 gene (MaZIP4) was isolated and cloned from Morus atropurpurea R.
Phylogenetic analysis of amino sequences suggested that the amino-acid sequence of the MaZIP4
protein shows high homology with other ZIP4 proteins of Morus notabilis, Trema orientale, Ziziphus
jujube and Cannabis sativa. In addition, a MaZIP4 silenced line was successfully constructed using
virus-induced gene silencing (VIGS). The analysis of MaZIP4 expression by quantitative real-time PCR
in mulberry showed that the level of MaZIP4 expression increased with increasing Cu concentration
until the Cu concentration reached 800 ppm. Relative to the blank (WT) and the negative controls,
malondialdehyde (MDA) levels increased significantly and rose with increasing Cu concentration
in the MaZIP4 silenced line, whereas the soluble protein and proline content, superoxide dismutase
(SOD) and peroxidase (POD) activities of these transgenic plants were lower. These results indicated
that MaZIP4 may play an important role in the resistance of mulberry to Cu stress.

Keywords: phylogenetic; virus-induced gene silencing; transgenic lines; physiological and
biochemical analysis

1. Introduction

Although copper (Cu) is an essential nutrient for plant growth and development,
above certain physiological levels it can be toxic. It participates in numerous physiological
processes and is an essential cofactor for many metalloproteins [1]. For example, Cu ac-
tivates many enzymes in plants that are involved in lignin synthesis, and it is the key to
the formation of chlorophyll for photosynthesis [2–4]. In addition, it is essential in plant
respiration and assists in the plant metabolism of carbohydrates and proteins [2]. Another
important function of Cu is to promote the development of flower organs and to intensify
flower coloring [5]. Cu is one of the micronutrients needed by plants and the ideal range
for Cu in the tissue is 20 times lower than that of iron [6]. Excess Cu may have a negative
impact on plant growth and quality [4], and impairs leaf Cu concentration, gas exchange
and protein profiles [7]. Excess Cu in the growth medium can restrict tap root growth by
burning the root tips and thereby promoting lateral root growth [8]. High concentrations of
Cu can compete with plant uptake of Ca, Mg, K, Zn and Fe, initially resulting in greener
new growth than normal, but later to the exhibition of iron or other micronutrient defi-
ciencies [8]. The continued exposure to excess Cu toxicity can reduce aerial branching and
lead to further reductions in plant health. Plants must therefore have evolved appropriate
strategies to maintain Cu homeostasis in response to different environmental Cu levels.
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Such strategies must prevent the accumulation of the metal in its reactive form within
detoxification pathways and ensure that the element is properly transported for storage or
for the biosynthesis of target metalloproteins. Although there has been substantial recent
research on the mechanisms involved in Cu acquisition and transport into and within cells
in yeast and other eukaryotic organisms, including Arabidopsis thaliana [9], these processes
in plants remain incompletely understood in plant systems. Nevertheless, several fami-
lies of heavy metal transporters involved in the maintenance of intracellular heavy metal
homeostasis in plants have been identified [2,10].

ZIP transporters are divalent metal transporters, which have been identified in a
variety of plant species, especially dicots such as Arabidopsis and soybean [10]. They are
responsible for transporting various metal cations into the cytoplasm, such as Zn2+, Mn2+,
Fe2+/Fe3+, Cd2+, Co2+, Ni2+ and Cu2+. It has been reported that ZIP proteins are involved
in cellular uptake of Zn2+. ZIP transporters contain eight transmembrane domains and a
histidine-rich variable loop between TM3 and TM4 [11]. There are 14 additional members
of the ZIP family in Arabidopsis [12]. It has been shown that AtZIP2 and AtZIP4 can
supplement the growth defects of Cu and Zn transport mutants in yeast [13,14]. Expression
of the two genes is upregulated in Arabidopsis in deficiency of Cu and Zn, but not Fe [15].
In addition, AtZIP2 has been proposed to participate in Cu acquisition by Arabidopsis
roots. In the model legume Medicago truncatula L., six cDNA encoding ZIP family members
have been identified, and their ability to complement yeast metal-absorption mutants
have been tested [16]. Furthermore, according to the differential expression analysis of
mRNA in response to different transition metal concentrations, a role for ZIP proteins in
the maintenance of metal homeostasis was proposed [17]. In summary, the differential
preferences of ZIP family members for divalent metals suggest that ZIP2 and ZIP4 proteins
may play important roles in transporting Cu2+ ions. However, their role of these proteins
in Cu transport needs to be confirmed and further investigated.

Mulberry (Morus. atropurpurea R.) is an economically important perennial tree in China
that is widely distributed in the northern temperate regions. As the sole food source of the
domesticated silkworm, mulberry cultivation is crucial to the development of sericulture,
and has many other important economic and ecological values [18]. Mulberry produces
delicious fruits with medicinal value in the treatment of hypertension, oral and dental
diseases, diabetes, arthritis and anemia. In addition, the fruit are also used in production
of jams, juices, liquors, natural dyes and in the cosmetics industry. Relative to other plant
species, mulberry shows high tolerance to multiple abiotic environmental factors in China,
such as low temperature, high salinity, waterlogging and high soil concentrations of heavy
metal ions [19–21]. Despite this tolerance, an excess of Cu in mulberry has been shown to
disturb the cellular redox environment in young leaves, accelerate the rate of leaf senescence
and damage roots. In addition, a deficiency in Cu is harmful to mulberry through the
aggravation of oxidative stress through an enhanced generation of reactive oxygen species
(ROS) and disturbed redox coupling [22]. Several families of heavy metal transporters
are thought to be involved in the maintenance of intracellular Cu homeostasis in plants,
including ZIP, COPT, PIB-ATPase, ATX, CCS and YSL [2]. ZIP family proteins are thought
responsible for the uptake and allocation of many micronutrients including Fe, Mn, Zn and
Cu [10,15]. OsZIP1, as a metal efflux transporter, limits the accumulation of excessive Zn,
Cu and Cd in rice [23]. AtZIP2 has been implicated in Cu homeostasis and AtZIP4 was
demonstrated to be involved in Cu transport in Arabidopsis [14]. However, the molecular
roles of these heavy metal transporters have not been described in mulberry. Information
on the role of the Cu transporters in mulberry and how the expression can be regulated by
Cu concentrations may help to cultivate Cu-resistant plants, this expanding the practical
planting range of mulberry.

Virus-induced gene silencing (VIGS) is a technique based on RNA interference to
construct gene silencing lines, which is widely used to explore gene function [24,25].
Compared with other transgenic techniques, VIGS offers unique advantages in terms of
a short cycle time, ease of operation, no need to build stably transformed plants and low
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costs. In this study, MaZIP4 was associated with the response to Cu stress in mulberry
through comparative transcriptome analysis. MaZIP4 gene silencing by VIGS technology
was subsequently performed to analyze the function of this gene.

2. Materials and Methods

2.1. Sample Collection, RNA Extraction and Sequencing

The mulberry (M. atropurpurea R.) materials used in this research were obtained from
the sericulture research institute of Chinese Academy of Agricultural Sciences. The seedlings
were transplanted in pots containing vermiculite and loamy soil (pH 6.5). seedlings with a
length of 20 cm and consistent growth status were selected, three of which were treated with
500 mL of MS culture solution containing either 0 (control), or 200 ppm CuSO4 and grown
for a further 20 days. All selected plants were watered every day. Three seedlings were
selected from each of the experimental and control groups, representing three biological
replicates. Leaf samples were collected from plants 1, 3, 5, 10, 15 and 20 days after Cu
treatments. After 20 days of stress incubation, mulberry leaves showed yellowing and
shrinkage, and burn marks appear on the leaf edges (Figure 1). For the expression analysis
of MaZIP4, seedlings were selected as above and three biological replicates were treated
with 0, 100, 200, 400 or 800 ppm CuSO4, following by daily watering for a further five
days, after which young leaves were collected from each treatment group. In all cases, the
collected leaves were immediately frozen in liquid nitrogen and stored at −80 ◦C for later
RNA extraction.

Figure 1. Mulberry leaves collected after 10, 15 and 20 days of stress response at 200 ppm CuSO4.

The total RNA of leaf samples was extracted using a reagent RNAiso Plus (Takara,
Shanghai, China). The quality and quantity of total RNA were determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and a NanoDrop
1000 spectrophotometer, respectively.

RNA sequence libraries of Cu-treated and untreated leaf samples were prepared at
the Novogene biotechnology company in Beijing, China. 1 μg total RNA from each sample
was used for the construction of a RNA sequence library using NEBNext®UltraTM RNA
Library Prep Kit from Illumina® (NEB, Newburyport Tpke, Rowley, MA, USA) following
the manufacturer’s specifications and index codes were added to attribute sequences to
each sample.

2.2. Transcript Quantification and Differential Expression Analysis

Raw RNA-Seq reads were processed through in-house Perl scripts for trimming
adapters, reads containing poly-N as well as low-quality bases from the reads ends. The
clean paired-end reads of high quality were aligned to the reference genome for mulberry
(https://morus.swu.edu.cn/morusdb/datasets, accessed on 10 November 2017) using
Hisat2 v2.0.5 [26]. The mapped reads of each sample were assembled by StringTie (v1.3.3b)
(https://github.com/gpertea/stringtie, accessed on 3 August 2022). The FPKM of each
gene was calculated based on the read counts mapped to the gene calculated by feature-
Counts v1.5.0-p3 and the length of the gene. The DESeq2 R package (1.16.1) was used to
perform the differential expression analysis between the Cu-treatments and the control
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groups (three biological replicates per group). p-Values were adjusted using the Benjamini
and Hochberg’s approach [27] for controlling the false discovery rate in multiple testing and
genes with an adjusted p-value < 0.05 and an absolute fold change of ≥2 were considered
differentially expressed. In order to validate the result, differential expression analysis was
performed using the edgeR R package (3.18.1).

2.3. Cloning and Sequence Analysis of the ZIP4 Gene Homolog in Mulberry (MaZIP4)

9 μg of total RNA was used as template for reverse transcription with M-MLV reverse
transcriptase (Takara Bio, Beijing, China). The cDNA was used as template for amplification of
MaZIP4 gene using the PCR primers, MaZIP4-F: 5′-ATGGCGAATACAAGTTGCCAGAGC-3′
and MaZIP4-R: 5′-TCAAGCCCAAATAGCTAATGAAGAC-3′, which were designed by
Oligo7 based on the coding sequence of MaZIP4 gene obtained from transcriptome data
prepared above. The purified DNA fragment amplified by PCR was ligated into the
pMDTM18-T Vector and amplified by transformation of E. coli TOP 10 cells (Takara Bio,
Beijing, China). The bacterial solution was sequenced with an automated DNA sequencer
(Sangon Biotech, Shanghai, China). DNASTAR was used to integrate the sequence frag-
ments of upstream and downstream to obtain the whole sequence of the cloned MaZIP4.

DNAMAN was used to perform the sequences analysis of MaZIP4. The online soft-
ware ExPASy (http://web.expasy.org/protparam/, accessed on 1 July 2020) was used to
predict theoretical isoelectric point (pI) and the molecular weight of protein encoded by
MaZIP4. The molecular modeling of protein encoded by MaZIP4 was predicted using
SWISS-MODEL (http://swissmodel.expasy.org/, accessed on 1 June 2022). Homologous
sequences were searched from the NCBI database using BLAST [28]. Alignments of
DNA/protein sequences were carried out using BLAST/Protein BLAST and non-rooted
phylogenetic tree drawings were carried out using MEGA6.0.

2.4. Expression Analysis of MaZIP4 under Different Degree of Cu Stress

The qRT-PCR method was used to analyze the different expression levels of MaZIP4
in response to Cu stress [29]. cDNA synthesis used 9 μg of total RNA and M-MLV Reverse
Transcriptase (TaKaRa-Bio, China) with oligo (dT)18 primer. The β-actin gene [30] was
amplified using the primers: β-actin-F; 5′-AGCAACTGGGATGACATGGAGA-3′ and
β-actin-R; 5′-CGACCACTGGCGTAAAGGGA-3′ as the internal reference gene. qRT-PCR
was performed on a ABI Quant Studio 6 Flex (Maywood Ave, CA, USA) instrument with
gene-specific forward and reverse primers (qMaZIP-F:5′-TGCTGCATTATCCTTCCACCA-3′,
qMaZIP-R: 5′-AAGCAATGGCAGTCCCAA-3′) designed by Oligo7 based on the sequence
of the cloned MaZIP4 gene. 4 μL cDNA was used as the template of qRT-PCR. SYBR
Green RT-PCR was performed according to FastStart universal SYBR Green Master Mix Kit
(Novoprotein, Nanjing, China) specification in the LightCycler ®96 real-time PCR system
(Novoprotein, Nanjing, China). The qRT-PCR conditions were 95 ◦C for 1 min followed by
35 cycles of 95 ◦C for 20 s, 57 ◦C for 20 s and 72 ◦C for 30 s. PCR specificity was checked by
melting curve analysis, and data were calculated using the 2−ΔΔCt method [31]. Standard
errors and standard deviations were also calculated simultaneously.

2.5. Functional Analysis of MaZIP4 in Mulberry
2.5.1. Transient Transformation of Mulberry Leaves for MaZIP4 Repression

According to the obtained sequence of MaZIP4, the primers MaZIP4-F1 (5′-GGGGTAC
CATGGCGAATACAAGTTGCCAGAGC-3′) and MaZIP4-R1 (5′-GCTCTAGATCAAGCCC
AAATAGCTAATGAAGAC), each including a Kpn I or Xbal I restriction enzyme site at their
5′ end, respectively.) were used for the PCR amplification of MaZIP4. The PCR products
were then ligated into the pMDTM18-T Vector, which was used to transform E. coli TOP
10 cells. The recombinant plasmid was then isolated and the MaZIP4 insert isolated after
digestion with Kpn I and Xba I and inserted into the similarly digested pTRV2 vector with
T4 DNA ligase to construct the pTRV2-MaZIP4 vector. The pTRV2-MaZIP4 vector was then
transferred into Agrobacterium tumefaciens GV3101 using the freeze-thaw method [32]. The
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primers MaZIP4-F1 and MaZIP4-R1 were used to PCR amplify the MaZIP4 insert in the
isolated pTRV2-MaZIP4 vector for sequence verification. pTRV1 and pTRV2 were used as
negative controls.

A. tumefaciens transformed with pTRV1, pTRV2 or pTRV2-MaZIP4 was resuspended
in transient transformation buffer (150 mM AS (acetosyringone), 10 mM MES, 10 mM
MgCl2). Cultures transformed with pTRV1 and pTRV2-MaZIP4 were mixed in equal
volumes for gene silencing. A similar mixture of pTRV1 and pTRV2 was prepared as a
mock control (Young et al.). Each Agrobacterium mixture was injected into 25 mulberry
seedlings by pressure. A further 25 seedlings were injected with transformation buffer
alone as a blank control.

Thirty days after injection, the survival rate of seedlings in each group was greater than
70%, and the survival rates of seedlings in the three groups were 72.0%, 80.0%, and 76.0%,
for the positive, mock and blank experimental groups, respectively. To assess the virus
multiplication in the injected seedlings, PCR amplification of the tobacco brittle virus capsid
protein CP gene sequence (Genbank No: Z36974.2) was performed (three replicates). From
each treatment group, 16 seedlings with the same growth status were selected, divided into
four groups (4 × 4) and cultivated in vermiculite nutrient soil watered with either 100 ppm,
200 ppm, 400 ppm or 800 ppm CuSO4. After 5 days, leaf samples were collected from each
treatment (3 × 4 × 4) and immediately frozen in liquid nitrogen and stored at −80 ◦C for
later RNA extraction, Cu concentration determinations and physiological analyses.

2.5.2. Quantification of Gene Expression by qRT-PCR

The qRT-PCR analysis was used to assess the expression level of MaZIP4 in MaZIP4-
VIGS plants treated with Cu in different concentrations based on the methods described pre-
viously. The relative expression differences of mRNAs were calculated using 2−ΔΔCt method.

2.5.3. Determination of Cu Concentration in Leaves

Leaves from WT, negative control and the MaZIP4-VIGS plants under different Cu
stresses were washed with deionized water and dried, before digestion in a mixture of
concentrated HNO3:H2O2 (3:2) in a microwave oven (Galanz, Shanghai, China). The
concentrations of Cu were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Avio 560 Max, Syngistix, PerkinElmer, Waltham, MA, USA).

2.5.4. Determination of Physiological and Biochemical Indicators of Cu-Stress

Leaves of seedlings treated with Cu in different concentrations were collected to
determine the content of soluble protein, free proline (PRO) and malondialdehyde (MDA),
and to measure superoxide dismutase (SOD) and peroxidase (POD) activities as described
in Liang et al. [33]. Each measurement was repeated three times.

3. Results

3.1. Gene Expression Analysis and the Cloning of MaZIP4

A total of 54,400,717 and 57,624,783 paired-end reads were obtained after sequencing
all the libraries constructed from the Cu-treated and control plants on the Illumia NextSeq
500 platform, respectively (Table 1). After removing the low-quality reads, 53,546,796 and
56,701,537 clean reads were mapped to the reference mulberry genome, corresponding to
more than 70% successfully mapped reads (Table 2).

Table 1. Statistical table of sequencing data quality.

Sample Name Raw Reads Clean Reads Clean Bases Error Rate (%) Q20 (%) Q30 (%) GC Content (%)

Control 57,624,783 56,701,537 8.51G 0.03 96.76 91.62 45.54
Cu stress 54,400,717 53,546,796 8.04G 0.03 96.84 91.78 45.96
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Table 2. Statistical table of the comparison between reads and reference genome.

Sample Name Total Reads Total Mapped Multiple Mapped Uniquely Mapped Reads Map to ‘+’ Reads Map to ‘−’

Control 56,701,537 40,105,596
(70.73%)

1,528,234
(2.69%)

38,577,363
(68.04%)

19,238,895
(33.93%)

19,338,468
(34.11%)

Cu stress 53,546,796 39,001,494
(72.84%)

1,439,133
(2.69%)

37,562,362
(70.15%)

18,764,150
(35.05%)

18,798,212
(35.11%)

The comparison of the transcriptomes of Cu-treated and control plants indicated
5486 differentially expressed transcripts, 3078 of which were up-regulated and 2408 tran-
scripts were down-regulated (Figure S2, Table S1. According to the transcriptome sequenc-
ing results, the expression of Zinc transporter 4 (ZIP4) gene was significantly upregulated
after the Cu-treatment relative to the control group.

The sequence of cloned ZIP4-like fragment, named MaZIP4, was 1405 bp in length
with a full ORF (open reading frame) of 1254 bp (Figures S1 and S3), which was predicted to
encode a 417-amino acid protein with a weight of 44.065 KD, the isoelectric point was 6.46.
Protein sequence alignment analysis of Blast hits showed that the majority of high scoring
hits were from members of the ZIP superfamily (Figure S4). Swiss-model software was used
to predict the tertiary structure of the MaZIP4 protein (Figure S5), and the predicted results
indicated that its spatial architecture was similar to that of ZIP4 proteins from other plants,
suggesting that MaZIP4 may have similar functions. The amino-acid sequence alignment
of MaZIP4 protein show high homology with ZIP4 proteins of Morus notabilis (>80%),
Trema orientale, Ziziphus jujube and Cannabis sativa (70%). This indicated that, although ZIP4
proteins show a high level of conservation among species, all these ZIP4 proteins had a
significantly long variant region (Figure S6).

To further analyze the evolutionary relationship of ZIP4 members among species, a
phylogenetic tree was constructed f their amino-acid sequences in mulberry and 19 other
related species. The results revealed that M. atropurpurea R. showed a close evolutionary
distance with Morus notabilis and Trema orientale, but was furthest from Arachis hypogaea
and Prosopis alba (Figure 2).

3.2. Expression of MaZIP4 under Cu Stress Treatments

To further investigate the role of MaZIP4 in Cu stress, the level of MaZIP4 transcrip-
tion under different concentrations of Cu stress was measured by qRT-PCR. The relative
expression level of MaZIP4 increased to a maximum at 400 ppm (11.35) and then decreased
at 800 ppm (9.03), although maintaining a higher level than that of the control (0 ppm).
This indicates that MaZIP4 may have the ability to transport Cu within a certain range of
Cu stress (Figure 3).

3.3. MaZIP4 Expression under Cu Stress after MaZIP4 Silencing

To further verify the effect of MaZIP4, the construct pTRV2-MaZIP4 was created for
subsequent VIGS (Figure 4). To assess the proliferation of the virus, PCR amplification of
the CP coat capsid gene was performed on randomly selected young leaf samples from
the experimental group (pTRV2-MaZIP4), the negative control group (pTRV2), and the
blank control group (WT; injected with transformation buffer alone). The results (Figure 5)
indicated successful viral replication in the experimental and negative control groups, but
not in the uninfected seedlings.

qRT-PCR analysis was used to assess the expression levels of MaZIP4 in MaZIP4-VIGS
plants treated with Cu in different concentrations (Figures 4 and 6). Consistent with that
observed in WT plants, the expression of MaZIP4 in MaZIP4-VIGS plants increased up to
400 ppm Cu then decreased at 800 ppm Cu. However, the expression levels of MaZIP4
were consistently reduced to about 50% of that in WT plants, indicating that MaZIP4 was
successfully knocked down in MaZIP4-VIGS plants.
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Figure 2. The phylogenetic tree based on the amino acid sequence of the ZIP4 gene from mulberry
(M. atropurpurea R.) and other homologous sequences from 19 different species. The protein acces-
sions for the ZIP4 homologs and source species are given to the right of the figure. The evolutionary
tree was established in the MEGA 6.0 program using the minimum-evolution test method. The
numerals at the branch points indicate bootstrap percentages.

Figure 3. qRT-PCR measurements of the relative expression levels of MaZIP4 gene in WT under
different Cu concentrations. The error bars represent the mean ± SD of three replicates. Bars with
different letters indicate a significant difference between expression levels at different concentrations
(p ≤ 0.05) on the basis of Duncan’s multiple range test.
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Figure 4. Construction and PCR detection of MaZIP4 in the recombinant vector pTRV2-MaZIP4 A:
PCR amplification of MaZIP4. M: DL2000 bp marker, 1: MaZIP4 B: PCR amplification of MaZIP4
from the pTRV2-MaZIP4 vector, M: molecular weight markers, 1–5: PCR of MaZIP4.

 

Figure 5. Infected plant virus expression results. Tobacco brittle virus capsid protein CP gene was
not expressed in WT lines 1–3, and can be expressed normally in the negative control lines 4–6 and in
MaZIP4-VIGS seedling lines 7–9. M: molecular weight markers.

3.4. MaZIP4 Silencing Increased Cu Accumulation in Cu Treated Mulberry Leaves

The Cu concentration in leaves was higher in MaZIP4-VIGS plants than the blank and
negative controls, and increased with the intensity of the Cu stress applied over 0–400 ppm.
It is obvious that MaZIP4 gene is likely to be involved in the maintaining the homeostasis
of Cu2+ in leaves (Figure 7). In addition, with the increase in Cu concentration, mulberry
leaves showed higher degrees of yellowing. At 800 ppm Cu, the WT, negative control and
MaZIP4-VIGS plants all showed obvious leaf yellowing and shrinkage (Figure 8) However,
it is clear that relative to the negative and blank controls, the reduced expression of MaZIP4
in MaZIP4-VIGS lines resulted in a significantly greater Cu accumulation in leaves in plants
exposed to 400 and 800 ppm Cu, thus supporting a role for MaZIP4 in Cu homeostasis.
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Figure 6. The expression level of MaZIP4 gene under Cu stress after MaZIP4 knock-down by VIGS.
The error bars represent the mean ± standard deviation (SD) of the three biological replicates. Control
means the negative control using the unaltered vector, pTRV2. MaZIP4-VIGS refers to the knock-down
of MaZIP4 gene in the experimental group. Asterisks indicate significant differences in expression
levels between the control and MaZIP4-VIGS (*** p < 0.001), based on Duncan’s multiple range test.

Figure 7. Mean values of Cu concentration in leaves of CK, MaZIP4-VIGS and WT plants under
different Cu stress concentrations. Error bars represent the mean ± SD of the three biological
replicates. Different lowercase letters above bar represent significant differences (p < 0.05, one-way
ANOVA). Different capital letters above bars indicate significant differences (p < 0.001, one-way
ANOVA). The same letter or no letter above bars indicates no significant difference.

3.5. MaZIP4 Silencing Induced Physiological and Biochemical Changes in Mulberry Associated
with Cu Stress

Several important physiological and biochemical indicators related to plant stress
responses were compared between in the blank control, negative control and MaZIP4-VIGS
mulberry plants. MDA concentration is commonly used to measure the degree of lipid
peroxidation caused by the stress-induced accumulation of reactive oxygen species (ROS)
(Figure 9e). The MDA content of MaZIP4-VIGS plants, negative control and WT lines
gradually increased in all treatment groups with increasing concentrations of Cu stress
treatment. Relative to the negative control and the WT, the MDA content in MaZIP4-VIGS
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plants increased rapidly and reached a maximum at 800 ppm Cu (Figure 9e). This indicates
that WT levels MaZIP4 can more effectively inhibit the increase in MDA content in mulberry
under Cu stress. The activity of POD and SOD in plants is often considered to be related
to the plant stress response. Under abiotic stress, antioxidant enzymes in plants such
as POD and SOD promote stress tolerance by reducing stress-induced accumulation of
ROS. The POD and SOD activities in WT and the negative control groups were enhanced
with increasing concentration of Cu up to 400 ppm and showed a reduced increase at
800 ppm. However, the activity of both enzymes in the MaZIP4-VIGS transgenic plants
was lower than that of WT and negative control group under the 4 different Cu treatment
concentrations tested, and reached their maximum at 400 ppm Cu (Figure 9a,d). These
results suggest that the mulberry response to Cu stress involves an increase in POD and
SOD activities to help reduce ROS levels. The reduced mobilization of this response
in MaZIP4-VIGS lines also suggests that MaZIP4 expression is required for the positive
regulation of this response. PRO is a common osmolyte which widely exists in tissues of
plants and accumulates in response to abiotic stress (heat, cold, salinity, drought) and is
often positively correlated with plant resistance. In WT, negative control lines and MaZIP4-
VIGS plants, the PRO content increased with increasing of Cu concentration and reached
a maximum at 800 ppm. Relative to the WT and negative control, the PRO content in
MaZIP4-VIGS plants was the lowest, and showed no correlation with the Cu concentration
(Figure 9c). Similar to that observed for POD and SOD activities, these results also indicate
that PRO accumulation reflects Cu-stress and that PRO accumulation is positively regulated
under such conditions by MaZIP4. The content of soluble protein accumulation in leaves in
WT, negative control lines and MaZIP4-VIGS plants all increased gradually with increasing
Cu concentration over the range 0–800 ppm. The soluble protein content of MaZIP4-VIGS
plants also increased with increasing copper concentration, but in lower levels than that
observed in WT and negative control lines at all Cu treatments (Figure 9b). This suggested
that soluble proteins may be involved in the copper stress response in mulberry and that
MaZIP4 may be required for this response.

Figure 8. The changes in phenotypes of the blank control (WT), the negative control [2] and MaZIP4-
VIGS plants under different copper stress concentrations. (a) coercive concentration of 100 ppm,
(b) coercive concentration of 200 ppm, (c) coercive concentration of 400 ppm, (d) coercive concentra-
tion of 800 ppm. And from left to right in one photo are CK, MaZIP4-VIGS plants and WT.
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4. Discussion

The heavy metal Cu is one of essential micronutrients for plant growth and develop-
ment, but can be toxic in excess. To prevent excess metal toxicity, plants evolved various
mechanisms for regulating metal uptake and transport. ZIP family proteins belong to a
family of metal transporters involved in the uptake and transportation of Cu, Zn, Ca, Fe and
Mn and play vital roles in the maintenance of metal homeostasis in plant tissues [23,34,35].
In our study, a ZIP4 gene homolog (MaZIP4) was identified and cloned for the first time
in M. atropurpurea R. We further characterized the MaZIP4 gene to explore its potential
function in the mulberry response to Cu stress.

A comparative transcriptome analysis indicated that 3078 transcripts were signifi-
cantly up-regulated in mulberry in response to treatment with 200 ppm CuSO4, including
MaZIP4, suggesting The MaZIP4 gene is 1405 bp in length with a full ORF of 1245 bp and
encodes a 417 amino acid protein. Homology and evolutionary analyses indicated that the
MaZIP4 showed more than 67% sequence identity with ZIPs of 19 other plant species. The
high degree of sequence structural similarities between MaZIP4 and other ZIP proteins
suggests they share similar biological functions. The expression of some zinc-regulated
ZIP transporters is also up-regulated under Cu stress, and ZIPs have long been consid-
ered responsible for the uptake and allocation of Cu in Arabidopsis [14,35]. Therefore, we
questioned whether MaZIP4 might be involved in Cu2+ uptake and transport in Mulberry.
In support of this, qRT-PCR analyses indicated that with the increase of Cu stress up to
400 ppm, the expression level of MaZIP4 was significantly enhanced. However, with further
increases in Cu (400–800 pm), the expression of MaZIP4 was decreased, suggesting that
the regulatory effect of the gene on Cu stress was limited to a certain range. To further test
the function of MaZIP4, pTRV2-MaZIP4 VIGS lines of mulberry (MaZIP4-VIGS). qRT-PCR
analysis showed the expression level of MaZIP4 in the transgenic lines was reduced to 50%
of the negative control and WT lines under different levels of Cu stress. We next wished to
compare physiological and biochemical indicators of the stress response in MaZIP4-VIGS,
WT and negative control lines subjected to different degrees of Cu stress. When subjected to
abiotic stress, plants produce reactive oxygen species (ROS) [36], leading to the peroxidation
of membrane lipids which is often assayed indirectly by measuring MDA. MDA is a widely
used marker of environmental stress in plants [37]. The content of MDA and the activity of
antioxidant enzymes is expected to increase initially and then decrease due to excessive
Cu [38–40], which is consistent with our findings. Zhou et al. (2015) studied the changes of
physiological and biochemical reactions of forest trees under different levels of Pb stress,
and showed that the activities of superoxide dismutase (SOD), peroxidase (POD) and MDA
contents in trees were significantly increased under Pb stress [41]. SODs catalyze the dismu-
tation of superoxide into molecular oxygen and hydrogen peroxide which is subsequently
catalyzed to H2O by peroxidase enzymes (POD), and are often used as an indicator of
abiotic stress tolerance [42]. The upregulation of SODs and POD has been reported in many
plant species including mulberry under abiotic stresses, including drought, salt, and heavy
metals [43–48]. The content of PRO is often considered a biomarker of stress because it
accumulates under adverse environmental conditions. The accumulation of soluble protein
is generally considered a signal of metabolic disorder but not simply a response to stress.
Although the change of physiological and biochemical state is not the only way for plants
to cope with the environment stress, plants with higher SOD, soluble protein, PRO, POD
and lower MDA usually display higher stress resistance [49,50]. Our results showed that
the activities of SOD, POD and MDA, soluble protein, PRO contents in mulberry were
significantly increased under Cu stress, indicating that Cu stress may stimulate the mobi-
lization of the stress response in mulberry to reduce heavy metal damages. However, while
the response to Cu stress in transient transgenic lines for the reduced expression of MaZIP4
showed higher values for MDA content, these lines also showed lower activities of POD
and SOD activities, as well as PRO and soluble protein contents relative to WT and negative
control lines. This indicates that the reduced expression of MaZIP4 in response to Cu stress
occurred with the repression of aspects of the plant response to stress. These results indicate
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that MaZIP4 may directly contribute to mulberry resistance to Cu stress through its role
as a Cu transporter, but that it may also indirectly contribute to the response to Cu stress
via a regulatory role in the mobilization of the general stress response. However, further
studies are required to elucidate the underlying mechanisms involved in the mitigating
role of MaZIP4 in mulberry under Cu stress.

5. Conclusions

Transcriptome sequencing yielded a new ZIP4 gene (MaZIP4), which was isolated and
cloned from M. atropurpurea Roxb. This is also the first time a zinc transporter 4 member
has been cloned from M. atropurpurea Roxb. Phylogenetic analysis indicated that MaZIP4
shows high homology with ZIP4 proteins of Morus notabilis, Trema orientale, Ziziphus jujube
and Cannabis sativa. The expression of MaZIP4 in mulberry was increased under a certain
degree of Cu stress, which may indicate that MaZIP4 gene may be involved with the
transport of Cu ions in mulberry to maintain Cu homeostasis. After MaZIP4 knock-down
by VIGS, the expression of MaZIP4 was reduced to about 50% of WT plants (Young et al.,
2010). Physiological analyses of MaZIP4-VIGS land negative control lines revealed that the
partial repression of MaZIP4 resulted in an increased leaf content of MDA, whereas the
contents of soluble protein and proline, as well as the activities of SOD and POD), were
decreased. These results indicated that MaZIP4 could enhance Cu tolerance through its
function as a Cu transporter, but also as a positive regulator of the general stress response
in mulberry. Our study provides preliminary evidence that MaZIP4 may have a critical
role in regulating Cu2+ homeostasis in mulberry and lays the foundation for future studies
into the mechanism underlying the plant response to Cu stress.
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https://www.mdpi.com/article/10.3390/life12091311/s1, Figure S1: MaZIP4 gene amplification
of mulberry: PCR in vitro amplification was performed using the designed primers MaZIP4-F and
MaZIP4-R, and gene product band of about 1200 bp in length was obtained. M: DL2000 DNA
molecular marker 1: Product of RT-PCR; Figure S2. Volcano map of differential genes; Figure S3.
MaZIP4 gene cDNA sequence and translated amino acid sequence; Figure S4. Prediction of amino
acid sequence encoded by MaZIP4 gene; Figure S5. MaZIP4 gene protein tertiary structure; Figure S6.
MaZIP4 encode multiple sequence alignments of amino acids; Table S1: Screening of differential
genes and their corresponding primers.
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Abstract: Peanut is among the most important oil crops in the world. In the southern part of
China, peanut is highly produced; however, the arable land is acidic. In acidic soils, aluminum (Al)
inhibits plant growth and development by changing the properties of the cell wall and causing the
disorder of the intracellular metabolic process. Circadian rhythm is an internal mechanism that
occurs about every 24 h and enables plants to maintain internal biological processes with a daily
cycle. To investigate the effect of photoperiod and Al stress on the Al-induced programmed cell death
(PCD), two peanut varieties were treated with 100 μM AlCl3 under three photoperiodic conditions
(8/16, SD; 12/12, ND; 16/8 h, LD). The results show that Al toxicity was higher in ZH2 than in
99-1507 and higher under LD than under SD. Root length decreased by 30, 37.5, and 50% in ZH2
and decreased by 26.08, 34.78, and 47.82% in 99-1507 under SD, ND, and LD, respectively, under Al
stress. Photoperiod and Al induced cell death and ROS production. MDA content, PME activity,
and LOX activity increased under SD, ND, and LD, respectively, under Al stress both in ZH2 and
99-1507. APX, SOD, CAT, and POD activities were higher under SD, ND, and LD, respectively. Al
stress increased the level of AhLHY expression under SD and ND but decreased it under LD in both
ZH2 and 99-1507. Contrastingly, AhSTS expression levels increased exponentially and were higher
under SD, LD, and ND, respectively, under Al stress. Our results will be a useful platform to research
PCD induced by Al and gain new insights into the genetic manipulation of the circadian clock for
plant stress response.

Keywords: circadian clock; reactive oxygen species; Al-induced PCD; photoperiodism; peanut

1. Introduction

It has been shown that about 50% of the total arable land around the world is acidic [1].
Al can be concentrated in the plant root tips and interfere with areas of plant growth, such
as root and shoot growth, decrease biomass production and nutrient imbalance, and alter
physiological and metabolic parameters, which will lead to a decrease in crop yield [2]. The
presence of Al in the environment affects plants in various ways, including the generation
of ROS [3]. Numerous reports have revealed mechanisms such as Al exclusion from
the roots and evacuation to the vacuole in response to Al toxicity in rice [4,5], wheat,
barley, maize [6,7], and rye and Arabidopsis [8]. QTLs related to Al tolerance have been
identified and used to develop Al-tolerant crops such as maize [9,10], Arabidopsis [11],
wheat [12], and rice [13] using breeding or molecular approaches. Genes such as MATE,
ALMT, ASR, and ABC transporters have been implicated in some plants for resistance to
Al [14], for instance, Al-responsive genes in potato [15], rice [16], wheat [17], sorghum [18],
rye [19], and sugarcane [20]. Various transcription factors induced by Al stress, such as
STOP1 [21,22], STOP2 [23], ART1, ASR5, and STAR1 [24], regulating the other Al-responsive
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genes to confer Al tolerance, have been reported. There are less reports on the influence of
photoperiod on Al stress tolerance in plants; therefore, we need to understand how day
length affects Al stress resistance in peanut.

Circadian clock is an intrinsic timekeeping mechanism that synchronizes with the
periodic environment through daily entrainment, especially light and temperature to
adjust the internal rhythm [25–27]. The circadian clock anticipates daily environmental
fluctuations by coordinating diverse physiological and developmental processes in a day-
specific manner to enhance plant fitness and survival [28–30]. The circadian clock plays
an important role under adverse environmental conditions, modulating biotic and abiotic
stress responses [31,32]. However, many aspects, such as circadian rhythm and its role in
Al stress, remain unclear.

Programmed cell death (PCD) or apoptosis is a molecular process in which cells that
are not needed commit suicide by activating an intracellular death program [33]. Numerous
reports suggested that one of the mechanisms of PCD is the elimination of specific cells
under developmental or environmental stimuli such as an increase in ROS in the presence of
abiotic stress [34–36]. Photoperiod length is detected by a sensing mechanism consisting of
chloroplasts and photoreceptors, which transfer the light information to the circadian clock.
This photoperiod sensing influences the development of plants, induces abiotic and biotic
stress tolerance, and causes photoperiod stress [37]. It has been revealed that short-day
entrained plants were more affected than long-day entrained plants, and the minimal light
treatment of 12 h could be necessary for inducing PCD [38]. The circadian clock contributes
to cellular processes that maintain ROS at physiological levels in diverse organisms such as
mouse [39], zebrafish [40], and Arabidopsis thaliana [41]. Plants under the long-day period
exhibit reduced CCA1/LHY expression and the induction of PCD. Contrastingly, there
was no PCD observed after short nights, so the expression of CCA1/LHY was similar to
wild-type levels or higher [42], and it has been reported that CCA1 is a key regulator of
ROS homeostasis through association with the evening component (EC) in ROS promoter
genes [43]. The proper matching of internal circadian timing with environment enhances
plant fitness and survival [27]. Circadian stress (perturbation) regimes have detrimental
consequences that lead to the failure of ROS removal and induced PCD. However, the
regulatory role of the circadian clock and day length on ROS production and the regulation
of Al-induced PCD remains unclear.

Antioxidant defense mechanisms keep the formed ROS at a low level [44–47]. CAT
is the first peroxisomal antioxidant enzyme that detoxifies cellular H2O2 to be character-
ized [48], and its expression in Arabidopsis is controlled by the circadian clock [41]. It has
been revealed that APX and CAT enzymes are involved in the elimination of H2O2 and ROS
scavenging in the roots of rice [49]. There is no available report on the exact mechanism of
the circadian clock regulating Al-induced PCD by regulating the antioxidant system under
photoperiod and Al stress. To further understand the contribution of the circadian clock in
the regulation of Al-induced PCD, we investigated the effect of different photoperiods and
Al stress on root growth, membrane lipid peroxidation, ROS production, enzyme activities,
and gene expression in peanuts.

2. Results

2.1. Effects of Photoperiod and Al Stress on Root Elongation and Cell Death

Root growth and cell death were influenced by the interaction of photoperiod and
Al stress. Maximum root growth was observed in 99-1507 without Al treatment under
SD (short day, 12/12 h) (Figure 1A). Compared to ND, root growth increased by 15% but
decreased by 14.5% in ZH2 and increased by 4.34% but decreased by 19.56% in 99-1507
under SD (short day, 8/16 h) and LD (long day, 16/8 h), respectively, without Al treatment.
When treated with Al, compared to ND with no Al, root length decreased by 30, 37.5, and
50% in ZH2 and decreased by 26.08, 34.78, and 47.82% in 99-1507 under SD, ND, and LD.
Al highly inhibited root growth under LD compared to SD and ND in ZH2 and 99-1507
(Figure 1A). Photoperiod also significantly influenced Al-induced cell death in the root
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tips of peanut (Figure 1B). Dead cells decreased by 13.79% but increased by 20.68% in ZH2
and decreased by 37.5% but increased by 10.41% in 99-1507 under SD and LD, respectively,
without Al treatment. Compared to ND with no Al, death cells increased by 68.96, 79.3,
and 96.55% in ZH2 and increased by 30, 46.25, and 62.5% in 99-1507 under SD, ND, and
LD, respectively, under Al stress. The inhibition of root growth and cell death induced by
Al stress were higher under LD than ND and SD (Figure 1A,B).

Figure 1. Effect of photoperiodism and Al stress on the root tips in peanut. (A) Relative root length
(cm); (B) Root tip cell death; (C) Al content in the root tips; (D) Al content in the cell wall. Peanut
cultivars (Zh2 and 99-1507) were treated with 100 μM Al, different photoperiods: SD (short day,
8/16 h), ND (normal day, 12/12 h), and LD (long day, 16/8 h). The experiment was carried out in
triplicate. The data are presented as means. All the samples were used as fresh weight. Different
letters (a–d) assigned to the error bar represent different levels of significance. The results were
significant at p < 0.05 with different letters.

2.2. Effects of Photoperiod and Al Stress on Al Accumulation in the Root Tips and CW

The treatment of ZH2 and 99-1507 under ND, SD, and LD periods with or without Al
stress showed that Al content in root tips was highly observed in ZH2 and 99-1507 under
LD and SD compared to ND (Figure 1C). However, there was no significant change in Al
content in the root tips of ZH2 and 99-1507 under SD, ND, and LD, respectively, without Al
treatment (Figure 1C). However, after Al treatment, Al content in the root tips increased
exponentially by 10, 16, and 17.4 times in ZH2 under SD, ND, and LD, respectively, and
increased by 9.52, 13.8, and 14.28 times in 99-1507 under SD, ND, and LD, respectively.
There was no significant change in the Al content observed in CW without Al treatment
(Figure 1D). However, with Al treatment, compared to ND with no Al, Al content was
10.66, 14.88, and 16.88 times higher in ZH2 under SD, ND, and LD, respectively, and 10.3,
13.25, and 16.075 times higher in 99-1507 under SD, ND, and LD, respectively. There was a
very big difference between the influence of photoperiod alone and photoperiod with Al
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stress on the content of Al in the root tips and CW, and this was highly observed in ZH2
and 99-1507 under LD and SD when compared to the ND (Figure 1C,D).

2.3. Effects of Photoperiod and Al Stress on MDA Content, PME Activity, and LOX Activity

Photoperiod influenced lipid peroxidation and induced MDA content in the root tips
of ZH2 and 99-1507. However, this MDA content was highly increased under photoperiod
and Al stress (Figure 2A). Compared to ND, without Al treatment, MDA content decreased
by 30.79% but increased by 2.17% in ZH2 and decreased by 66.51% but increased by 4.24%
in 99-1507 under SD and LD, respectively. After Al treatment, compared to ND with no Al,
MDA content increased by 55.58, 72.75, and 111.71% in ZH2 and increased by 17.57, 35.45,
and 65.15% in 99-1507 under SD, ND, and LD, respectively. PME activity was influenced
by photoperiod and Al stress (Figure 2B). Compared to ND, without Al treatment, PME
activity decreased by 31.96% but increased by 4.53% in ZH2 and decreased by 17.57% but
increased by 11.86% in 99-1507 under SD and LD, respectively. Compared to ND with
no Al, PME activity increased by 15.95, 17.17, and 20.24% in ZH2 and increased by 22.28,
29.89, and 50.36% in 99-1507 under SD, ND, and LD, respectively, under Al stress. From
Figure 2C, LOX activity was induced by photoperiod and Al stress. Without Al treatment,
LOX activity decreased by 29.2% but increased by 21.63% in ZH2 and decreased by 20.56%
but increased by 16.89% in 99-1507. On the other side, LOX activity increased by 24.64, 49.5,
and 91.26% in ZH2 and increased by 22.75, 60.74, and 87.5% in 99-1507 under SD, ND, and
LD, respectively, under Al stress.

Figure 2. Effect of photoperiodism and Al on MDA content, PME, and LOX activities. (A) MDA
content; (B) PME activity; and (C) LOX activity. The root tips of ZH2 and 99-1507 were treated with
100 μM Al under different light/dark periods for 24 h. The experiment was carried out in triplicate
to ensure significant results. The data are presented in mean ± standard deviation. All the samples
were used as fresh weight. Different letters (a–d) assigned to the error bar represent different levels of
significance. The results were significant at p < 0.05 with different letters.
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2.4. Effects of Photoperiod and Al on ROS Production and Antioxidant Enzyme Activities

To detect the levels of ROS production in peanut, H2O2 and O2
.− content was ana-

lyzed (Figure 3A,B). Root tips were treated under photoperiod alone or the interaction of
photoperiod with Al stress. The results show that compared to ND, without Al treatment,
the levels of H2O2 decreased by 14.3% but increased by 26.16% in ZH2 and decreased
by 28.84% but increased by 22.75% in 99-1507 under SD and LD, respectively. With Al
treatment, H2O2 increased by 31.53, 35.73, and 75.32% in ZH2 and increased by 33.87,
44.15, and 72% in 99-1507 under SD, ND, and LD, respectively, compared to ND with no
Al treatment. The result of O2

.− content is shown in the Figure 3B. O2
.− content without

Al, compared to ND, decreased by 31.15% but increased by 17.02% in ZH2 and decreased
by 14.84% but increased by 10.95% in 99-1507 under SD and LD, respectively. With Al
treatment, O2

.− increased by 32.76, 50.1, and 98.07% in ZH2 and increased by 13.73, 56.17,
and 78.91% in 99-1507 under SD, ND, and LD, respectively, compared to ND with no Al.
There was a significant effect of photoperiod stress alone or together with Al stress on ROS
production, but the level was higher in ZH2 than in 99-1507 and higher under LD than
under SD (Figure 3A,B).

Figure 3. Effect of photoperiodism and Al stress on the production of ROS. (A) H2O2 production;
(B) O2

.− production. The experiment was carried out in triplicate to ensure significant results. The
data are presented in mean ± standard deviation. Different letters (a–d) assigned to the error bar
represent different levels of significance. The results were significant at p < 0.05 with different letters.

There was a significant effect of photoperiod or photoperiod interacted with Al stress
on antioxidant enzyme activities in ZH2 and 99-1507 cultivars of peanut (Figure 4). APX
(Figure 4A), SOD (Figure 4B), CAT (Figure 4C), and POD (Figure 4D) activities were
induced under photoperiod or photoperiod–Al stress interaction. Without Al treatment,
compared to ND, APX increased by 25.47% but decreased by 13.31% in ZH2 and increased
by 6.95% but decreased by 34.8% in 99-1507 under SD and LD, respectively. Compared
to ND with no Al, APX increased by 105.91, 61.47, and 61.47% in ZH2 and increased by
50.32, 31.91, and 6.93% in 99-1507 under SD, ND, and LD, respectively, under Al stress.
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Compared to ND, without Al stress, SOD activity increased by 0.05% but decreased by
25.8% in ZH2 and increased by 33.13% but decreased by 14.19% in 99-1507 under SD and
LD, respectively. However, under Al stress, SOD activity increased by 82.24, 67.63, and
41.09% in ZH2 and increased by 88.48, 85.16, and 56.36% in 99-1507 under SD, ND, and LD,
respectively. The highest CAT activity was under SD as opposed to ND or LD (Figure 4C).
Without Al treatment, compared to ND, CAT activity increased by 26.83% but decreased by
2.83% in ZH2 and increased by 2.89% but decreased by 8.1% in 99-1507 under SD and LD,
respectively. With Al treatment, compared to ND with no Al, CAT activity increased by
76.3, 32.52, and 30.19% in ZH2 and increased by 92.34, 47.82, and 39.76% in 99-1507 under
SD, ND, and LD, respectively. We also detected POD activity and found that, without Al
treatment, POD activity increased by 21.82% but decreased by 7.86% in ZH2 and increased
by 11.15% but decreased by 17.02% in 99-1507, while with Al treatment, POD activity
increased by 92.95, 63.1, and 49.92% in ZH2 and increased by 87.79, 73.82, and 63.56% in
99-1507 under SD, ND, and LD, respectively. Compared to photoperiod alone, Al stress
significantly increased APX, SOD, CAT, and POD activities (Figure 4).

Figure 4. Effect of photoperiodism and Al stress on antioxidant enzyme activities. (A) APX activity,
(B) SOD activity, (C) CAT activity, and (D) POD activity. The experiment was carried out in triplicate
to ensure significant results. The data are presented in mean ± standard deviation. All the samples
were used as fresh weight. Different letters (a–d) assigned to the error bar represent different levels of
significance. The results were significant at p < 0.05 with different letters.

2.5. Effect of Photoperiod on AhLHY and AhSTS Gene Expression under Al Stress

To obtain insight into the potential functional roles of photoperiod in Al stress, two
genes, AhLHY (AH02G04520.1) and AhSTS (AH04G08660.1), were selected based on the
transcriptome (PRJ-NA525247) in NCBI to detect their expression levels under Al stress
through qRT-PCR (Figure 5). Both the AhLHY and AhSTS genes were up-regulated under
photoperiod alone or interaction of photoperiod with Al treatment in ZH2 and 99-1507
(Figure 5A, B). Photoperiod positively regulated expressed AhLHY (Figure 5A), and the
expression highly shifted when photoperiod interacted with Al treatment. Without Al
treatment, compared to ND, AhLHY expression level decreased by 25.92 and 56.7% in ZH2
and decreased by 38.87 and 36.38% in 99-1507 under short day (SD, 8/16 h) and long day
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(LD, 16/8 h), respectively. To analyze the level of expression before and after Al treatment,
we compared ND without Al to the treatments under Al stress. AhLHY expression increased
by 9.25 and 51.72% in ZH2 and increased by 62.04 and 10.52% in 99-1507 under ND and
SD, respectively. However, it decreased by 30.49% in ZH2 and 23.85% in 99-1507 under
LD. The highest expression level was observed in 99-1507 with Al treatment under ND,
while the lowest was observed in ZH2 without Al treatment under LD (Figure 5A). AhSTS
expression under ND was lower than it was under SD or LD, but it was also higher under
SD than it was under LD or ND without Al stress (Figure 5B). On the other side, when
treated with Al, compared to ND with no Al, AhSTS expression increased dramatically
by 5.33, 1.88, and 5.16 times in ZH2 and increased by 8.57, 2.97, and 5.16 times in 99-1507
under SD, ND, and LD, respectively. The highest expression level of AhLHY expression
was observed under ND in 99-1507 and the lowest level was ZH2 under LD. Contrastingly,
the highest expression level of AhSTS was observed in 99-1507 under SD, and the lowest
level was in ZH2 under ND. Compared to photoperiod alone, interaction of photoperiod
with Al treatment significantly increased the expression of AhLHY and AhSTS (Figure 5B).

 

Figure 5. Relative expression of AhLHY (A) and AhSTS (B) genes in peanut treated with Al or
without Al under three photoperiods. The data in the figure were obtained from three treatments, and
analysis of variance (ANOVA) was performed; p < 0.05 indicated that the gene differential expression
is significant among the three treatments; n = 3; Different letters assigned to the error bar represent
different levels of significance, error bar is presented as mean ± standard deviation; reference gene
was AhActin.

479



Life 2022, 12, 1271

3. Discussion

3.1. Effects of Photoperiods on Root Elongation and Cell Death under Al Stress

Environmental changes such as seasonal variation in photoperiod can modulate
circadian rhythms, allowing organisms to adjust to the time of the year [50]. Photoperiod
stress causes the induction of numerous stress responsive genes, which are indicators of
oxidative stress, during the night following the extended light period. Light itself acts as a
stressor and, in addition, regulates the outcome of the Al stress response. Our results show
that photoperiod influenced root growth. Photoperiod stress alone affected root growth in a
way that compared to ND, and root length under SD was higher than under LD (Figure 1A).
However, this contradicted the study in radish (long-day plant), which stated that long
photoperiod enhanced the formation of radish root [51], but it may be consistent with the
study on potato, which revealed that tubers below ground were formed under SD [52].
There was a significant influence of photoperiod and Al stress on root growth; root growth
was highly inhibited under LD and SD compared to ND. Numerous reports have discussed
the effect of Al stress and revealed that plants exposed to Al stress result in the inhibition
of root growth and decrease in crop production [53]. In the present study, we showed
that different photoperiods together with Al stress affected root growth and inhibited the
growth of root and induced cell death in peanut. Though photoperiodic change regulates
various processes in plants, it can also induce numerous stresses [54]. Without Al stress,
we observed more dead cells under LD and SD compared to ND (Figure 2). Though there
was a significant effect of photoperiod on Al content in root tips and CW under Al stress,
there was no significant effect without Al treatment (Figure 1C,D). A recent study revealed
that during the night after the prolongation of the light period, stress and cell death marker
genes were induced in Arabidopsis [55]. Our results show that root growth was highly
inhibited in ZH2 under LD rather than SD, and cell death was also highly induced under
LD rather than SD in ZH2. This reveals that peanut is highly sensitive to Al stress under LD.

3.2. Effect of Photoperiod and Al Stress on MDA, PME, and LOX Activity

Photoperiod affected the level of lipid peroxidation; hence, MDA formation was
strongly affected by the photoperiodic changes [43]. Our result shows that, compared to
ND, both photoperiod alone and photoperiod together with Al stress influenced MDA
content in a way that MDA level was higher under LD than under SD (Figure 2A), and this
difference was highly observed under Al stress. The highest MDA content was higher in
ZH2 than 99-1507. It shows that LD and Al stress lead to membrane lipid peroxidation in
peanut, which is more serous in Al-sensitive cultivar and LD. A recent study reported that
MDA content was higher under LD in leaves of Pfaffia glomerata, leading to higher levels
of membrane lipid peroxidation and signaling photooxidative damage [56]. In peanut,
increased MDA content is an indicator of membrane lipid peroxidation and abnormal root
growth [57].

LOX initiates subsequent biological reactions and activates cellular signaling mecha-
nisms through specific cell surface receptors [58]. LOX activity is involved in catalyzing
the formation of H2O2 derivatives and activating the lipid peroxidation of membranes. In
our study, we found that LOX activity was significantly affected by photoperiod, but this
activity level was higher under Al stress (Figure 2C). Compared to ND, LOX was higher
under LD than under SD in both ZH2 and 99-1507, but it was also higher in ZH2 than
99-1507. It has been reported that, in potato, LOX activity in morning glory was greatly
enhanced and then declined after switching from the light to the dark condition, while the
activity did not vary when switching from the dark to the light condition [59].

PME activity reduces pectin methylation [60]. The lower the level of pectin methylation
in the cell wall, the greater the Al accumulation was in the cell wall and root tips [61]. In this
study, we found that photoperiod influenced PME activity, and its activity level was lower
under SD than under LD in both ZH2 and 99-1507 (Figure 2B); this influence was higher
under Al stress than photoperiod alone. This increase in PME activity level in the presence
of Al stress was as the response to Al stress [57]. In the present study, Al toxicity was higher
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in ZH2 under LD. This was consistent with the higher Al accumulation measured in ZH2
and LD, demonstrating that the increased PME activity induced by Al and LD accelerated
Al toxicity.

Our results consistently suggest that MDA content, PME activity, and LOX activity
are directly connected with photoperiod and Al stress.

3.3. Circadian Rhythm Regulates Al-Induced PCD by Controlling ROS Production and
Antioxidant Enzyme Activity

Light is an important source of energy and a developmental signal for plants, but
it can also cause stress to plants and modulates responses to stress and PCD; excess and
fluctuating light result in photoinhibition and ROS accumulation [62]. ROS production
plays a critical role in plant development, response to abiotic stresses and immune responses.
In the present study, we found that photoperiod could influence ROS production itself but
also influence ROS induced by Al stress (Figure 3). Compared to ND with no Al treatment,
H2O2 and O2

.− production levels were significantly higher under LD than under SD and
ND in both ZH2 and 99-1507, but they were greater in ZH2 than in 99-1507 under Al stress
(Figure 3A, B). In SD-entrained Arabidopsis, shorter prolongation of the light period causes
lower stress levels, is perceived as not harmful and may present a beneficial stress, while
higher stress levels by longer prolongations induce a true stress [63]. ROS production in the
form of H2O2 and O2

.− was significantly affected by photoperiod. However, it was highly
affected by photoperiod interacted with Al stress. The lower levels of ROS production in
99-1507 (Al tolerant) under SD rather than LD are evidence that peanut is more resistant
to Al stress under SD than under LD (Figure 3A,B). A recent study has revealed that LD
species are generally more Al-sensitive than SD species and that the genetic conversion of
tomato for the SD growth habit boosts Al tolerance [64].

The day-length sensing mechanisms have been identified to be diverged more between
LD plants and SD plants than the circadian clock [65]. In the present study, we found that
photoperiod and Al stress induced ROS and activate cellular endogenous antioxidant sys-
tems to prevent oxidative stress. The presence of ROS induced various antioxidant enzyme
activities, such as APX, SOD, CAT, and POD. There is evidence that ROS play a critical
role as the signaling molecules throughout the entire cell death pathway [66]. When we
treated ZH2 and 99-1507 peanut cultivars under different photoperiods, compared to ND,
APX, SOD, CAT, and POD activities were lower under LD than under SD and antioxidant
enzyme activities were higher in 99-1507 than in ZH2 (Figure 4). Further analysis under Al
stress revealed that antioxidant enzymes were highly activated. Compared to ND with no
Al treatment, APX, SOD, CAT, and POD activities were also higher under SD, ND and LD,
respectively, in ZH2 and 99-1507 (Figure 4). In rye, CAT was degraded under light, and the
degradation was clearly observed from 16 h after the onset of light [67,68].

3.4. Effect of Photoperiod and Al Stress on AhLHY and AhSTS Gene Expression

LHY/CCA1 regulates photoperiodic flowering, and it has been found that LHY-
defective mutants (lhy-7 and lhy-20) exhibit accelerated flowering under both LD and
SD [69]. In this study, we observed a remarkable difference between AhLHY gene expres-
sion in ZH2 and 99-1507 under ND, SD, and LD either treated with photoperiod alone or
together with Al (Figure 5A). Though the influence of photoperiod on AhLHY expression
was significant, it was highly significant under the interaction with Al stress. The highest
expression level was in 99-1507 under ND and Al stress, but this expression level was also
higher under SD than it was under LD (Figure 5A). LHY, CCA1, and TOC1 constitute the
core of the circadian clock [69]. We confirmed that the expression pattern of AhLHY under
photoperiod and Al stress reveals the role of the circadian clock in Al stress control. A
previous study revealed that the integration of abiotic stress response into the circadian
system provides control over daily plant metabolism [70].

Peanut Stilbene synthase (AhSTS) expression was also influenced by photoperiod,
but photoperiod together with Al treatment influenced the expression of AhSTS more
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(Figure 5B). AhSTS was highly expressed in 99-1507 and ZH2 under SD rather than LD
and ND, but it was higher in 99-1507 than in ZH2. However, we could not find evidence to
prove that this photoperiodic influence is similar to the circadian clock. Therefore, further
study is needed to investigate the molecular feature of AhSTS under circadian rhythm.
Plants may be classified as long-day, short-day, or neutral, and their resistance toward the
stress is different. Peanut is a short-day crop [71]. Al toxicity was clearly observed in ZH2
under LD rather than under SD, and it was more tolerant in 99-1507 under SD than under
LD. Al induced ROS production, antioxidant enzyme activities, and AhLHY and AhSTS
expression under different photoperiods; this proves the role of photoperiodism in the
regulation of Al-induced PCD.

Here, we proved that peanut as a short-day crop is more sensitive to Al stress under
LD and more Al-tolerant under SD. Overall, this study reveals that day length plays
an important role in determining whether ROS production is enhanced under Al stress.
Understanding the physiology of the plant face to Al stress under photoperiod can help to
regulate Al stress in plants. However, deeper investigation is needed to truly understand
the molecular mechanisms and pathways of circadian clock systems under photoperiod
and Al stress in plants.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Two varieties of peanut, ZH2 (Al-sensitive) and 99-1507 (Al-tolerant), were prescribed
as Al-sensitive and Al-resistant, respectively, and were used as plant materials. Plant
material and growth condition preparation was conducted following the method of [72]
with little modifications. In short, the seeds of peanut were placed into wet perlite sand for
3–4 days at 26 ± 2 ◦C to induce germination. After germination, the seedlings were 2–3 cm
long and were placed in Hoagland nutrient solution for 4 days (d). After 4 d, the seedlings
had four leaves and were pretreated with 0.1μM CaCl2 solution at pH 4.2 for 24 h; then, the
seedlings were treated with 100 μM AlCl3 for 24 h at three different lighting periods (8/16,
12/12, and 16/8 h light–dark periods). All the treatments were conducted in a controlled
environment with 26 ± 2 ◦C, 70% relative humidity (RH), and light intensity 2000 lux. Al
was washed off the root surface prior to the analysis to avoid bias, which may result in the
influence of external Al.

4.2. Relative Root Growth, Evan’s Blue Staining, and Cell Death Assay

To measure root elongation, Al-treated peanut root tips (main roots) under the cir-
cadian rhythms were cut. The data were presented by a histogram chart as relative root
elongation. The main root tips were stained with Evan’s blue, and the picture was taken by a
Canon scanner (DR-S150). For cell death assay, root tips (approximately 1 cm) were stained
with 0.5% (w/v) Evan’s blue for 15 min and rinsed in distilled water for 30 min. Stained
root tips were immersed in a centrifuge tube containing 4 mL N, N-dimethylformamide
for 1 h; then, a solution containing Evan’s blue dye, which had leached from dead cells,
was measured at 600 nm with spectrophotometer UV/VIS (specord plus 50, Analytik Jena,
Konrad-Zuse-Strasse, Germany).

4.3. Al Content in Root Tips and Cell Wall

To assay the total Al content in the root tips, fresh root tips were cut (approximately
1 cm), rinsed in 1 mL of 2 M HCl, and then incubated at 25 ◦C for 24 h with occasional
shaking to ensure that Al was released from the root tips. The upper solution was collected
and used to measure the total Al content in root tips. To determine Al content in the CW,
root tips were collected, frozen in liquid nitrogen, grounded with mortar and pestle, and
then homogenized in 7 mL 75% ethanol and left on ice for 20 min. The homogenized
samples were centrifuged at 13,000× g for 15 min, and the supernatant was discarded. The
pellets were washed with precooled (4 ◦C) acetone followed by methanol:chloroform (1:1),
and then with methanol. After washing, the pellets were dried in an oven for 12 h at 60 ◦C
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and suspended in 1 ml 2 M HCl for 24 h at room temperature (RT) with occasional shaking.
Al content in the root tips and CW were measured by UV/VIS spectrophotometer (specord
plus 50, Germany) at 600 nm.

4.4. Lipid Peroxidation and PME Activity Assay

To analyze the lipid peroxidation (LPO) levels, the malondialdehyde (MDA) content
was assayed following the method of [72] with little modifications. In brief, approximately
0.2 g fresh root tips were collected and stored in liquid nitrogen at −80 ◦C. Thereafter, the
root tips were grounded and homogenized in 10 mL 10% trichloroacetic acid (TCA). The
homogenate was centrifuged at 13,000× g for 10 min. We aliquoted 2 mL of the supernatant
mixed with 2 mL 0.6% (w/v) thiorbarbituric acid in 10% TCA, and incubated in the water
bath at 95 ◦C for 15 min. The ice-cooled mixture was centrifuged at 13,000× g for 10 min,
and the supernatant was measured at 450, 532, and 600 nm. The MDA content ([C]) was
calculated using the following formula:

MDA [C] (nM) = 6.45 × (A532 − A600)− 0.56 × A450

To determine the pectin methylesterase (PME) activity, 0.2 g of the root tips was
grounded and homogenized with 2 mL 1 M sodium chloride (NaCl) containing 1% (w/v)
polyvinylpyrrolidone (PVP) then centrifuged at 13,000× g for 20 min, 4 ◦C. The enzyme
activity was analyzed by mixing 1 ml 0.5% (w/v) pectin (pH 7.5), 0.4 mL 0.01% (w/v)
bromothymol blue (pH 7.5), 1.55 mL distilled water (pH 7.5), and 50 μL of the root tip
extract; then, the mixture was measured with a spectrophotometer at 620 nm.

4.5. ROS (H2O2 and O2
.−) Content

The H2O2 and O2
.− content in the root tips was detected following the method of [73].

Briefly, the root tips of peanut (0.5 g) were ground with mortar and pestle in liquid nitrogen,
then homogenized with 3 mL of cold acetone and centrifuged at 5000× g at 4 ◦C for 10 min.
A total of 1 ml of the supernatant was mixed with 0.1 mL of 5% (w/v) titanic sulfonate
(Ti(SO4)2) and 0.1 mL 25% ammonia, and was centrifuged at 3000× g for 10 min at 4 ◦C;
the pellet was resuspended in 4 mL of 2 N sulfuric acid (H2SO4). H2O2 content was
spectrophotometrically determined at 415 nm.

O2
.− content was measured as described by [73]. Root tips (0.5 g) were homogenized

in 2 mL of 65 mM phosphate buffer (pH 7.8), then centrifuged at 5000× g for 10 min at 4 ◦C.
The aliquot of 1 mL from the supernatant was mixed with 0.9 mL of 65 mM phosphate
buffer (pH 7.8) and 0.1 mL of 10 mM hydroxylamine hydrochloride (HONH2·HCl), then
the mixture was incubated at 25 ◦C for 20 min. A total of 1 ml of the mixture was extracted
and added to 1 mL of 17 mM anhydrous aminobenzene sulfonic acid (H3NC6H4SO3), as
well as 1 mL of 17 mM 1-naphthylamine (C10H9N). The mixture was incubated at 25 ◦C for
20 min, then 3 ml of n-butanol was added. The O2

.− content was measured at 530 nm.

4.6. Antioxidant Enzyme Activity

To determine the antioxidant enzyme activity, root tips (0.2 g) were ground with
mortar and pestle in liquid nitrogen and then homogenized with 50 mM sodium phosphate
buffer (pH 7.8) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 2% (w/v) PVP,
1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and 0.05% (v/v)
Triton X-100 and centrifuged the homogenate at 13,000× g for 15 min at 4 ◦C. Lipoxygenase
(LOX) activity was assayed following the method of [72]. In total, 50 μL of the supernatant
was extracted and mixed with 2.75 mL potassium phosphate buffer (pH 6.5), 0.2 ml 7.5 mM
linoleic acid containing 0.25% (v/v) Tween 20, and then measured at 234 nm. CAT, APX,
and SOD activities were assayed following the method of [73]. A total of 0.1 ml of the root
tips was extracted with 1.9 ml 0.5 M phosphate buffer pH 7.0, and 1 ml 0.5 mM 30% H2O2
solution and CAT activity was spectrophotometrically measured as H2O2 decomposition at
240 nm. To detect APX activity, the root tip extract was mixed with 0.25 mM ascorbic acid,

483



Life 2022, 12, 1271

0.5 mM H2O2 and measured at 290 nm. SOD activity was determined, as the root tips were
homogenized in 1 ml cold 100 mM potassium phosphate buffer pH 7.8 containing 0.1 mM
EDTA, 1% PVP, and 0.5% v/v triton x-100, and it was measured at 560 nm, as enzyme
amount required us to inhibit the reduction of 50% of NBT at 560 nm.

POD activity was assayed following the “standard operating procedures” of scientific
engineering response and analytical services (SERAS, SOP 2035, page: 1–7, date: 11/28/94).
Frozen root tips (1 g) were ground using mortar and pestle with liquid nitrogen; then,
they were homogenized into ice-cold 0.5 M calcium chloride solution (CaCl2). After the
homogenization, the solution was centrifuged at 1000× g for 8 min. The supernatant was
extracted into a 10 mL centrifuge tube and kept on ice. The pellet was resuspended with
2.5 mL 0.5 M CaCl2 and centrifuged again (repeated twice). Before POD assay, buffer
solutions (A and B) were brought to 25 ◦C with a water bath. We mixed 1.4 mL of solution
A(Phenol and 4-aminoantipyrene), 1.5 mL of solution B (0.5 mL of 30% H2O2 and MES or
HEPES buffer solution, and the volume was brought to 50 mL to make a 3% H2O2 solution
with 0.01 M final buffer concentration), and 200 μL roots extract. Then, we measured the
absorbance at 510 nm. All activities were measured with a spectrophotometer (Specord 50
plus UV/VIS, Germany).

4.7. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was extracted using Eastep® Super Total RNA Extraction KitRNeasy LS1040
(Promega, Shanghai, China) following the manufacturer’s instructions. The quality of RNA
was proved by the ThermoFisher Scientific NanoDrop 2000c, Germany (RNA concentra-
tion 1.9–2.2 μg was used). cDNA was synthesized through RNA reverse transcription
using PrimeScriptTM RT reagent Kit with gDNA eraser (Perfect Real Time) Cat#RR047A,
Takara bio, China. qRT-PCR was performed with CF × 96 TM Real-Time System, Bio-Rad
Laboratories, Hong Kong, using SYBR Green qPCR super mix. The actin was used as the
normalization control. The following primers were used:

Gene Name Gene ID Primer

AhLHY-forward
AH02G04520.1

5′-ATTGACTCTAGTAATCGTCGTA-3′
AhLHY-reverse 5′-CTTTGTGGCAACACCTCT-3′

AhSTS-forward
AH04G08660.1

5′-CCCAAGCGTCAAGAGGTA-3′
AhSTS-reverse 5′-TTGCCCACAAGACTATCCA-3′

Actin-forward
AH03G02610.1

5′-ACCTTCTACAACGAGCTTCGTGTG-3′

Actin-reverse 5′-GAAAGAACAGCCTGAATGGCAAC-3′

4.8. Statistical Analysis

The experiments were independently replicated three times and their mean values
were subjected to sata processing and statistical analysis with Excel 2007 and SPSS 12.0
(SPSS software Inc., Chicago, IL, USA). Statistical analysis was performed with Student’s
paired t-test to test the differences between groups. The data are presented as mean ±
standard deviation (SD). p-value ≤ 0.05 was considered statistically significant.

5. Conclusions

Different light–dark conditions showed different levels of Al toxicity, which could
reveal the influence of photoperiod in the regulation of Al stress. The induction of ROS
by Al stress led to the deterioration of the cell wall, the release of free radicals (H2O2 and
O2

.−), and the acceleration of lipid peroxidation; increased MDA concentration; accelerated
PME activity; and positively induced the expression of LHY and STS genes. Prolongation
of the light period resulted in photoperiod stress, and it has an important influence on Al
stress and tolerance. Peanut showed a strong resistance to Al toxicity under SD, moderate
under ND, and low under LD. The molecular mechanism and pathways of AhLHY and
AhSTS in Al tolerance under the circadian rhythms should be studied next, including the
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metabolic engineering of stilbene biosynthesis as a strategy to directly demonstrate the role
of this phytoalexin in plant stress resistance.
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Abstract: Pathogen infection seriously affects plant development and crop productivity, sometimes
causing total crop failure. In this study, artificial stab inoculation was used to inoculate sugarcane
smut. The changes in leaf gas exchange, chlorophyll fluorescence variables, and related defense
enzyme activities were measured in sugarcane cultivar ROC22 after pathogen infection. The results
showed that the net photosynthetic rate (Pn), stomatal conductance (gs), and transpiration rate
(Tr) downregulated in the first three days after smut infection and upregulated on the fourth day;
intercellular CO2 concentration (Ci) increased in the first three days of smut infection and reduced
on the fourth day. The chlorophyll fluorescence parameters, i.e., Fo, Fm, Fv/Fm, Fs, and Fv′/Fm′

decreased at the initial stage of pathogen infection but increased rapidly up to 3 days after smut
infection. It can be seen that sugarcane seedlings showed a positive response to pathogen infection.
The correlation coefficient relationship between Pn, gs, and Tr reached above 0.800, showing a
significant correlation; Ci was positively correlated with Fv′/Fm′ and ΦPSII, reaching above 0.800
and showing a significant correlation; Fo positively correlated with Fv/Fm, Fs, and ETR; Fv /Fm was
positively correlated with Fv′/Fm′; Fs significantly correlated with Fv′/Fm′; and Fv′/Fm′ positively
correlated with ΦPSII. After inoculation with smut, the related defense enzymes, i.e., POD, SOD,
PPO, and PAL, were increased and upregulated; photosynthetic parameters can be associated with
an increase in enzymatic activities. The results of this study will help to further study of the response
mechanism to smut in the sugarcane growing period and provide a theoretical reference for sugarcane
resistance to smut breeding.

Keywords: chlorophyll fluorescence efficiency; photosynthetic responses; enzyme activity; sugarcane; smut

1. Introduction

Sugarcane is an important bioenergy crop grown worldwide. Its sugar production
accounts for 80% of global sugar production and 92% of China’s total sugar production [1,2].
Disease is one of the main factors causing the loss of sugarcane yield and sugar content [3].
A variety of pathogens can infect sugarcane during the growth process. Pathogens can ac-
cumulate in the sugarcane germplasm, leading to variability, uneven growth, reduced stem
weight, sugar loss, and so on. Sugarcane in different countries has about 150 diseases, of
which, smut is the main disease and can cause a 20–50% loss of sugarcane production [4,5].
The most apparent symptom of sugarcane infection in the late stage of smut is the extraction
of smut whip at the tail of the cane, but there is no obvious morphological feature in the
early stage of infection. Studies have shown that pathogen infection can seriously affect
the photosynthetic physiological responses in crops [5,6]. There are various studies on
the changes in physiological traits of sugarcane after smut infection [7,8], but there are
no reports of the photosynthetic responses of sugarcane seedlings in the early stage of
smut infection.
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When pathogens infect plants, plant cells produce a series of physiological and bio-
chemical changes to prevent the infection. These changes include early defense reactions
after plant susceptibility such as thickening of the corpus callosum, changes in protective
enzyme activities, induction and accumulation of disease-related proteins, and hormonal
and metabolic disorders [5,9–11]. In these defense reactions, enzymatic activities are most
active and closely related to plant disease resistance. Under normal physiological con-
ditions, various enzymes in plants are generally in a dynamic equilibrium state. When
pathogens infect plant cells, a specific type of enzyme changes the action of the mechanisms,
thereby losing its original equilibrium state and harming the organism [5]. Therefore, it
is of great significance to study the resistance of the host to the disease when a particular
disease infects it. The enzymes involved in disease resistance include peroxidase (POD),
superoxide dismutase (SOD), polyphenol oxidase (PPO), and phenylalanine ammonia-
lyase (PAL) [5,12]. After studying the relationship between various physiological and
biochemical metabolic reactions of the host and plant disease resistance, it is concluded
that SOD, POD, and other related enzymes can resist the damage of reactive oxygen and
oxygen free radicals to the cell membrane system, while PAL and PPO can promote the
production of various secondary metabolites in plants, thereby preventing the invasion
and reproduction of pathogens [13,14].

In the present study, after inoculation with smut pathogen, changes in parameters
between sugarcane plant leaves, such as the intercellular CO2 concentration (Ci), net photo-
synthetic rate (Pn), transpiration rate (Tr), stomatal conductance (gs), initial fluorescence
(Fo), the maximum potential quantum efficiency of photosystem II (Fv/Fm), minimum
fluorescence under light (Fo′), non-photochemical quenching coefficient (qNP), maximum
light energy conversion efficiency (Fv′/Fm′), steady-state fluorescence (Fs), electron trans-
port rate (ETR), photochemical quenching coefficient (qP), and maximum fluorescence
under light (Fm′), were measured. The preliminary analysis of relationships with resistance
and the detection of POD, SOD, PPO, and PAL activities after smut infection, the effects
of smut infection on photosynthetic physiological changes, and resistance-related enzyme
activities and response mechanisms were explored, providing a theoretical basis for further
research on the resistance mechanism and disease management of sugarcane to smut.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions, and Treatments

The sugarcane cultivar ROC22 was used in this experiment, the most prevalent variety
in China. The experiment was completed in the greenhouse of Guangxi University, Nan-
ning, Guangxi, China. The healthy single bud of the test material was disinfected with hot
water treatment and used for sowing in the sand. After the emergence of the seedlings, the
healthy seedlings with strong growth and consistency were strictly selected and planted
in plastic barrels (40 cm upper diameter, 30 cm lower diameter, and 40 cm height). The
controlled moisture content was 70% of the maximum water holding capacity in the field,
and the experiment was carried out when the seedlings had 6–7 true leaves. The smut
pathogen teliospores were collected from the sugarcane base of the Agricultural College
of Guangxi University, heated at 40 ◦C (1 h), stored in sterilized paper bags, and stored at
4 ◦C for further use.

The test was carried out by the stab inoculation method, and the pathogen teliospores
germination rate was more than 95%. They were collected and diluted with sterile water
into a spore suspension with a concentration of 5 × 106 spores/mL using a sterile syringe.
The sterile syringe was stabbed four times into the sugarcane at the growing stage, and
then a 4-drop suspension (about 50 μL) was added along the leaf sheath. The control
group replaced the spore suspension with sterilized ddH2O. Inoculated once every day,
the photosynthetic physiological indexes of the sugarcane (+1) leaves inoculated for 1, 2,
3, and 4 days were uniformly measured up to the 4th day after inoculation. The enzyme
activity was measured 1, 3, 5, 7, and 9 days after smut inoculation.
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2.2. Measurement of Leaf Gas Exchange and Chlorophyll Fluorescence

Photosynthetic responses were measured from sugarcane cultivar ROC 22 1, 2, 3,
and 4 days after smut inoculation. The photosynthetic rate (Pn), stomatal conductance
(gs), transpiration rate (Tr), and internal CO2 concentration (Ci) were observed using a
portable photosynthesis system (Li-6400xt, LICOR, Lincoln, NE, USA) from a photosyn-
thetically fully mature leaf (+1). For each treatment and control, a minimum of five (n = 5)
measurements were recorded between 10:00–11:00 am. The photosynthetic photon flux
density ((PPFD) 1000 μmol m−2s−1), the leaf chamber temperature (35 ◦C), and the flow
rate (500 μmol s−1) were used while recording photosynthetic leaf gas exchange.

Chlorophyll fluorescence was measured by using an FMS-2 Modulate fluorometer
(Hansatech, UK). Dark-adapted leaf (30 min), initial fluorescence (Fo) with weak measure-
ment light, maximum fluorescence (Fm) with saturated pulsed light (9000 μmol m−2s−1),
and photochemical light (1200 μmol m−2s−1) were used to determine the steady-state fluo-
rescence (Fs), maximum (Fm′), and minimum fluorescence (Fo′) under the light. The PSII
maximum variable fluorescence (Fv = Fm − Fo), maximum variable fluorescence under
light (Fv′ = Fm − Fo′), maximum light energy conversion efficiency (Fv/Fm), actual light
energy conversion efficiency (ΦPSII = (Fm′ − Fs)/Fm′), maximum light energy conversion
efficiency (Fv′/Fm′) of the PSII reaction center under light adaptation, electron transport
rate (ETR), non-photochemical quenching coefficient (qNP), and photochemical quenching
coefficient (qP) were calculated by the chlorophyll fluorescence parameters. Each treatment
was replicated thrice (n = 3).

2.3. Enzyme Extraction

For the determination of antioxidative enzyme activities, 1 g of leaf samples were
homogenized in 5 mL of pre-cooled sodium borate buffer (pH 8.8) containing 1 mM EDTA,
5 mM β-mercaptoethanol, and 4% (w/v) PVP, incubated at 4 ◦C for 5 min. After incubation,
the homogenate was centrifuged (12,000× g) for 20 min at 4 ◦C, and the supernatant was
used for the subsequent estimation of POD, SOD, PPO, and PAL activities. The enzyme
activities were expressed as U g−1 FW.

2.3.1. Determination of Peroxidase and Superoxide Dismutase Activity

The peroxidase (POD) activity was assessed according to Nakano and Asada [15]
with slight modifications. The reaction mixture contained 0.1M phosphate buffer (pH 5.8)
and 18 mM guaiacol, mixed with the 50 μL of enzyme extract followed by the addition
of 2.5% H2O2 (v/v). The absorbance of the mixture was measured at 470 nm by a UV-
spectrophotometer. The specific POD activity was calculated by using the below formula
and expressed as U g−1 FW.

POD activity (U g−1 FW) = (ΔA470 × Vt/(W × Vs × 0.01 × t)

where ΔA470 indicates the time for the change in absorbance, Vt is the total volume of the
reaction mixture, W is the sample fresh weight, Vs is the volume of the crude enzyme
extract, and t is the reaction time (min).

Superoxide dismutase (SOD) activity was determined in terms of its capacity for
50% inhibition of the photochemical reduction in NBT monitored at 560 nm as previously
described by Giannopolitis and Reis [16]. The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 13 mM methionine, 63 μM NBT, 1.3 μM riboflavin, and 0.1 mM EDTA
mixed with 0.5 mL of the enzyme solution. The specific SOD activity was calculated by
using the below formula and expressed as U g−1 FW.

SOD activity (U g−1 FW) = (ΔA560 × Vt/(W × Vs × 0.05 × t)

where ΔA560 is the change in absorbance, Vt is the total volume of the reaction mixture,
W is the fresh weight of the sample, Vs is the volume of the crude enzyme, and t is the
reaction time (min).
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2.3.2. Quantification of Polyphenol Oxidase and Phenylalanine Ammonia-Lyase Activity

Polyphenol oxidase (PPO) activity was assayed as described by Zhang and Shao [17]
with minor modifications using a mixture (5 mL) containing 0.1 M sodium phosphate buffer
(pH 6.8), 0.02 M catechol, and crude enzyme extract. The enzyme extract was added to
start the reaction. A heat-killed crude enzyme was used in the control. The absorbance at
420 nm was observed for 3 min at 30-s intervals and the values per minute were calculated.
The results were presented as U g−1 FW.

Phenylalanine ammonia-lyase (PAL) was quantified by the procedure described by
Aoki et al. [18]. The reaction mixture (3 mL) consisted of 0.02 M L-phenylalanine (0.75 mL),
0.01 M borate buffer (2.15 mL, pH 8.8) and 0.1 mL of crude enzyme extract. Phenylalanine
conversion into cinnamic acid was estimated at 290 nm and expressed as U g−1 FW. The
samples were incubated at 30 ◦C for 1 h. In the control, the enzyme extract was replaced
with 1 mL of borate buffer. The reaction was stopped in an icebox. One activity unit was
defined as a change in absorbance of 0.01 at 290 nm.

2.4. Data Processing

The analytical data were analyzed using Microsoft Excel and SPSS 15.0 software, and
the significance test was performed using Duncan’s new complex range method.

3. Results

3.1. Effect of Smut Infection on Photosynthetic Leaf Gas Exchange

With the prolongation of the infection time of the smut pathogen, the photosynthesis
rate (Pn) of sugarcane seedlings showed a change of “rise-lower-rise”, which was signifi-
cantly decreased when compared with the control on the third day; it showed a substantial
increase on the fourth day after smut inoculation. It can be seen that the smut infection
attacked the normal photosynthesis of sugarcane seedlings and promoted photosynthetic
improvement. This may be the vital reason why it affects the early growth of sugarcane
seedlings (Table 1). The changing trend of stomatal conductance (gs) of sugarcane seedlings
is consistent with the changing trend of Pn, and there is a positive correlation between Pn
and gs. However, compared with the control, the changes in the gs of sugarcane seedlings
after pathogen infection were not apparent. It can be seen that stomatal factors do not
entirely control the changes in the Pn rate (Table 1).

The intracellular CO2 concentration (Ci) after smut infection showed a trend of in-
creasing first and then reducing, as compared to control plants (Table 1). The enhancement
was the largest after the third day of smut inoculation, significantly different from the
control condition. This situation occurred when the difference in gs was not noticeable, and
the Pn was decreased. It is speculated that the photorespiration of sugarcane seedlings is
enhanced after smut infestation, which causes an increase in the Ci level.

The transpiration rate (Tr) of plants reflects the degree of water loss in the aboveground
part, which can be used to observe the ability of plants to regulate water. This index is
closely associated with multiple physiological and metabolic pathways and also indirectly
reflects the regulation of the plant’s photosynthesis. It can be seen from Table 1 that with
the prolongation of infection time, the Tr of sugarcane leaves decreased and then increased.
The treatment and control trends were consistent, but the difference between the treatment
and control did not increase significantly (Table 1).
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Table 1. The changes in photosynthetic responses, i.e., net photosynthetic rate (Pn), stomatal con-
ductance (gs), intercellular CO2 concentration (Ci), rate of transpiration (Tr), and photosynthetic
water-use efficiency (WUE) during the inoculation of smut pathogen in sugarcane cv. ROC22.

Photosynthetic Response Treatment Condition
Days of Smut Inoculation

S R
1 2 3 4

Pn
(μmol m−2 s−1) CK 14.9 ± 0.72 a 18.9 ± 0.10 a 15.4 ± 0.35 a 19.6 ± 0.62 b 2.331 0.978

T 15.9 ± 0.74 a 17.7 ± 0.18 b 10.7 ± 1.23 b 25.2 ± 0.92 a 7.233 0.837

gs
(mol m−2 s−1) CK 0.077 ± 0.005 a 0.133 ± 0.002 a 0.081 ± 0.003 a 0.128 ± 0.010 a 0.031 0.912

T 0.092 ± 0.008 a 0.127 ± 0.004 a 0.078 ± 0.006 a 0.130 ± 0.029 a 0.030 0.917

Ci
(μmol mol−1) CK 54.93 ± 2.93 a 108.33 ± 0.67 a 55.27 ± 8.03 b 100.53 ± 1.85 a 31.063 0.863

T 72.23 ± 11.15 a 113.33 ± 3.84 a 131.67 ± 7.69 a 97.06 ± 7.55 a 20.155 0.960

Tr
(mmol m−2 s−1) CK 2.410 ± 0.153 a 3.610 ± 0.063 a 2.523 ± 0.121 a 3.397 ± 0.271 a 0.623 0.952

T 2.950 ± 1.182 a 3.497 ± 0.029 a 2.367 ± 0.152 a 3.607 ± 0.711 a 0.689 0.944

PWUE
(μmol CO2 mmol H2O−1)

CK 6.185 ± 1.021 a 5.230 ± 0.801 a 6.104 ± 0.871 a 5.432 ± 0.832 a 1.601 0.901

T 5.391 ± 0.924 a 5.147 ± 1.023 a 4.472 ± 0.591 a 5.315 ± 1.201 a 1.623 0.867

Note: CK: inoculation with ddH2O, T: inoculation with smut pathogen. S: standard error, R: correlation coefficient.
The superscript letters represent a significant difference between different treatments (p < 0.05 LSD), n = 5.

Photosynthetic water use efficiency (WUE), the amount of CO2 fixed by plant consump-
tion per unit of weight water, usually uses Pn/Tr to indicate the level of plant water-use
efficiency. When the water supply to the plant is low, the plant generally tends to achieve a
higher WUE by adjusting the openness of the stomata while maintaining high Pn; when the
environmental water supply is especially insufficient, the plant can reduce the transpiration
rate to improve WUE. It can be seen from Table 1 that the smut infection reduced the WUE
of sugarcane plants, and the downregulation was most significant on the third day after
smut inoculation.

3.2. Effect of Smut Infection on Chlorophyll Fluorescence Variables

Minimal chlorophyll fluorescence (Fo) is the fluorescence yield of the photosystem II
(PS II) reaction center when it is completely open. The changes are closely interconnected
to the leaf chlorophyll concentration, showing the permanent damage of stress to PSII
in the plant leaves. The maximum fluorescence yield (Fm) reflects the electron transfer
through the PSII, which is the fluorescence yield when the PSII reaction center is completely
closed. The non-photochemical energy dissipation of PSII causes a loss in Fo. If reversible
deactivation or destruction occurs in the reaction center of PSII, it will increase Fo. Thus,
the intrinsic mechanism of this change can be reflected by changes in the initial fluorescence.
After being infected by smut, the Fo of the leaves of sugarcane seedlings showed a trend of
increasing first and then decreasing with the prolongation of infection time; Fm showed a
trend of reducing rather than increasing (Figure 1). The pathogen infection induced the
reversible inactivation or destruction of the PSII reaction center for the first day. The Fo
of the sugarcane leaves showed a downward trend with the infestation time, indicating
that the energy absorbed by the antenna pigment of the PSII of the sugarcane leaves was
dissipated in the form of fluorescence and heat. At the same time, the amount of flow to
photochemistry is reduced. It can be seen that the pathogen infection caused a certain
degree of damage to the photosynthetic apparatus of the sugarcane leaves.
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Figure 1. The variation of minimum ((A), Fo), maximum ((B), Fm), and optimum chlorophyll
fluorescence yield of PS II ((C), Fv/Fm) of sugarcane cv. ROC22 plant leaves in response to smut
inoculation at different time periods. CK—control, T—smut inoculation.
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The maximum photochemical quantum yield (Fv/Fm) reflects the conversion effi-
ciency of the original light energy in the PSII reaction center. It is minimal in plant leaves
under non-infected conditions, nearly 0.8. It can be seen from Figure 1 that the original light
energy conversion efficiency Fv/Fm shows a trend of decreasing first and then increasing
gradually with the treatment time. The difference between Fv/Fm and the control sug-
arcane seedling leaves reached a significant level, indicating that sugarcane was severely
affected 3–4 days after smut inoculation. The actual photochemical efficiency (ΦPSII) is the
effective quantum yield of PSII and a relative indicator of the rate of photosynthetic electron
transport in plants. This indicator can be directly measured under light conditions without
a dark-adapted leaf. It can capture the actual primary light energy of PSII when part of
the reaction center is closed. It can be seen from the change of PSII actual photochemical
efficiency (ΦPSII), with the prolongation of infestation time, that ΦPSII initially decreased
then increased (Figure 2).

Figure 2. Effect of ΦPSII on sugarcane cv. ROC22 plants during smut inoculation. CK—control,
T—smut inoculation.

It can be seen from Figure 3 that the maximum light energy conversion efficiency
(Fv′/Fm′) of sugarcane seedlings showed decreasing trend initially and then increased as
compared to control plants. The overall performance of Fv′/Fm is an upward trend with
the infestation time, and the difference between the treatment and the control reached a
significant level. The changing trend of Fv′/Fm′ of the PSII reaction center in sugarcane
leaves under light adaptation conditions is consistent with the changing trend of Fv/Fm
after dark adaptation. Compared with the control, the steady-state fluorescence (Fs) of
the light showed an increasing pattern and then decreased; the maximum decrease was
observed when pathogen-infected for 4 days. As the pathogen infection time prolonged,
the overall trend gradually reduced.
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Figure 3. The changes in maximum light energy conversion efficiency ((A), Fv′/Fm′) and steady-state
fluorescence ((B), Fs) of sugarcane cv. ROC22 plant leaves in response to smut inoculation at different
time periods. CK—control, T—smut inoculation.

3.3. Changes in Photochemical Quenching Coefficient and Non-Photochemical Quenching Coefficient

Fluorescence quenching includes photochemical (qP) and non-photochemical quench-
ing (qNP). Photochemical quenching can reflect the proportion of light energy absorbed
by the PSII in photochemical electron transport and indirectly reflect the degree of open-
ing and closing of the PSII reaction center and the ratio of the QA oxidation state. qNP
reflects the proportion of light energy absorbed by the PSII in the form of heat, which also
demonstrates the energization of the plant photosynthetic membrane. It can be seen from
Table 2 that the photochemical quenching coefficient (qP) of the pathogen decreased and
then increased as compared to control plants. The difference between the treatment and
control reached a significant level, and the increase in qP was the largest with three days
of pathogen infection. qNP is opposite to qP, i.e., with the prolongation of infection time,
qNP shows a trend of “rise-lower-rise”. Except for the 1-day infestation, the other time
treatments were significantly different from the control. The magnitude of qNP reduction
was most significant on the third day after being infected by pathogens. This indicates
that when sugarcanes were infected by smut, it caused an increase in the proportion of the
closed part of the PSII reaction center in the sugarcane leaves and hindered the electron
flow in the PSII (oxidation lateral reaction center), which further decreased the quantum
yield of electron transport.
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Table 2. The variation of qP and qNP characteristics during smut inoculation.

Fluorescence Parameters Treatment Days of Smut Inoculation Loss or Gain (%)

1 2 3 4

qP CK 0.959 ± 0.003 a 0.949 ± 0.003 a 0.903 ± 0.007 b 0.923 ± 0.008 b −0.04
T 0.948 ± 0.004 b 0.930 ± 0.004 b 0.956 ± 0.003 a 0.948 ± 0.002 a −0.01

qNP CK 0.253 ± 0.017 a 0.230 ± 0.019 b 0.321 ± 0.021 a 0.137 ± 0.020 b −0.46
T 0.245 ± 0.011 a 0.286 ± 0.011 a 0.167 ± 0.009 b 0.278 ± 0.017 a 0.13

Note: CK: inoculation with ddH2O, T: inoculation with smut pathogen. Means labeled by different letters are
significantly different at p < 0.05 using the LSD test.

3.4. Correlation Coefficient between Photosynthesis, Stomatal Conductance, Intercellular CO2
Concentration, Transpiration Rate, and Water-Use Efficiency

The correlation coefficients of Pn, gs, Ci, Tr, and WUE are shown in Table 3. The Pn
of sugarcane seedlings was positively correlated with gs, Tr, and WUE and negatively
correlated with Ci. It can be seen that gs, Tr, and WUE are the main factors affecting Pn.

Table 3. The correlation coefficient relationships between photosynthetic parameters.

Variable Pn gs Ci Tr WUE

Pn 1.000
gs 0.926 * 1.000
Ci −0.461 ** −0.093 1.000
Tr 0.984 ** 0.978 ** −0.295 1.000

WUE 0.838 ** 0.577 ** −0.864 ** 0.727 ** 1.000
Note: * and ** indicate significant difference at p < 0.05 (r = 0.3291), p < 0.01 (r = 0.4238).

3.5. Correlation Coefficient between Leaf Photosynthetic Parameters and Chlorophyll Fluorescence Variables

During smut inoculation, the Ci was significantly positively correlated with Fv′/Fm′
and ΦPSII; the initial fluorescence (Fo) positively correlated with Fv/Fm, Fs, and ETR;
Fv/Fm positively correlated with Fv′/Fm; Fs significantly positively correlated with
Fv′/Fm′; and Fv′/Fm′ positively correlated with ΦPSII. The results showed a close rela-
tionship between the photosynthetic responses and chlorophyll fluorescence variables of
sugarcane seedlings in response to smut infestation of sugarcane plants (Table 4).

Table 4. The correlation coefficient of photosynthetic and chlorophyll fluorescence parameters.

Variable Pn gs Ci Fo Fv/Fm Fs Fv′/Fm′ ΦPSII qP qNP ETR

Pn 1.000
gs 0.995 1.000
Ci 0.301 0.283 1.000
Fo 0.457 0.525 0.554 1.000

Fv/Fm −0.484 −0.537 −0.693 −0.984 1.000
Fs 0.360 0.416 0.714 0.971 −0.990 1.000

Fv′/Fm′ −0.265 −0.267 −0.978 −0.691 0.804 −0.834 1.000
ΦPSII −0.359 −0.345 −0.997 −0.603 0.736 −0.750 0.982 1.000

qP −0.757 −0.698 −0.662 −0.181 0.317 −0.241 0.533 0.677 1.000
qNP 0.062 −0.020 0.706 −0.191 0.012 0.009 −0.554 −0.667 −0.699 1.000
ETR 0.114 0.211 0.091 0.846 −0.744 0.756 −0.290 −0.137 0.352 −0.634 1.000

p < 0.05 (r = 0.3291), p < 0.01 (r = 0.4238).

3.6. Effects of Smut Infection on Enzymatic Activities in Sugarcane Plants

The results of POD activity determination after inoculation with smut are shown in
Figure 4A. The POD activity was increased after inoculation with smut, and the POD
activity showed a bimodal trend; the activity reached peaks I and II, respectively. On the
third and seventh days after smut inoculation, peak II was more significant than peak I.
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Compared with the control plants, the POD activity of peak I and II of ROC22 increased by
45.9 and 51.9%, respectively, and the difference reached a significant level (p < 0.01).

 

A B 

C D 

Figure 4. Effect of smut infection on peroxidase ((A), POD), superoxide dismutase ((B), SOD),
polyphenol oxidase ((C), PPO), and phenylalanine ammonia-lyase ((D), PAL) activities in sugarcane
cv. ROC22 plants at specific time intervals.

Figure 4B shows that the SOD activity in sugarcane plant leaves increased after
inoculation, and SOD activity peaks were generated or tended to reach the activity peak I
and II on the third and seventh days after inoculation, respectively. Compared with the
control, ROC22 activity peaks I and II increased by 7.3 and 4.6%, respectively, but the
difference was insignificant (p < 0.05). It can be seen from Figure 4C, that PPO activity was
enhanced after smut inoculation, and reached peak I and peak II activity on the third and
seventh days. Peak II was more significant than peak I, respectively. Compared with the
control, the activity peak I and II of ROC22 increased by 36.5 and 26.9%, respectively, with
a significant difference (p < 0.05). As shown in Figure 4D, PAL activity was higher than that
of the control during the inoculation period, and increased initially and then decreased,
with the peak activity on the third day after inoculation. PAL activity was significantly
higher (36.5%) than the control after the third day of smut inoculation.

4. Discussion

The influence of sugarcane smut pathogens on sugarcane seedlings is multi-faceted
and multi-layered. Green plants synthesize organic matter and gain energy through pho-
tosynthesis. Pathogen stress can affect the activity of enzymes related to photosynthetic
electron transport and dark reactions in plants, and it can also cause direct damage to
the photosynthetic apparatus system. Therefore, the impact of pathogens on plant pho-
tosynthesis is multifaceted [5,19]. In this study, the photosynthesis rate of sugarcane
seedlings showed a “rising-lowering-liter” change after the artificial stab inoculation of
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smut pathogens. The photosynthetic rate was observed to have significant reductions on
the second and third days after smut infection, and a more significant increase began to
occur on the fourth day. Leaf gas exchange in plants between in vivo and in vitro condi-
tions is mainly done through stomata, so changes in gs affect plant Tr and Pn. Plants can
regulate the concentration of CO2 and the loss of water in plants by changing the opening
and closing of their pores or the size of the pores. Therefore, the gs can directly reflect
changes in the physiological activity of the plant. The study found that the changes in gs
of sugarcane seedlings after smut infection were insignificant. It is considered that there
are two main reasons for the decline of Pn; stomatal and non-stomatal factors are mainly
affected by the regulation mechanism [2,5,20].

It is speculated that the changes in the Pn of sugarcane seedlings are caused by non-
stomatal factors during smut infection. In addition, the study also found that the Ci level
in sugarcane plants increased after smut infection. This result may be due to the increase in
photorespiration of sugarcane seedlings caused by the infection of the pathogen, decreasing
the photosynthetic capacity of leaves, which made the supply capacity of CO2 exceed the
ability of the photosynthetic mechanism to assimilate. In addition, the obstruction of the
photosynthetic product transport leads to the accumulation of photosynthetic products in
leaves, an important reason for the decrease in Pn. It is speculated that the proliferation
of pathogen in the early stage of smut infection inhibits the output of leaf photosynthetic
products, which is another possible reason for the decrease in the Pn of sugarcane plants.
When the pathogens multiply in the sugarcane plants, they stimulate the excessive Pn
of the sugarcane seedlings, eventually leading to excessive nutrient consumption and
pre-existing length. Yu et al. [21] found that the trend of Pn and Tr infected with acne
scars was consistent with this study. The chlorophyll degradation in leaves is caused by
pathogen infection [21].

The change of chlorophyll fluorescence is closely related to the photosynthetic per-
formance. The chlorophyll fluorescence kinetic changes can reflect the effects of stress on
the different processes of plant Pn. Therefore, chlorophyll fluorescence parameters can be
used to evaluate the function of the plant photosynthetic system and analyze the effects
of environmental stress on plants and the extent of damage and the degree of damage
in the photosynthetic structure during the adversity. Schnettger et al. [22] suggested that
the destruction of the PSII reaction center led to an increase in Fo and a decrease in Fv,
Fm, and ΦPSII, which was consistent with the results of the study on sugarcane seedlings
1 and 2 days after smut infection. It can be seen that the infection of smut pathogens
caused severe damage to the active center of the PSII in the leaves of sugarcane seedlings,
inhibiting the original reaction process and also affecting the photosynthetic electrons
from the reaction center of the PSII to the plastids and electron acceptors A and B. In the
transmission process, the invasion of pathogens causes photoinhibition in plants. The smut
infection causes the decrease in ΦPSII in the sugarcane leaves, indicating that the disease
stress reduces the number of electrons involved in CO2 fixation and the open ratio of the
reaction center in PSII, which leads to the weakening of photosynthetic electron transport
ability, the obstruction of the dark reaction of sugarcane leaves, and the slow conversion of
light energy captured by photosynthetic pigment into chemical energy [5,23].

The ΦPSII and Pn decreases, which will be detrimental to the formation of the final
yield of sugarcane. The chlorophyll fluorescence parameters of sugarcane leaves also
changed with the duration of pathogen infection. It was found that the smut affected
the chlorophyll fluorescence of sugarcane plants. The present findings also found that on
the third and fourth day, Fo decreased, and Fv, Fm, and ΦPSII increased after pathogen
infection. It can be seen that sugarcane seedlings responded positively by self-regulation in
the early stage of smut pathogen infection and reduced their loss.

After smut inoculation, the Fv/Fm value increased initially and then decreased. It is
inconsistent with the loss of Fv/Fm value caused by tobacco mosaic virus infection [23].
This may be due to the period of measurement of the initial stage of smut infection, and that
sugarcane seedlings have more resistance and regulation to the invasion of the pathogen.
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The loss of Fv′/Fm′ of sugarcane seedlings on the first and second day after pathogen
infection was more significant than that of Fv/Fm, indicating that the rate and efficiency of
the original light energy converted into chemical energy were caused by pathogen infection.
The energy of light was not as sufficient as that of control, which may be another reason
for the decreased photosynthetic rate caused by the smut infection. qP reflects the share of
light energy absorbed by the PSII for photochemical electron transport, which also reflects
the reduction state of the PSII primary electron acceptor QA. The larger the qP, the more
electron transfer activity of the PSII [24]. The qP value of sugarcane seedlings decreased
during the first 2 days after smut infestation and reduced power consumption caused by the
acyclic electron transfer process was lower, which also indicated that the reduction degree
of QA was higher, the proportion of the open part of the PSII reaction center decreased, and
the balance of the closed position of the reaction center increased. Stable charge separation
cannot be completed when the PSII reaction center is closed. Therefore, it is impossible
to realize the ordered linear transfer process of photosynthetic electrons [25]. The qP
value increased rapidly on the third and fourth days after infestation, reflecting that the
sugarcane seedlings responded positively to the invasion of smut pathogens and reduced
their damage.

The activity of POD and SOD in sugarcane was increased after smut infection. Under
normal conditions, the reactive oxygen removal system in the plant, such as SOD, POD,
etc., keeps the reactive oxygen metabolism in low dynamic equilibrium. Still, the pathogen
infects the host and causes the sudden onset of reactive oxygen species (ROS) in the infected
parts of the plants. The accumulation of ROS in sugarcane caused by smut led to increased
SOD and POD activity which indicated that the sugarcane could reduce the injury to
sugarcane by improving SOD and POD activity. PPO is mainly involved in the oxidation of
phenols to form strontium and the polymerization of lignin precursors. PAL is an important
and rate-limiting enzyme in the phenylpropanoid metabolic pathway. The roles of these
two enzymes, mainly PPO and PAL, promote the production of phenolic compounds with
antibiotic properties, killing the host’s cells while killing the infected pathogens. PPO and
PAL are involved in the synthesis of lignin, while lignin itself is toxic to germs and has an
antimicrobial effect. PPO and PAL activities were enhanced after smut infection, indicating
involvement in the process of sugarcane response to smut [5,19].

In addition, photoinhibition occurred in the early stage of infection, and photosyn-
thetic capacity increased on the third day, which might be related to increased enzyme
activity. Under natural conditions, when plants are subjected to various environmental
stresses, the photosynthesis ability of plants is reduced, resulting in inevitably generating
excess excitation energy [26]. Plants have developed a series of protective mechanisms
during long-term evolution, such as heat dissipation, light respiration, etc., which depend
on the xanthophyll cycle. Among them, the Mehler reaction is also considered to play a
role in excess light energy dissipation [27,28]. It is speculated that its role may be reflected
in two aspects: direct consumption of excess excitation electrons and the establishment
of a transmembrane proton gradient to initiate heat dissipation [29]. It showed apparent
photoinhibition on the first and second day and recovered on the third day; additionally,
the activity of SOD and POD increased, which may be the result of the start of the Mehler
reaction. The Mahler reaction is the process by which O2 is reduced to O2

− as an excited
single electron acceptor [30]. The O2

− produced by this reaction converts harmful super-
oxide radicals into H2O2 by SOD. Although hydrogen peroxide is still toxic to the body,
the body’s CAT and POD immediately break it down into completely harmless water. The
three enzymes form a complete antioxidant chain [19,31].

Quinone can intervene in the reaction of photosynthesis. PPO only exists in those
chloroplasts that produce high-level oxygen and is related to chloroplasts with a high
ratio of chlorophyll. While the strong-offset PPO preparation of KCN can significantly
improve the release of oxygen in photosynthesis, the broad bean PPO and the PSII protein
are co-separated. The first 15 amino acids of the N-terminus of spinach PPO were identical
to those of the PSII light-harvesting complex (LHCII) [32]. Therefore, PPO may act as a
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metal oxidoreductase, regulating the redox level in the cytoplasm, binding to oxygen, and
delivering molecular oxygen to regulate the harmful photooxidation reaction rate in the
chloroplast, participate in the electron transfer, and function as an energy conversion [33,34].

5. Conclusions

This study can help to understand the effects of sugarcane smut pathogens on the pho-
tosynthesis, chlorophyll fluorescence, and related defense enzymes of sugarcane seedlings.
The Pn, gs, and Tr rates of sugarcane seedlings decreased on the first three days after smut
infection and increased on the fourth day. Intercellular CO2 concentration increased in
the first three days after smut infection and decreased on the fourth day. The chlorophyll
fluorescence parameters Fv, Fm, ΦPSII, Fv/Fm, and Fv′/Fm′ decreased at the initial stage
of pathogen infection but increased rapidly on the third day after infection. It can be seen
that sugarcane seedlings showed a positive response to pathogen infection. Correlation
analysis showed that the correlation coefficient between Pn, gs, and Tr reached above 0.800,
indicating a significant positive correlation; Ci was significantly positively correlated with
Fv′/Fm′ and ΦPSII; Fo positively correlated with Fv/Fm, Fs, and ETR; Fv /Fm significantly
positively correlated with Fv′/Fm′; Fs positively correlated with Fv′/Fm′, and Fv′/Fm′
significantly positively correlated with ΦPSII. After inoculation, the related defense en-
zymes POD, SOD, PPO, and PAL were increased and were associated with the sugarcane
response to the smut. The upregulation in photosynthetic capacity may be interconnected
to the increase in enzymatic activities.
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Abstract: We report the impact of drought stress on pearl millet during the early seedling stage
and its survival mechanism. Drought stress imposed for a period of 7, 14 and 21 days showed
considerable changes in morphophysiological attributes, which were evident by a decline in seedling
elongation, fresh and dry biomass, and relative water content (RWC) and degradation of chlorophyll
pigment. Besides this, visible chlorosis lesions were observed in leaves as compared to the control. As
compared to the respective controls, a nearly 60% decline in chlorophyll content was recorded after
14 and 21 days of drought stress. In both root and shoot, drought stress raised the reactive oxygen
species (ROS) levels. Both H2O2 and O2

•− levels were significantly elevated along with a significant
increase in lipid peroxidation in both roots and shoots, which clearly indicated ROS-induced oxidative
stress. Concomitant with the increase in ROS levels and malondialdehyde (MDA) content in roots,
membrane integrity was also lost, which clearly indicated ROS-induced peroxidation of membrane
lipids. The activities of antioxidant enzymes and levels of non-enzymatic antioxidants were significant
(p ≤ 0.001). After 7, 14 and 21 days of drought stress, activities of all the antioxidant enzymes viz.,
catalase (CAT), guaiacol peroxidase (GPX), superoxide dismutase (SOD) and glutathione reductase
(GR) were inhibited, clearly indicating a loss of antioxidant defense machinery. Likewise, the levels of
ascorbate (AsA) and reduced glutathione (GSH) levels declined significantly (p ≤ 0.01). Our results
reveal that, being tolerant to arid climatic conditions, pearl millet is highly susceptible to drought
stress at the early seedling stage.

Keywords: antioxidants; drought; oxidative stress; pearl millet; redox implications; ROS

1. Introduction

The utmost impact of climate change has resulted in the alteration of global precip-
itation patterns, either causing the emergence of recurrent droughts or excessive floods
in many regions of the world. Today, among the other constraints present in the agro-
environmental system (like heavy metals, salinity, etc.) drought is one of the most devastat-
ing abiotic stresses that strongly affect agriculture and threaten global food security [1–7].
The emergence of recurrent droughts has resulted in the desertification of agricultural
lands and often rendering it unusable for a prolonged period. Further, the incidences of
drought may likely increase progressively in the coming years in major food-producing
regions of the world as a consequence of climate change, which will have a direct and
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stringent impact on agriculture and crop productivity [7,8]. The severity of drought on
crop productivity depends mainly upon its duration and intensity [5,7,9]. Besides climate
change patterns mainly influencing drought worldwide, other factors such as uncontrolled
deforestation and related anthropogenic activities also contribute significantly to converting
many productive areas into arid and drought-prone zones [7,10]. With the increase in the
global population in the last few decades, food security is emerging as a major global
crisis and droughts are contributing significantly to it as compared to any other abiotic
factors [11,12]. The primary effect of drought stress in plants is the inhibition of seed
germination due to the lack of moisture in the soil [13–16]. During drought, the osmotic
balance is disturbed, reduction in turgor pressure causes impaired plant growth [14,17–21],
reduction in root and shoot biomass, reduced leaf area and affects the overall growth and
development [21–24]. Studies have demonstrated that drought stress results in altered
mitosis, causing the cessation of cell expansion and elongation, which eventually affects
crop yield [14,24].

Abiotic stresses are largely accompanied by an imbalance in cellular redox homeosta-
sis. This arises mainly due to the overproduction of reactive oxygen species (ROS). The ROS
are produced mainly due to the failure of antioxidant defense metabolism to counteract ROS
overproduction under the environmentally stressed condition in a wide range of crops [25–29].
Drought stress imposes oxidative stress load on the cellular system by inducing such over-
production of ROS [30,31]. ROS entities such as hydrogen peroxide (H2O2), superoxide
radical (O2

•−), singlet oxygen (1O2) and hydroxyl radical (OH•) are highly reactive chemi-
cal entities, capable of reacting with cellular components and interfering with normal phys-
iological and metabolic functions, and imbalance the cellular redox homeostasis [32–34].
Exposure to drought stress causes ROS-induced damage in plants; besides, ROS also act as
signalling molecules to regulate diverse cellular responses [28,30,31]. Drought responses in
plants involve complex traits, which can be achieved either by means of drought avoidance
or tolerance [35].

Cereal crops such as pearl millet are widely grown in the arid agro-ecosystem of Africa
and Asia. The crop is well known for its resistance against drought and high temperature
in comparison to other cereals such as rice, barley, sorghum and wheat [36,37].

The investigation aims to study the impact of drought at the early seedling stage
of pearl millet. Besides being well suited to arid conditions, the morphophysiological
responses and drought-induced oxidative stress responses at early growth stages are not
consistently known in this cereal crop, the basis of redox metabolism in pearl millet is quite
fragmented. Thus, to ascertain this, the morpho-physiology, oxidative stress responses and
antioxidant metabolism were evaluated after 7, 14 and 21 days of drought stress imposition
in 2 days old pearl millet seedlings.

2. Materials and Methods

2.1. Plant Material and Drought Stress Imposition

The seeds of Pearl millet (Cenchrus americanus (L.) Morrone] were procured from the
local market of Rajasthan, India, and brought to the laboratory in sterile plastic bags. The
seeds were surface-sterilized with 0.1% (w/v) mercuric chloride (HgCl2) solution, followed
by repeated rinsing in sterile deionized water. Sterile seeds were transferred to sterile
plastic trays and germinated over moistened paper towels for 24–48 h at 30 ± 2 ◦C. The
germinated seeds were transferred to plastic pots containing a soil mixture composed of
sand (50%), sieved clay soil (40%) and vermiculite (10%) and grown for 3 days over growth
racks with a 16 h photoperiod at 32 ± 2 ◦C. After 2 days of growth, drought was imposed
by withdrawing water supply for a period of 21 days, while controls sets were moderately
watered at every 2 days interval. After 7, 14 and 21 days of drought imposition, the root
and shoot were harvested for analysis.
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2.2. Growth Responses, Chlorophyll Content and Relative Water Content (RWC)

To study the morphophysiological responses, plant growth responses were recorded
in terms of root and shoot elongation, fresh biomass and dry biomass. The RWC was calcu-
lated as RWC (%) = [(FW − DW)/(TW − DW)] × 100. The chlorophyll content was mea-
sured as per the method suggested by Arnon [38]. The total chlorophyll (Chlt) content was
calculated as Chla (mgL−1) = 12.7 A663 − 2.69 A645; Chlb (mgL−1) = 22.9 A663 − 4.68 A645.
Total chlorophyll was determined as Chlt = Chla + Chlb.

2.3. ROS Production, Lipid Peroxidation and Loss of Plasma Membrane Integrity

The ROS production was measured by determining the levels of hydrogen peroxide
(H2O2) as per the method of Sagisaka [39] and O2

•− production as per the method sug-
gested by Elstner and Heupel [40]. The lipid peroxidation was measured by measuring the
malondialdehyde (MDA) content in pearl millet root and shoot as per the method of Heath
and Packer [41]. The loss of plasma membrane integrity was measured spectrophotometri-
cally by assay of Evans Blue (EB) uptake, as suggested by Yamamoto et al. [42].

2.4. Activities of Antioxidant Enzymes

The activities of the antioxidant enzymes in pearl millet root and shoot were deter-
mined by measuring the activities of enzymes such as catalase (CAT) [EC 1.11.1.6], guaiacol
peroxidase (GPx) [EC 1.11.1.7], superoxide dismutase (SOD) [EC 1.15.1.1] and glutathione
reductase (GR) [EC 1.8.1.7]. The CAT and GPX activities were determined as per the
method of Chance and Maehly [43]. The SOD activity was determined as suggested by
Beauchamp and Fridovich [44], while the GR activity was measured as per the method of
Smith et al. [45].

2.5. Determination of Non-Enzymatic Antioxidants

To determine the non-enzymatic antioxidants, the levels of ascorbate (AsA) and total
glutathione [GSH] were determined in pearl millet root and shoot [46,47]. For extraction
of the metabolites, 0.2 g of fresh tissue samples were grounded to fine powder using
liquid nitrogen and homogenised with 5% (w/v) slufosalicylic acid. The homogenate was
centrifuged at 12,000 g for 10 min at 4 ◦C and supernatant was obtained. The reaction
mixture for AsA was comprised of 2 mL each of 2% (w/v) Na–molybdate (Na2MoO4)
and 0.15 N sulphuric acid (H2SO4), followed by the addition of 1 mL each of 1.5 mM
disodium hydrogen phosphate (Na2HPO4) and supernatant extract. The mixture was
vortexed and incubated at 60 ◦C for 40 min in a water bath, cooled and centrifuged
at 3000 g for 10 min. The absorbance was recorded at 660 nm. The reaction mixture
for determination of GSH content was comprised of 0.5 M K–phosphate buffer (pH 7.2)
containing ethylenediamine tetraacetic acid (EDTA), 0.6 mM 5,5‘-dithiobis-2-nitrobenzoic
acid (DTNB), 2 mM nicotinamide adenine dinucleotide phosphate (NADPH) and 1U yeast
GR (Type II). The absorbance of the reaction mixture was recorded at 412 nm.

The spectrophotometric measurements were made with a UV–Visible Spectropho-
tometer (Lambda 35 UV-Vis Spectrophotometer, Perkin Elmer, Waltham, MA, USA).

2.6. Statistical Analysis

The data presented are the mean of three replicates ± SE. All the datasets were
statistically analyzed using the Tukey–Kramer multiple comparison test to evaluate the
significant difference among the treatments at p ≤ 0.05/0.01, either using Microsoft Excel
2007 (Microsoft Inc. Redmond, Washington, USA) or INSTAT (Ver 3.0, Chicago, IL, USA).

3. Results

3.1. Morphophysiological Attributes

The impact of drought stress on pearl millet was clearly observed in its morphological
attributes such as growth, biomass and relative water content (RWC), along with changes
in the total chlorophyll content. These attributes, when compared to the respective controls,
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showed a relatively significant impact of drought. Though drought stress did not alter the
root or shoot growth (elongation) of pearl millet after 7 days of drought stress, a significant
reduction in growth was observed after 14 and 21 days of stress imposition as compared to
the controls (Figures 1 and 2A,B).

 

Figure 1. Impact of drought on pearl millet growth after 14 and 21 days of stress. Falling of leaves
as a consequence of drought stress with respect to the controls was observed. Note: 14d and 21d
indicate 14 and 21 days.

Figure 2. Effect of drought on the root (A) and shoot (B) elongation in pearl millet seedlings. The
data presented are the mean of three replicates (n = 3), ±Standard Error (SE). Note: 7d, 14d and 21d
indicate 7, 14 and 21 days.
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Along with a decline in root and shoot elongation, several noticeable drought-induced
symptoms such as curling of leaves and strong necrotic lesions were also observed
(Figure 3A–D). The total chlorophyll content also showed a significant decline after 14 and
21 days of drought stress as compared to the controls, which indicated a possible decline in
photosynthetic efficiency as a consequence of drought stress (Figure 3E).

 
Figure 3. Drought induces changes in pearl millet seedlings after 14 (A,B) and 21 d (C,D) treatments,
showing leaf curling and chlorotic lesions. (E) Shown is a decline in total chlorophyll content in pearl
millet after 7, 14 and 21 days of drought stress. The data presented are the mean of three replicates
(n = 3), ±Standard Error (SE). Asterisks (*) represent the significant difference at p ≤ 0.01 with respect
to the controls. Note: 7d, 14d and 21d indicate 7, 14 and 21 days.

After 7 days of drought, pearl millet seedlings apparently have similar chlorophyll
content as that of the controls seedlings. However, with the drought conditions continued,
a gradual and significant (p ≤ 0.01) decline in the chlorophyll content was observed.
After 14 and 21 days of drought, leaves of pearl millet showed almost 2- and 3-fold less
chlorophyll content as compared to the respective controls. The fresh and dry biomass
of pearl millet seedlings declined significantly (p ≤ 0.01) after 14 and 21 days of drought
stress as compared to the controls (Figure 4A–D). The impact of drought on root and shoot
biomass was considerably noticeable after 14 days of drought stress, with a strong decline
in biomass after 21 days. Under drought, the RWC was strongly affected in both root and
shoot of pearl millet after 14 and 21 days of stress imposition, with practically no changes
after 7 days of drought as compared to the controls (Figure 4E,F).
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Figure 4. Drought-induced changes in fresh biomass (A,B), dry biomass (C,D) and relative water
content (E,F) in pearl millet seedlings after 7, 14 and 21 days of treatment. The data presented are the
mean of three replicates (n = 3), ±Standard Error (SE). Asterisks (*) represent the significant difference
at p ≤ 0.01 with respect to the controls. Note: 7d, 14d and 21d indicate 7, 14 and 21 days.

3.2. Drought-Induced Biomarkers

Drought (stress)-induced elevated production of ROS such as changes in H2O2 and
O2

•− (Figure 5A–C), and associated oxidative stress markers such as lipid peroxidation
(Figure 6A,B) and loss of plasma membrane integrity in roots (Figure 6C), can be observed
in pearl millet seedlings after 7, 14 and 21 days of drought stress imposition. The H2O2
content increased significantly (p ≤ 0.01) in both root and shoot after 14 and 21 days of
stress as compared to the controls (Figure 5A,B). After 21 days of stress, H2O2 content was
also significantly high (p ≤ 0.01) in both root and shoot as compared to 7 and 14 days of
drought stress. Likewise, there was a significant increase (p ≤ 0.01) in O2

•− levels in shoot
and root, respectively, of pearl millet seedlings as compared to the controls after 14 and
21 days of drought stress (Figure 5C,D). When the O2

•− levels during stress periods of
7 and 14 days were compared with those after 21 days, significantly (p ≤ 0.01) higher levels
of the O2

•− content were observed in both shoot and root. The O2
•− content after 14 days

was also significantly high (p ≤ 0.01) as compared to those after 7 days.
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Figure 5. Production of reactive oxygen species (ROS) viz., hydrogen peroxide (H2O2) (A,B) and
superoxide radical (O2

•−) (C,D) in pearl millet after 7, 14 and 21 days of drought stress. The data
presented are the mean of three replicates ±Standard Error (SE). Asterisks (*) represent the significant
difference at p ≤ 0.01 as compared to the respective controls. Note: 7d, 14d and 21d indicate 7, 14 and
21 days.

Figure 6. The onset of lipid peroxidation in pearl millet shoot (A) and root (B) and loss of root plasma
membrane integrity (C) after drought stress. The data presented are the mean of three replicates
±Standard Error (SE). Asterisks (*) represent the significance level at p ≤ 0.01 as compared to the
controls. Note: 7d, 14d and 21d indicate 7, 14 and 21 days.
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As a marker of oxidative stress, the malondialdehyde (MDA) content in pearl millet
shoot and root (Figure 6A,B) was determined. A progressive and significant (p ≤ 0.01)
increase in MDA content was observed in both shoot and root after 14 and 21 days of
drought stress as compared to the controls. The results were concomitant with the rise in
ROS levels, which induced a significantly high level of lipid peroxidation during drought
stress. Further, we also assessed the plasma membrane integrity of pearl millet roots
(Figure 6C) during drought stress by observing the fold increase in the uptake of Evan’s
blue dye. Drought stress for the periods of 7, 14 and 21 days showed a significant (p ≤ 0.01)
increase in the uptake of the dye as compared to the controls, which indicated that drought
has resulted in a loss of plasma membrane due to ROS-induced peroxidation of plasma
membrane lipids.

3.3. Antioxidant Metabolism

Apart from the morpho-physiological perspective, there has been a significant influ-
ence of drought stress on antioxidant metabolism (Figures 7 and 8).

 

Figure 7. Changes in activities of catalase [CAT] (A,B), Guaiacol peroxidase [GPx] (C,D), glutathione
reductase [GR] (E,F) and superoxide dismutase [SOD] (G,H) in root and shoot of pearl millet seedlings
after 7, 14 and 21 days of drought stress. The data presented are the mean of three replicates
±Standard Error (SE). Asterisks (*) represent the significant difference at p ≤ 0.01 as to the respective
controls. Note: 7d, 14d and 21d indicate 7, 14 and 21 days.
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Figure 8. Changes in ascorbate [AsA] (A,B) and total glutathione [GSH] (C,D) levels in root and
shoot of pearl millet seedlings after 7, 14 and 21 days of drought stress. The data presented are the
mean of three replicates ±Standard Error (SE). Asterisks (*) represent the significant difference at
p ≤ 0.01 as to the respective controls. Note: 7d, 14d and 21d indicate 7, 14 and 21 days.

Drought stress for a period of 7, 14 and 21 days significantly (p ≤ 0.01) affected the
activities of enzymatic antioxidants such as CAT, GPx, GR and SOD in both root and shoot
(Figure 7A–H). In comparison to their respective controls, the activities of these enzymes
were gradually inhibited with the increase in the duration of drought. As compared to the
7 days old drought-stressed seedlings, the CAT activity was inhibited by almost 38% and
52%, respectively, after 14 and 21 days of stress in roots, while in shoot the CAT activity was
inhibited by almost 23% and 52% after 14 and 21 days of stress, respectively, as compared
to those after 7 days of drought stress. The GPx activity in roots was strongly inhibited by
almost 54% and 70% after 14 and 21 days as compared to 7 days of drought stress. A similar
trend was also observed in shoots, where GPx activity was inhibited by nearly 33% and
55% after 14 and 21 days, respectively, as compared to 7 days of drought stress. Similarly,
the activity of GR in roots was inhibited by 29% and 72% of roots after 14 and 21 days of
drought stress, respectively, while GR activity in the shoot was inhibited by 45 and 62%
after 14 and 21 days of drought stress, respectively, as compared to the GR activity in root
and shoot after 7 days of drought. The SOD activity in pearl millet root was inhibited by
almost 39 and 51%, respectively, as compared to those after 7 days of drought stress. In
shoots, SOD activity was inhibited by nearly 37 and 64%, respectively, after 14 and 21 days
as compared to 7 days of drought stress. The decline in the activity of these enzymes clearly
indicated the strong deleterious impact of high levels of ROS in the root and shoot of pearl
millet seedlings under drought stress.

The levels of non-enzymatic antioxidants such as AsA and GSH declined significantly
(p ≤ 0.01) in pearl millet root and shoot as compared to the controls (Figure 8A–D). After
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21 days, the AsA and GSH levels declined by almost 86% and 65% in respective roots, while
nearly 84 and 70% declines in AsA and GSH levels were observed in shoot, respectively, as
compared to the controls. Amongst the drought-stressed seedlings, the AsA levels declined
by almost 34 and 63% in respective roots after 14 and 21 days as compared to 7 days of
drought stress. In the shoot, the AsA levels declined by 56% and 72%, respectively, after
14 and 21 days as compared to 7 days of drought stress. The trend of decline in GSH
levels was similar to AsA under drought for 14 and 21 days as compared to 7 days of
drought-stressed pearl millet seedlings. In roots, the GSH levels were reduced by nearly
32 and 54% after 14 and 21 days, respectively, as compared to 7 days of drought. In the case
of shoot, the GSH levels after 14 and 21 days of drought stress were reduced by 28% and
54%, respectively, as compared to 7 days of drought-stressed pearl millet seedlings.

4. Discussion

As an impact of climate change, the majority of agroclimatic conditions are altered
and affected by diverse abiotic stresses. Drought is considered to be the major contributing
factor to the decline in crop productivity and yield, thus threatening global food security.
The scarcity of water from an agricultural perspective is a global concern and intensified
with every passing day. Among grain crops, pearl millet is ranked at the sixth position and
is widely cultivated in India, covering an agricultural area of close to 7.0 million ha, with an
average annual production of almost 9 million tons [48]. With the ever-increasing impact
of drought, especially on cereal crops, in-depth insight into physiological and biochemical
responses of pearl millet under drought stress is attempted in the present investigation.

Subjected to drought stress after 7 days of growth under normal conditions till 21 days,
pearl millet seedlings showed significant alterations in their morpho-physiology, redox
metabolism, oxidative stress and antioxidant metabolism in root and shoot. Compared to
the controls, drought-exposed seedlings have significantly less root and shoot elongation,
reduction in fresh or dry biomass and highly altered RWC. These parameters were greatly
impacted after 14 and 21 days of drought. Under drought conditions, the disposition of
these traits exhibited considerable susceptibility of pearl millet to drought stress, and, as
such, these can be considered useful datasets for comprehensively improving drought stress
adaptation [49]. Further, our findings also showed the pattern of root growth (vertical and
lateral), which indicated an effort to penetrate deeper into the soil for the search for available
moisture [50]. In the absence of an external water supply under laboratory conditions, the
soil drying rate was ominously high, thus affecting the root and progressively shoot RWC.
Drought stress also affected the photosynthesis of pearl millet seedlings, as indicated by a
significant decline in total chlorophyll content. Photosynthesis is considered an essential
metabolic process, which is known to be affected by a variety of stresses, including drought.
With a significant reduction in chlorophyll content with practically no phyto-availability of
water, the overall photosynthetic process is substantially hampered, leading to low biomass
and growth [51–53].

The impact of drought on pearl millet can also be observed by significant changes
in redox metabolism and the onset of oxidative stress. Significantly high accumulation
of ROS such as H2O2 and O2

•− were observed in both root and shoot of pearl millet
seedlings under drought stress. High ROS production is accompanied by an increase in
MDA content, which clearly indicated oxidative stress. Further, in roots, the increase in the
uptake of Evans blue dye indicated the loss of plasma membrane integrity, which is the
consequence of membrane lipid peroxidation. ROS are inevitable entities of aerobic life.
As a consequence of drought, the rate of photosynthesis decreases and ROS production
can increase by several folds, leading to an oxidative burst [30,54,55]. Thus, drought stress
disrupts the cellular redox homeostasis by increasing the levels of ROS and enhancing the
process of lipid peroxidation, loss of plasma membrane integrity, altered stomatal function,
growth retardation, early senescence and ultimately results in poor crop yield [56].

The response of both enzymatic and non–enzymatic antioxidants in pearl millet
seedlings under drought stress clearly reflected the loss of cellular redox balance. The
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activities of all the antioxidant enzymes studied, such as CAT, GPX, GR and SOD, were
found to be significantly affected by drought. Likewise, the levels of non-enzymatic
antioxidants such as AsA and GSH were significantly lowered in both the root and shoot of
pearl millet seedlings. Although antioxidants function to scavenge the ROS and maintain
the cellular redox homeostasis, severe drought stress imposed for a period of 21 days at
the seedling stage disrupted the antioxidant metabolism in pearl millet. In the absence of
CAT and GPx activities in pearl millet due to drought stress, the levels of H2O2 increased
progressively. Concomitant with the rise of H2O2 levels, the O2

•− levels also increased
significantly due to the degradation of SOD activity. All these enzymes together serve
as frontline antioxidants to scavenge H2O2 and O2

•− in order to maintain proper redox
balance [27,57]. With an enormous load of ROS, the levels of non-enzymatic antioxidants
such as AsA and GSH declined significantly in pearl millet seedlings under drought stress.
The sharp decline in the levels of AsA and GSH clearly indicated a comprehensive loss of
an antioxidant defense mechanism as the duration of the drought was increased in pearl
millet seedlings.

The findings of the present study reflect physiological variations and oxidative stress
responses in pearl millet subjected to drought stress at an early seedlings stage. With a
minimum requirement of water, pearl millet is largely cultivated in arid agro-ecosystems.
Although pearl millet can withstand prolonged water-deficit conditions, at an early seedling
stage, drought can turn highly injurious and threatens its survival. An increase in ROS
levels and failure of antioxidative metabolism leads to the onset of oxidative stress, causing
considerable alterations in cellular homeostasis and disrupting normal cellular functions.

5. Conclusions

Although pearl millet is considered naturally tolerant to semi-arid and arid climatic
conditions, complete withdrawal of irrigation leads to a serious deleterious impact on
its morphological attributes, redox metabolism and antioxidant defense system, thus
disrupting the cellular and functional homeostasis. In this study, drought was simulated
for a period of 21 days at an early seedling stage of pearl millet, which resulted in high
production of ROS and caused complete deterioration of antioxidant defense metabolism.
Our study revealed that, at the early seedling stage, pearl millet is highly susceptible to
drought stress.
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