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Shuhei Ota et al.

Supra-Optimal Temperature: An Efficient Approach for Overaccumulation of Starch in the
Green Alga Parachlorella kessleri
Reprinted from: Cells 2021, 10, 1806, doi:10.3390/cells10071806 . . . . . . . . . . . . . . . . . . . . 57

Lorena Pizarro, Daniela Munoz, Iftah Marash, Rupali Gupta, Gautam Anand and Meirav

Leibman-Markus et al.

Cytokinin Modulates Cellular Trafficking and the Cytoskeleton, Enhancing Defense Responses
Reprinted from: Cells 2021, 10, 1634, doi:10.3390/cells10071634 . . . . . . . . . . . . . . . . . . . . 76

Francesco Tini, Giovanni Beccari, Gianpiero Marconi, Andrea Porceddu, Micheal Sulyok

and Donald M. Gardiner et al.

Identification of Putative Virulence Genes by DNA Methylation Studies in the Cereal Pathogen
Fusarium graminearum
Reprinted from: Cells 2021, 10, 1192, doi:10.3390/cells10051192 . . . . . . . . . . . . . . . . . . . . 89

Ivan N. Ivanov, Vilém Zachleder, Milada Vı́tová, Maria J. Barbosa and Kateřina Bišová
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Preface

Welcome to this reprint commemorating the ”10th Anniversary of Cells—Advances in Plant,

Algae, and Fungi Cell Biology.” This compilation is a testament to a decade of groundbreaking

research and scientific excellence in the realms of plant, algae, and fungi cell biology. Within

these pages, we invite you to embark on a journey through the remarkable discoveries that have

shaped our understanding of these diverse and vital biological domains. This reprint represents

the transformation of a remarkable Special Issue into a cohesive volume, offering an expanded

exploration of the subject matter. It serves as both a reflection of the progress made over the

past ten years and a glimpse into the promising future of cellular biology. The articles within this

reprint encompass a rich tapestry of topics, from genomics to cellular defense mechanisms, and from

the intricacies of mycorrhizal fungi to the physiology of algae thriving in extreme environments. Each

article is a testament to the tireless dedication of researchers who have contributed their expertise

to advance our knowledge in these areas. As we celebrate this milestone, we extend our heartfelt

gratitude to the authors whose commitment to scientific inquiry has made this reprint possible. Their

rigorous work and dedication to the field are evident in the depth and quality of their contributions.

We also acknowledge the indispensable role played by our reviewers, whose expertise and insights

have shaped the content within these pages. This reprint is intended to be a valuable resource for

scientists, researchers, educators, and anyone passionate about the fascinating world of plant, algae,

and fungi cell biology. We hope that the insights shared within will inspire future generations of

scientists and contribute to further advancements in this dynamic field. In closing, we invite you to

immerse yourself in the pages of this reprint and explore the wealth of knowledge it contains. It is

a celebration of the remarkable progress made over the past decade and a testament to the limitless

potential of scientific exploration. Thank you for joining us in commemorating the ”10th Anniversary

of Cells—Advances in Plant, Algae, and Fungi Cell Biology.”

Suleyman Allakhverdiev

Editor
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Editorial

10th Anniversary of Cells—Advances in Plant, Algae and Fungi
Cell Biology

Suleyman I. Allakhverdiev

K.A. Timiryazev Institute of Plant Physiology, Russian Academy of Sciences, Botanicheskaya Street 35,
Moscow 127276, Russia; suleyman.allakhverdiev@gmail.com

In 2021, the 10th anniversary of the publication of Cells occurred. To date, the jour-
nal has published more than 4500 papers, and the journal website attracts more than
60,000 monthly page views. To mark this important milestone, we organized a Special Issue
entitled “10th Anniversary of Cells—Advances in Plant, Algae and Fungi Cell Biology”.
For this Special Issue, we collected high-quality research articles in relevant research fields.

Cyanobacteria from the genus Arthrospira/Limnospira are considered haloalkalo-tolerant
organisms with optimal growth temperatures of approximately 35 ◦C. They are most abun-
dant in soda lakes in tropical and subtropical regions [1]. Indeed, the paper by Misztak et al.
is devoted to the comprehensive genome-based characterization and physiological inves-
tigation of the new strain O9.13F, which was isolated from the winter freezing Solenoye
Lake in Western Siberia [1]. Comparative genomics showed that no unique genes were
found for the Siberian strain related to its tolerance to low temperatures and high salinity,
while the fatty acid composition was specific and unique to this strain. The authors showed
that the optimal cultivation temperature for strain O9.13F (20 ◦C) is lower than that for
Arthrospira/Limnospira strains (35 ◦C) [1].

Coccoids are plant sap-sucking hemipterans that are considered serious pests in agri-
culture, horticulture, and forestry [2]. Szklarzewicz and coauthors [2] investigated the
symbiotic systems of eight Polish species of scale insects of the Coccidae family: Parthenole-
canium corni, Parthenolecanium fletcheri, Parthenolecanium pomeranicum, Psilococcus ruber,
Sphaerolecanium prunasti, Eriopeltis festucae, Lecanopsis formicarum and Eulecanium tiliae. The
histological, ultrastructural and molecular analyses showed that all these species host fun-
gal symbionts in fat body cells. Analyses of ITS2 and beta-tubulin gene sequences, as well
as fluorescence in situ hybridization, confirmed that they should all be classified into the
genus Ophiocordyceps. Ophiocordyceps fungi are commonly known as virulent, specialized
entomopathogens. The essential role of the fungal symbionts observed in the biology of
the soft scale insects examined was confirmed by their transovarial transmission between
generations [2].

Another thing to note is that the arbuscular mycorrhizal fungus Glomus Viscosum
proves tolerant to Verticillium wilt in artichoke by modulating antioxidant defense sys-
tems [3]. The artichoke (Cynara scolymus L.) is a horticultural species of relevant economic
interest belonging to the Asteraceae family that is widely cultivated in the Mediterranean
basin and widespread throughout the world [3]. Several studies have demonstrated that
even some nonfood byproducts of artichokes are widely used as hepatoprotective, an-
tioxidant, anticarcinogenic, hypoglycemic, and hypocholesterolemic agents (see [3]). The
health-promoting properties and important nutritional values of artichokes have been
extensively related to the high content of some bioactive phenolic compounds, such as
caffeoylquinic acid derivatives and flavonoids, showing strong scavenging activity against
reactive oxygen species (ROS) and free radicals [3]. On the other hand, Verticillium wilt,
caused by the fungal pathogen Verticillium dahliae, is the most severe disease threatening
artichoke (Cynara scolymus L.) plants. Villani et al. evaluated the effect of the AMF Glomus
viscosum Nicolson in enhancing plant tolerance towards the pathogen V. dahliae. The role

Cells 2022, 11, 3759. https://doi.org/10.3390/cells11233759 https://www.mdpi.com/journal/cells1
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of the antioxidant systems involved in the complex network of the pathogen–fungi–plant
interaction was investigated. The results obtained showed that the AMF-inoculated plants
exhibited significant increases in the activities of antioxidant enzymes, a higher content of
ascorbate (ASC) and glutathione (GSH), and a decrease in the levels of lipid peroxidation
and hydrogen peroxide (H2O2). Hence, G. viscosum may represent an effective strategy for
mitigating V. dahliae pathogenicity in artichokes, improving nutritional value and benefiting
human health [3].

The chlorococcal green alga Parachlorella kessleri is a favorable organism, as it can
produce both starch and neutral lipids, and P. kessleri commonly divides into more than
two daughter cells by means of a specific mechanism—multiple fission. Zachleder et al.
used synchronized cultures of algae to study the effects of supra-optimal temperatures [4].
Synchronized cultures were grown at optimal (30 ◦C) and supra-optimal (40 ◦C) tem-
peratures and incident light intensities of 110 and 500 μmol photons m−2s−1. The time
course of cell reproduction (DNA replication, cellular division), growth (total RNA, protein,
cell dry matter, cell size), and synthesis of energy reserves (net starch, neutral lipid) was
studied [4]. At 40 ◦C, cell reproduction was arrested, but the growth and accumulation
of energy reserves continued; this led to the production of giant cells enriched in protein,
starch, and neutral lipids [4].

The plant hormone cytokinin (CK) is central to plant life, regulating many processes.
Pizarro et al. investigated the effects of CK on cellular trafficking and on the cytoskeleton
in plant cells [5]. They found that in addition to the xylanase receptor-like protein (RLP)
LeEIX2, CK affects the distribution of the flagellin receptor-like kinase (RLK) flagellin-
sensing 2 (FLS2), increasing its presence in the plasma membrane. FLS2, first characterized
in Arabidopsis, acts as the PRR for the bacterial PAMP (pathogen-associated molecular
pattern) flagellin in several plant species (see [5]). Examining cellular trafficking com-
partments and the cytoskeleton in general, the authors showed that CK affects endosome
distribution and increases the number of endomembrane compartments. CK also caused
disorganization and reduction in actin filaments, but not tubulin. The results are in agree-
ment with those previously reported for fungi, suggesting a fundamental role for CK in
regulating cellular integrity and trafficking as a mechanism for controlling and executing
CK-mediated processes [5].

The identification of putative virulence genes by means of DNA methylation studies
in the cereal pathogen Fusarium graminearum was described by Tini et al. [6]. The DNA
isolated from SC50 and SC50 × 3 was subjected to a methylation content-sensitive enzyme
and a double-digest, restriction-site-associated DNA technique (ddRAD-MCSeEd). DNA
methylation analysis indicated 1024 genes whose methylation levels changed in response
to inoculation on a healthy host after subculturing. These results demonstrate that the
physiological shifts following subculturing have an impact on genomic DNA methylation
levels and suggest that the ddRAD-MCSeEd approach can be an important tool for detecting
genes potentially related to fungal virulence [6].

Ivanov et al. examined the potential for pilot-scale starch production in C. reinhardtii
using a supraoptimal temperature, a method that has already been proven to cause a rapid
2-fold increase in starch yields under laboratory conditions [7]. The experiments described
in this paper are the first attempt to employ a supraoptimal temperature in the production
of starch in microalgae at the pilot scale and showed that exposure to a supraoptimal
temperature (39 ◦C) causes a complete block of nuclear and cellular division accompanied
by an increased accumulation of starch. The method was successfully applied and resulted
in an almost 3-fold increase in the starch content of C. reinhardtii dry matter. Nevertheless,
technical challenges, such as bioreactor design and light availability within the culture, still
need to be addressed (see [7]).

It has been challenging to simultaneously improve photosynthesis and stress tolerance
in plants. Liu et al. hypothesized that the ectopic expression of a CAM-specific phospho-
enolpyruvate carboxylase (PEPC) would enhance both photosynthesis and abiotic stress
tolerance [8]. Their experiments showed a higher photosynthetic rate and biomass produc-
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tion under normal conditions, along with significant carbon metabolism changes in malate
accumulation, the carbon isotope ratio δ13C, and the expression of multiple orthologues of
CAM-related genes. Furthermore, AaPEPC1 overexpression enhanced proline biosynthesis
and improved salt and drought tolerance in the transgenic plants [8].

Zinc is implicated in numerous cellular processes, including cell division and DNA and
protein synthesis, as well as in the catalytic activity of many enzymes. Two major membrane
protein families facilitate zinc homeostasis in the animal kingdom, i.e., Zrt/Irt-like proteins
and Zn transporters (ZnTs), which essentially conduct zinc flux in opposite directions.
Human ZIPs (hZIPs) regulate the importing of extracellular zinc to the cytosol, being critical
in preventing the overaccumulation of this potentially toxic metal and crucial for diverse
physiological and pathological processes, including the development of neurodegenerative
disorders and several cancers [9]. Becares et al. reported that yeast is able to produce
four full-length hZIP members belonging to three different subfamilies [9]. One target
(hZIP1) was purified in the high quantity and homogeneity required for downstream
biochemical analysis.

The primary purpose of the review by Barre et al. is to give an overview of the types
of glycans present in the glycan shield of different pathogenic enveloped viruses and how
legume lectins with different specificities can act as carbohydrate-binding agents (CBAs)
for these viruses. In addition, the biomedical and therapeutic potential of plant lectins as
antiviral drugs has been discussed [10].

Plants regularly encounter a wide range of abiotic and biotic stresses in nature. Abiotic
stress includes drought, salinity, extreme temperatures, radiation, floods, and heavy metals,
whereas biotic stressors include insects, animal herbivores, and microbial pathogens [11].
Plants have evolved various strategies to detect herbivores and mount an effective defense
system against them. Interestingly, ion channels or transporters are the first responders
against herbivores. A review by Gandhi et al. described a comprehensive overview of the
role of ion channels in early defense signaling against herbivorous insects [11].

A review by Hameed et al. was dedicated to the effects of salt stress on chloroplasts,
their structures, and various biochemical reactions occurring in them [12]. The authors
showed that the presence of salt in plant cells disrupts basic metabolic processes, contribut-
ing to severe negative effects on plant development and growth. For example, changes in
chloroplast size, number, lamellar organization, lipid and starch accumulation interfere
with cross-membrane transportation. Research has shown that the maintenance of normal
chloroplast physiology is necessary for the survival of the entire plant [12].

The core abscisic acid (ABA) signaling pathway consists of receptors, phosphatases,
kinases and transcription factors, among them ABA INSENSITIVE 5 (ABI5) and ABRE
BINDING FACTORs/ABRE-BINDING PROTEINs (ABFs/AREBs), which belong to the
BASIC LEUCINE ZIPPER (bZIP) family and control the expression of stress-responsive
genes. ABI5 is mostly active in seeds and prevents germination and postgerminative
growth under unfavorable conditions. The review by Collin et al. focuses on recent
reports regarding ABI5 and ABF/AREB functions during abiotic stress [13]. They discuss
the increased stress tolerance of transgenic plants overexpressing genes encoding ABA-
dependent bZIPs. The authors suggest that ABI5 and ABFs/AREBs are crucial ABA-
dependent transcription factors regulating processes essential for plant adaptation to stress
at different developmental stages [13].

In the review paper by Sharkey [14], the pentose phosphate pathway (PPP) is divided
into an oxidative branch that makes pentose phosphates and a nonoxidative branch that
consumes pentose phosphates, although the nonoxidative branch is considered reversible.
The reaction sequence in the Calvin–Benson cycle is the opposite of the typical direction of
the nonoxidative PPP. This can be considered an anabolic version of the nonoxidative PPP.
In addition to the strong association between the nonoxidative PPP and photosynthesis
metabolism, there is recent evidence that oxidative PPP reactions form a shunt around
the nonoxidative PPP section of the Calvin–Benson cycle. A constitutive operation of this
shunt occurs in the cytosol and gives rise to an unusual labelling pattern of photosyn-
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thetic metabolites, while an inducible shunt in the stroma may occur in response to stress
(see [14]).

We would like to express our sincerest thanks to our readers, innumerable authors,
anonymous peer reviewers, editors, and all the people working in some way for the journal
who have made substantial contributions for years. Without your support, we would never
have made it.

For the details of the Cells 2021 Best Paper Awards for Anniversary Special Issues
please click here https://www.mdpi.com/journal/cells/awards.pdf/0/pdf_32_2021_2_
award.pdf (accessed on 28 February 2022).
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Abstract: Cyanobacteria from the genus Arthrospira/Limnospira are considered haloalkalotolerant
organisms with optimal growth temperatures around 35 ◦C. They are most abundant in soda lakes in
tropical and subtropical regions. Here, we report the comprehensive genome-based characterisation
and physiological investigation of the new strain O9.13F that was isolated in a temperate climate
zone from the winter freezing Solenoye Lake in Western Siberia. Based on genomic analyses, the
Siberian strain belongs to the Arthrospira/Limnospira genus. The described strain O9.13F showed
the highest relative growth index upon cultivation at 20 ◦C, lower than the temperature 35 ◦C
reported as optimal for the Arthrospira/Limnospira strains. We assessed the composition of fatty acids,
proteins and photosynthetic pigments in the biomass of strain O9.13F grown at different temperatures,
showing its potential suitability for cultivation in a temperate climate zone. We observed a decrease
of gamma-linolenic acid favouring palmitic acid in the case of strain O9.13F compared to tropical
strains. Comparative genomics showed no unique genes had been found for the Siberian strain
related to its tolerance to low temperatures. In addition, this strain does not possess a different set of
genes associated with the salinity stress response from those typically found in tropical strains. We
confirmed the absence of plasmids and functional prophage sequences. The genome consists of a
4.94 Mbp with a GC% of 44.47% and 5355 encoded proteins. The Arthrospira/Limnospira strain O9.13F
presented in this work is the first representative of a new clade III based on the 16S rRNA gene, for
which a genomic sequence is available in public databases (PKGD00000000).

Keywords: Arthrospira; haloalkalotolerant cyanobacteria; metagenomics; phylogenomics; fatty acid

1. Introduction

Arthrospira Stizenberger ex Gomont 1892 [1]/Limnospira sensu Nowicka-Krawczyk [2]
that was formerly called Spirulina [3] is a non-nitrogen fixing, filamentous cyanobacterium
representing edible, haloalkalotolerant organisms. The genus Arthrospira has been observed
to occur worldwide in a varied range of haloalkaline habitats, from freshwater alkaline
conditions to hypersaline environments [1,4,5]. In tropical and subtropical regions, it forms
exceptionally high blooms turning soda lakes into one of the world’s most productive
ecosystems [6]. The occurrence of Arthrospira has been reported all around the globe
(apart from polar regions) from the natural water bodies characterised by a high average
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temperature during summer and not entirely freezing during winter. Such environments
are found throughout the world in Africa’s Rift Valley, in Central Asia, in the North
American Desert, on the Andean Plateau, in the rain-shadowed regions of California
and Nevada, on the Central Mexican Plateau, on a high-altitude wetland in the Chilean
Altiplano, in Manitoba (Canada), in Wadi al Natrun (Egypt), on the Decan Plateau (India),
as well as in salty puddles (in Baranda, Europe), in a tropical crater lake located on
Mayotte Island (Comoros Archipelago, Western Indian Ocean), in Western Siberia (Russia)
and in Eastern Australia [5–11]. In contrast, the commercial biomass of Arthrospira is
cultivated only in areas with high yearly average temperatures due to economic reasons.
The comparative metagenomic analyses of water, sediments and mats from Canadian,
Siberian and American soda lakes revealed a common microbiome characteristic for this
haloalkaline environment [8,10,12,13]. Interestingly, the genus Arthrospira/Limnospira is
dominant in tropical soda lakes in Africa. In contrast, it is absent in the Southern Siberian
soda lakes (Kulunda Steppe, Altai) [14] and has not been observed in this area since 1931
when N.N. Voronihin described Spirulina/Athrospira fusiformis. However, Arthrospira was
detected in Solonoye Lake in Western Siberia [7].

The nutritional value of the Arthrospira biomass is commonly known and well docu-
mented. Besides its nutritional properties, Arthrospira evinces therapeutic and industrial
potential. Biological activity of several Arthrospira compounds, namely, C-phycocyanin,
γ-linolenic acid (GLA), calcium spirulan and immulina have all been documented in the
fields of cancer-fighting, immunomodulation, cardiovascular diseases prevention and
others [15]. In the era of alternative energy resources, the Arthrospira biomass is also a
promising biofuel, producing mostly hydrogen [16–19]. Arthrospira sp. PCC 8005 is also a
part of the fourth compartment of the Micro-Ecological Life Support System Alternative
(MELiSSA), aiming to elaborate artificial ecosystems for space expeditions [20,21]. The
biomass of Arthrospira is commercially available under the name ‘Spirulina’ due to a tax-
onomic revision proposed by Geitler in 1932 [3] that was later shown to be wrong [22].
Since then, it has been shown that many strains listed as Spirulina belong to Arthrospira [23].
However, this commercial name is not likely to be replaced by the correct one in the
foreseeable future due to its practical and technological meaning [24]. The taxonomy of
Arthrospira was primarily based on morphology, although ecology and the geographic
origin of the organisms was also partly considered to distinguish many species [23,25].
However, the distinction of the Arthrospira species based on morphology is questionable
and can be misleading, since, e.g., the helix geometry and gas vacuole presence can be
influenced by physical and chemical conditions [26–28].

So far, for the genetic characterisation and taxonomy of Arthrospira only three ge-
netic markers: the 16S rRNA gene, 16S-23S rRNA Internally Transcribed Spacer (ITS)
and phycocyanin operon fragment cpcBA have been used. The phylogenetic studies of
Arthrospira based on the 16S rRNA gene divided the genus into three clads (Comte et al.
2013). Meanwhile, only two clusters (I and II) and five subclusters (I.A, I.B, II.A, II.B,
II.A/II.B) have been discriminated based on the sequence polymorphism of the ITS [29,30].
The intrageneric relatedness has also been assessed by a sequence analysis of a region of
the phycocyanin operon, consisting of the intergenic spacer (IGS) and parts of the flanking
cpcB and cpcA genes [5,31–33]. According to Papapanagiotou and Gkelis [34], the com-
bined analysis of molecular (16S rRNA, ITS and cpcBA-IGS sequences) and phenotypic (13
morphological and morphometric) characters proposed and described by [35] data were
consistent and divided the Arthrospira strains into three clusters/taxa. Unfortunately, it
is difficult to assess whether the genetic relationship within the genus Arthrospira is the
same for all three markers, as the phylogenies based on each of them were carried out
on different sets of strains. It should be emphasised that the 16S rRNA analysis [2] was
not supported by other markers that are typically used in the phylogenetic analysis of
cyanobacteria, such as the ITS or phycocyanin operon fragment cpcBA. Moreover, since
there are no isolates of Arthrospira jenneri strains observed in an environmental sample
by [2] or deposited in culture collections, further analyses of the biochemical properties
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and genetic traits that would allow the comparison of both the Athrospira/Limnospira genera
are not possible. Likewise, no phylogenomic analyses can be performed. Due to the lack of
verified isolated strains and/or original genetic material of A. jenneri, which can be used for
comparative analysis, it is debatable whether this reclassification is accurate. The modern
taxonomy of prokaryotes that can be cultivated in vitro should not be based solely on the
study of only one or a few genes nor exclusively based on their morphological features,
which, in the case of Arthrospira, are highly variable depending on numerous factors, which
have been accurately documented in the literature [36]. Therefore, in this work, in which
we use genomic data for the classification of a new Siberian isolate, we retain the taxonomic
name Arthrospira.

Up to now (7 October 2021), 17 Arthrospira genomes have been sequenced: Arthrospira
sp. PCC 8005 [37], A. platensis NIES-39 [38], A. platensis C1 [39], A. maxima CS-328 [40],
A. platensis Paraca P0 [41], A. platensis YZ [42], Arthrospira sp. TJSD091 [43], Arthrospira
sp. PLM2.Bin9 [13,44], A. platensis NIES-46 [19], A. platensis FACHB-835 [45], A. fusiformis
SAG 85.79 [31], Arthrospira sp. BM01 [46], A. fusiformis KN (JACGXW000000000), A. platen-
sis FACHB-971 [45], A. platensis FACHB-439 [45], Arthrospira sp. PCC 9108 (CP066886),
Arthrospira sp. SH-MAG29 [9] and Arthrospira sp. TJSD092. This publicly available genomic
data can be used for comparative genomics and phylogenomic analyses allowing a reliable
identification of the newly isolated Siberian strain O9.13F.

This study aimed to perform a comprehensive genetic and physiological investigation
of the new Arthrospira/Limnospira sp. strain O9.13F isolated from an alkaline, winter freezing
Siberian lake. The study aimed (1) to classify and determine the systematic position of the
new strain, (2) to characterise physiologically the strain capable of surviving the winter
period in the Siberian lake, (3) to perform a comparative genomic analysis of Siberian and
tropical Arthrospira/Limnospira strains and (4) to verify whether the O9.13F strain is suitable
for cultivation in the temperate climate zone.

2. Materials and Methods

2.1. Strain Isolation and Growth Conditions

On 11 September 2013, the thick cyanobacteria bloom from Solenoye Lake (Supple-
mentary Figure S1) was collected into sterile, capped containers and transported to the
laboratory. Then the biomass was resuspended in a liquid Zarrouk medium [47] and
treated with trimethoprim (60 μg/mL), cycloheximide (200 μg/mL) and amphotericin B
(5 μg/mL) to remove fungi. Next, a series of repassages on the solid Zarrouk medium was
performed to separate cyanobacteria present in the bloom from each other and co-occurring
bacteria. The axenity of the Arthrospira cultures was examined according to the procedure
recommended by Rippka [48].

Moreover, to be certain that the new strains were unicyanobacterial, eight single
filaments with different morphologies were isolated from the fresh biomass from an alkaline
pond. From each of the filaments, pure cyanobacterial cultures (named O9.13A-H) were
obtained. All new isolates were identified by sequencing of the 16S rRNA gene and
screened by PCR with primers specific for the ITS subclusters [29,30] and the ITS_CL_III
primer designed in this work. As the newly isolated strains were morphologically and
genetically identical, only the O9.13 F strain was selected for further analyses and remained
a part of the Arthrospira strains collection at the Intercollegiate Faculty of Biotechnology,
University of Gdansk, Poland.

To determine the optimal growing conditions, the Arthrospira culture was grown with
and without shaking at 150 rpm in the Zarrouk liquid medium pH~10–11 under a 16 h
light/8 h dark photoperiod under illumination of 30–40 μmol photons m−2 s−1 provided
by fluorescent lamps at four temperatures: 15 ◦C, 20 ◦C, 28 ◦C and 35 ◦C and in three
salinities, NaCl concentration of 25 g/L, 50 g/L and 100 g/L, in triplicates, starting with the
culture of similar optical density (3 McF in the case of strain O9.13F). Two other Arthrospira
reference strains, PCC 8005 and PCC 7345, were grown in the same conditions, except
temperature 15 ◦C at which these strains die off. The growth index was expressed as a
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ratio of the initial culture optical density to the final measured value of a particular sample
after 8 days of incubation (averaged from all replicates). To assess the properties of the
biomass, the fatty acids (FA), biosynthetic pigments and proteins were extracted from the
above-mentioned cultures.

2.2. Phenotypic Characteristics of Arthrospira sp. O9.13F
2.2.1. Acclimation of Arthrospira Strains to Long-Term Stress of Low Temperature

Arthrospira, O9.13F and four strains PCC 8005, PCC 7345, SAG 49.88 and CCALA
023 were cultivated without shaking under cold room conditions in the Zarrouk medium
under a constant lighting of 10 μmol photons m−2 s−1 with a daily amplitude of 5–8 ◦C
for 10 months. After 3 and 10 months of cultivation in the cold room, all samples were
inoculated onto the solid Zarrouk medium and grown at 20 ◦C under a light intensity of
20 μmol photons m−2 s−1 for two months. The photographic documentation was made
using a Nikon 80i light microscope.

2.2.2. The Survivability of Arthrospira Strains in Different Stress Conditions

The Arthrospira strains O9.13F, PCC 8005 and PCC 7345 were subjected to stress
conditions caused by the addition of different substances, cultivation in water acquired
from industrial ponds or changes in medium salinity. The stress factors were selected based
on several criteria: (i) They can appear in the natural pond next to the farmlands. (ii) The
used stressor would be useful for the removal of an excess of associated microorganisms
from the biomass before various procedures (e.g., genome sequencing). (iii) They would
be beneficial in growing in numerous industrial and natural ponds. The tested stressors
and conditions included: working solution of fungicide 0.35% (Curzate Cu 49.5 containing
cymoxanil and copper oxychloride), working solution of herbicide 0.75 mg/L (glyphosate),
working solution of insecticide 0.04% (Clothianidin), hydrogen peroxide 50, 100 and
200 mM, silver nanoparticles (AgNPs) 3 μg/mL, industrial water rich in calcium, potassium
and sodium carbonate with pH = 13 (Poland); undiluted and industrial water mixed 1:1
with a Zarrouk medium, water from Gdańsk Bay (estimated 7–8‰ of salinity) and the
addition of NaCl to total salinity 150 and 200 g/L. The biomass was cultivated at 28 ◦C
under stress for one week. Afterwards, the biomass was washed with distilled water and
transferred to a solid Zarrouk medium. Due to the filamentous character of the Arthrospira
biomass, as well as the tendency of the biomass to create mats, a standard means of
measuring bacterial growth (optical density) is not applicable for assessing the growth
kinetics of this organism. Therefore, a method based on the condition, duration of the lag
phase and visible increase in the number of viable filaments was developed. Here, the
recovery rate was defined as to whether the trichomes survived the stress conditions and,
if so, after what time the active growth was resumed upon reintroduction to physiological
conditions. This process was monitored using the following criteria: 0—degradation of
the filaments, 1—whole, nonfragmented filaments present, no growth observed, 2—some
growth observed after two weeks of a lag phase, 3—weak growth after one week of a
lag phase, 4—stable growth after a short lag phase and 5—abundant growth without a
lag phase.

2.2.3. Fatty Acids Methyl Ester Analysis (FAME)

The total lipids were extracted in triplicates according to the Bligh and Dyer pro-
tocol [49] by homogenising the biomass in chloroform/methanol under ultrasonication.
Following evaporation, the lipids were derivatised to FAMEs with sulphuric acid (2%) in
methanol. The resulting FAMEs were extracted to hexane and analysed using a Shimadzu
GC-2010 equipped with a flame ionization detector and a 60 m × 0.25 mm BPX70 column
(SGE Analytical Science). Standard mixtures of fatty acids methyl esters (Supelco® 37
Component FAME Mix, 1890, cis/trans) were used to identify the major fatty acids based
on their retention time. Individual FAs were expressed as percentages of the total FAs
present in the chromatogram.
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2.2.4. Proteins Content Analysis

The total amounts of proteins in the extracts obtained by ultrasonication of the biomass
were measured following the protocol of Bradford [50]. The 1 mL samples (triplicates) of
the culture of Arthrospira sp. O9.13F cultivated in various conditions were carefully washed
with distilled water three times and centrifuged for 20 min at 13,200× g rpm. The cell
lysis was performed with 1 mL of 0.1 M NaOH, and the cells were incubated for 30 min
at 95 ◦C with shaking. Afterwards, the tubes were left to cool down, acidified with a
5 M solution of HCl and centrifuged for 10 min under 13,200 rpm. To each well in the
96-well plate, 250 μL of the Bradford reagent (Sigma Aldrich #B6916) and 10 μL of the
samples (in triplicates) were added. The spectrophotometric measurements were done
on an Envision 2105 Multimode Plate Reader (Perkin Elmer) after 30 min of incubation at
room temperature without shaking in the wavelength 595 nm. The protein concentration
was determined by comparison to a standard curve prepared based on a BSA solution in
the range between 0.1–1.4 mg/mL.

2.2.5. The Measurements of Photosynthetic Dyes Content

The biomass obtained from 1 mL of the tested culture in triplicates was centrifuged
for 20 min at 13,200× g rpm, the supernatant was removed, and 1 mL of 90% methanol was
added. The biomass was further lysed by ultrasonication for 20 min and centrifuged again
for 15 min at 13,200× g rpm. The absorbance was measured by the spectrophotometer at
470 nm, 665 nm and 720nm. The concentration of chlorophyll a and total carotenoids was
established according to equations by [51,52]:

Chlα [μg/mL] = 12.9447 × (A665 − A720)

Carotenoids [μg/mL] = 1000 × (A470 − A720) − 2.86 Chlα [μg/mL]/221

2.2.6. Statistical Analysis

The analysis of differences between the groups was performed using the Shapiro–
Wilks test followed by Kruskal–Wallis test using the criterium of Fisher’s least significant
difference (LSD) in R [53].

2.3. Microscopic Observations
2.3.1. Light Microscopy

The microscopic observations of Arthrospira sp. O9.13F filaments were performed,
and the photographs were taken with a Nikon 80i microscope with a Nomarski contrast at
×400 and ×1000 magnification with the NIS Elements version D software from Nikon.

2.3.2. Transmission Electron Microscopy (TEM)

Preparation for the ultrathin sectioning and preparation for TEM were carried out
as described previously [23,54,55]. Samples were fixed in 2.5% formaldehyde and 2.5%
glutaraldehyde in a 0.05 M cacodylate buffer (pH 7.0) for 4 h at room temperature. Then,
the material was rinsed in the same buffer and postfixed in 1% osmium tetroxide in the
cacodylate buffer at 4 ◦C overnight. Specimens were treated with 1% uranyl acetate
in distilled water for 1 h, dehydrated in an acetone series and embedded in Spurr’s
resin. Serial ultrathin (60–100 nm) sections were cut with a diamond knife on a Sorvall
MT2B microtome. The material on the grids was poststained with a saturated solution
of uranyl acetate in 50% ethanol and 0.04% lead citrate. Observations were made using
a Philips CM 100 transmission electron microscope operating at 80 kV. For the scanning
electron microscope, samples from fresh cultures were fixed in 2.5% formaldehyde and
2.5% glutaraldehyde in 0.05 M Na-cacodylate buffer (pH = 7.0) for 4 h at room temperature,
dehydrated in an ethanol series (30, 50, 75, 96, 100%) and critical point dried using liquid
CO2 and a K850 critical point dryer (EMITECH, Ashford, England). The dried specimens
were mounted on stubs with SPI carbon conductive double-sided adhesive discs, gold
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coated (350 Å) (SPI-Module Sputter Coater, Structure Probe, Inc., Chester, PA, USA) and
examined in a Phillips XL-30 SEM operating at an accelerating voltage of 15 kV.

2.4. Molecular Characteristics
2.4.1. DNA Extraction

For DNA extraction, 10 mL of the dense Arthrospira culture cultivated at 20 ◦C was cen-
trifuged, and the collected biomass was carefully washed 3 times with sterile distilled water
prior to nucleic acid extraction. Afterwards, the cell lysis and nucleic acids extraction were
carried out according to the protocol proposed by the Joint Genome Institute for bacterial
DNA isolation using CTAB [56] followed by RNA digestion using Turbo RNase (Ambion).
The DNA quantity and quality were assessed first using a NanoDrop Spectrophotometer
and later with agarose gel electrophoresis.

2.4.2. PCR Amplification Sequencing and Phylogenetic Analysis

The sequences of the cpcBA, ITS and 16S rRNA gene of the new Siberian isolates
were determined after cloning as previously described [57]. To confirm this assignment,
one clone for each ribosomal operon variant was sequenced with primers 359F, 16S979F
and 23S30R [58–60]. For amplification and sequencing of phycocyanin operon, fragment
primers described by [32] were used. Sequencing was carried out using an ABI PRISM
DNA Sequencer (Perkin-Elmer) according to the manufacturer’s manual. Both strands
were sequenced using the forward and reverse PCR primers. Moreover, the clones were
assigned to the different ITS clusters as described by [30] with an additional reverse primer
ITS_CL_III (TTGACTATCAGAGGAAATCCG) designed by us specific for cluster III based
on the sequence from Arthrospira PCC9901 (MF509176) and which was used with the primer
16S3′F [29].

Further, the obtained sequences were subjected to a BLAST sequence similarity search
analysis to identify the nearest taxa. The obtained sequences of the 16S rRNA gene, cpcBA
operon, ITS and sequences of the closest representative taxa that belong to cyanobacteria
were aligned using the MAFFT algorithm in Geneious v9.1.8. [61]. The phylogenetic
analysis was performed with the MEGA v. X software, (www.megasoftware.net (accessed
on 23 October 2020)), and trees were constructed using the Neighbour Joining algorithm
with a Tamura 3-parameter and Maximum Likelihood algorithm, and the Hasegawa–
Kishino–Yano models selected on the model test module were implemented in MEGA.
A bootstrap analysis with 1000 replications was performed to assess the robustness of
the clusters.

The nucleotide sequence data reported in this paper are available under the following
accession numbers: 16S rDNA, MF509165, ITS; MF509166–MF509169, cpcBA and MF509119.
As the 16S rRNA gene sequences obtained for all eight clones were identical, only one was
deposited in the GenBank database. A similar situation occurred with the cpcBA operon
sequence. In the case of the ITS, the sequences of two different genetic variants obtained
for the two clones O9.13F and O913H were submitted.

2.4.3. Whole-Genome Sequencing and Annotation

Genome sequencing was performed on an Illumina HiSeq 2000 platform in the Insti-
tute of Biochemistry and Biophysics of the Polish Academy of Sciences, Warsaw, Poland.
The genome assembly was performed using computational resources provided by the grid
computer “durandal” operated by InBioS-PhytoSYSTEMS at the University of Liège (Belgium).

The raw reads were first filtered using Kraken v1.0 software [62] followed by quality
and adapter trimming performed using Trimmomatic v0.32 [63]. The Kmer length and
distribution were analysed using kmergenie v1.6949 [64]. Processed reads were de novo
assembled using Spades v3.10.1 [65], Velvet v1.2.10 [66], MIRA v1.1.1 [67], Geneious
v9.1.8 [61] and Ray v2.3.1 [68]. The resulting sets of contigs were integrated, and the final
assembly was corrected by CISA v1.3 (Lin and Liao, 2013) software and finally scaffolded
with SSPACE v3.0 [69]. The assembly was evaluated using Quast v4.5 software [70].
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Annotation was performed by the NCBI Prokaryotic Genome Annotation Pipeline [71,72].
Functional annotations were carried out by the KEGG Automatic Annotation Server [73] and
AutoFACT [74], for which the annotation was based on the COG, Smart and Pfam databases.
Signal peptides and transmembrane helices were predicted with a Phobius server [75].

R-M systems were identified using the REBASE® database [76], Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) sequences were predicted using the
CRISPRFinder tool [77]. CRISPR-associated genes used in comparative genomics were ob-
tained from the MaGe platform [78]. The identification of prophage regions was performed
using the PHASTER tool [79]. Plasmid sequences were detected using the PlasmidFinder
server [80].

The screening for the secondary metabolite biosynthesis gene clusters in the Arthrospira
sp. strain O9.13F genome sequence was assessed with AntiSMASH [81,82].

2.4.4. Phylogenomic Analyses

The phylogenomic analysis is based on the sequences of 363 of the most conserved
proteins comparison using the PhyloPhlAn computational pipeline (v3) [83]. The calcu-
lation of the average nucleotide identity (ANI) was performed using the PyAni module
(v0.2.10) [84] with MUMmer (v3.23) [85] as an alignment method. In silico DNA–DNA
hybridisation (isDDH) values were calculated using the Genome-to-Genome Distance
Calculator (v2.1) [86] with BLAST+ [87] as a local alignment tool.

3. Results

3.1. Phenotypic Characteristics of Arthrospira sp. O9.13F
3.1.1. Morphology of Arthrospira sp. O9.13F

Upon introduction into the laboratory conditions, trichomes of Arthrospira sp. O9.13F
were in the shape of tight left-handed open helices (Figure 1). With time and without the
influence of natural UV light, the trichomes became looser. Macroscopically, the biomass of
strain O9.13F either created a layer just under the surface of the medium or remained on
the bottom of the bottle with a tendency to create mats. The trichomes were motile and
covered with a layer consisting of exopolysaccharides. The morphology and ultrastructures
of the Arthrospira sp. O9.13F were typical for representatives of this genus. The TEM
(Figures 1A and 2) and light microscopy show the cell dimensions and morphology of the
filaments grown on a solid (Figure 1B) and liquid medium (Figure 1C).

Figure 1. Images of Arthrospira sp. O9.13F. Photographs were taken by TEM (A) and light microscopy
of Arthrospira culture grown on solid (B) and liquid Zarrouk medium (C).
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Figure 2. TEM photography of cellular ultrastructures of Arthrospira sp. O9.13F. Panels (A–F)
represent different cross-sections of cells illustrating ultrastructures recognised. Abbreviations as
follows: cell membrane (CM), septum (S), gas vesicles (GV), thylakoids with bead-like ribosomes (T),
mesosome (M), carboxysomes (C), cylindrical bodies (CB), polyphosphate granule (PP).

We identified all the ultrastructures recognised in other strains of Arthrospira in-
vestigated by Van Eykelenburg [54] and Tomaselli [23]—thylakoids, cylindrical bodies,
mesosomes, gas vesicles, carboxysomes, cyanophycin granules, polyhydroxyalkanoate
inclusions, cell membranes and septa (Figure 2A–E). Abundant gas vesicles with a diameter
of 45–60 nm and a length up to 600 nm scattered throughout the cells were visible in the
EM pictures of strain O9.13F (Figure 2F). The density is comparable to other strains as
visible in the TEM microscopic images by [23,54].
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3.1.2. Growth Conditions

Cell growth occurred at pH 7.0–10.0, and it tolerated from 1 up to 150 (g/L) of NaCl.
The growth temperature of the strain O9.13F ranged between 15 and 35 ◦C, with optimum
growth at 20 ◦C (Supplementary Figure S2). The optimal growth index for O9.13F of 20 ◦C
was lower than the optimal temperature of the tropical strains Arthrospira sp. PCC8005
(India) [30] and A. platensis PCC7345 (saline marsh Del Mar Slough, CA, USA) for which
the largest increase of biomass production was observed at 28 ◦C (Figure 3). Two reference
strains, PCC8005 and PCC7345, were not grown at a temperature of 15 ◦C because in
this condition, both strains stopped their metabolism, and filaments started to fall apart;
therefore, the measurements of proteins and fatty acids were below the sensitivity limit
of the method. Interestingly, for the strain O9.13F grown at 15 ◦C, its growth index
was higher in the medium with higher salinity. It was around 4 McF in the medium
supplemented with 150–200 g/L of NaCl, while at lower concentrations of 25–50 g/L, it
reached a maximum of 2.5. The highest growth was observed in the medium with a salinity
of 150 g/L (Supplementary Figure S2).

Figure 3. Effect of salinity (Zarrouk medium supplemented with NaCl to total salinity up to 25 g/L, 50 g/L, 100 g/L) on the
growth of Arthrospira sp. strains, O9.13F, PCC7345 and PCC8005. Strains were grown for 8 days at different temperatures
(20 ◦C, 28 ◦C and 35 ◦C). The optical density measurements were performed in triplicates for each strain in each of the
conditions. The standard deviations are shown. The growth index is the quotient of the optical density [McF] of the culture
after 8 days incubation and the optical density of the culture at the start point of the experiment.

Accordingly, the highest amount of proteins (1.01 mg ± 0.22 /mL) and photosynthetic
dyes: chlorophyll (6.26 ± 1.16 mg/mL) and total carotenoids (1.59 ± 0.13 mg/mL) extracted
from the biomass of O9.13F, were obtained from the culture cultivated at 20 ◦C. Under
the conditions of the highest salinity, 100 g/L, all three strains had a significantly lower
biomass increase than in other salinity values, regardless of the temperature at which the
cultures were grown. However, the biomass grown at 35 ◦C in the 100 g/L salinity medium
was the lowest (Figure 4).
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20 C 28 C 35 C

Proteins Chlorophyll Carotenoids

m
g/

m
L

Figure 4. Quantity of chlorophyll, total carotenoids and proteins [mg/mL] extracted from biomass of
Arthrospira sp. O9.13F cultivated at three different temperatures, 20 ◦C, 28 ◦C and 35 ◦C in Zarrouk
medium with a total salinity 25 g/L. Standard deviations based on three replicate analyses are shown.

3.1.3. Acclimation to Prolonged Cold Stress

As the strain was isolated from a Siberian lake that is covered by ice in the winter,
we tested the tolerance in laboratory conditions at a low temperature and compared it
with other strains that originated from warmer regions: PCC8005 (India), PCC7345 (USA),
A. maxima SAG 49.88 (Italy) and A. fusiformis CCALA23 (Kenya). The experiment was
performed in a cold room, in low light 10 μmol photons m−2 s−1 conditions, for 10 months
with subculturing after three months.

The general observation was that strains lost the intensity of pigmentation, and some
filaments started to decay after this period. One of the strains, A. maxima SAG 49.88,
changed the morphology and began to coil filaments. After the inoculation of tested strains
filaments on a solid Zarrouk medium and transfer to the higher temperature 20 ◦C with
a change of light intensity 20 μmol photons m−2 s−1, the strains recovered to the normal
pigmentation, and growth was visible after a week of incubation; with exception of the
strain A. fusiformis CCALA 23 that started to grow as a visible mat of filaments on the plate
after six weeks (Figure S3).

3.1.4. The Sensitivity of Arthrospira sp. O9.13F to Various Stressors

Based on the survival rate of the Arthrospira strains, the tested stress factors were
divided into three levels of severity: low, intermediate and high. The best growth (low-
stress severity) with no noticeable lag phase after the passage to the fresh medium was
observed after the addition of hydrogen peroxide (in all three concentrations). The biomass
of all tested strains was also showing minimal inhibition of the growth upon exposition
to the working concentration of insecticide, water from Gdańsk Bay (lower salinity) and
water from an industrial pond (pH > 13) diluted with a Zarrouk medium 1:1. The most
differential and strain-dependent effect (intermediate stress severity) was observed in
the case of exposition to undiluted industrial water (reach in calcium, potassium and
sodium carbonate and pH > 13), silver nanoparticles (15 μg/mL) and herbicide and salinity
of 100 g/L. Among the most harmful factors (high-stress severity) were high salinity,
150 and 200 g/L of total salt and a working concentration of 0.04% of fungicide. From
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the compilation of the results of the sensitivity of the strains to the applied stresses, we
concluded that the most sensitive strain was Arthrospira sp. O9.13F (Figure 5).

Figure 5. The heatmap presents the recovery rates of eight tested Arthrospira strains, O9.13F, PCC
7345 and PCC 8005 cultivated in stress conditions. Above the heatmap, three levels of the stress
severity (low, intermediate, high) are grouped according to the overall similarity of the different
strains’ responses. The colour scale given in the heatmap key corresponds to the recovery rate. The
survivability of the biomass was assessed based on the condition, duration of the lag phase and visible
increase in the number of viable filaments and recorded by the following system: 0—degradation of
the filaments, 1—whole, nonfragmented filaments present, no growth observed, 2—growth observed
after two weeks of a lag phase, 3—very weak growth recorded after one week of a lag phase, 4—stable
growth after a short lag phase, 5—very abundant growth without a lag phase.

3.1.5. Fatty Acid Composition

The major fatty acids detected in the Arthrospira strains were palmitic acid (16:0),
gamma-linolenic acid (18:3n6), linoleic acid (18:2n6c) and palmitoleic acid (16:1). However,
the fatty acid content of the Arthrospira sp. strain O9.13F was not the same as in the
strains PCC8005 and PCC7345. The most significant difference in fatty acid content in the
Arthrospira biomasses was observed in the percentage of palmitic and gamma-linolenic
acid (Table 1). The observed decrease of gamma-linolenic acid in favour of palmitic acid in
strain O9.13F could be due to the stressful growth conditions and the fatty acid content.
All tree strains were cultivated at 28 ◦C, which is not optimal for the growth of the Siberian
strain O9.13F (Table 1). Indeed, the same observation was recorded when the fatty acid
content was established for the Arthrospira sp. strain O9.13F grown at 20 ◦C, 28 ◦C and
35 ◦C (Supplementary Figure S4).
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Table 1. Total FA composition (%) of Arthrospira strains O9.13F, PCC 7345 and PCC 8005 cultivated at
28 ◦C.

Fatty Acid O9.13F PCC 8005 PCC 7345

16:0 36.71 ± 3.93 30.81 ± 1.2 31.64 ± 3.87
16:1 8.80 ± 1.1 10.29 ± 0.65 9.97 ± 1.13
18:0 1.12 ± 0.33 0.87 ± 0.16 1.62 ± 0.68

18:1n9c 2.40 ± 0.97 2.59 ± 0.32 1.54 ± 0.66
18:1n11c 1.67 ± 0.3 1.29 ± 0.04 1.32 ± 0.35
18:2n6c 18.86 ± 0.34 18.78 ± 0.9 19.66 ± 2.43
18:3n6 30.45 ± 4.45 35.37 ± 1.98 34.26 ± 6.16

n = 3; 16:0—Palmitic acid; 16:1—Palmitoleic acid; 18:0—Stearic acid; 18:1n9c—Oleic acid; 18:1n11c—Vaccenic
acid; 18:2n6c—Linoleic acid; 18:3n6—γ-Linolenic acid. The data are means ± standard deviations based on three
replicate analyses.

3.2. Taxonomy of Arthrospira sp. Strain O9.13F

The new Siberian isolate of Arthrospira was identified based on the 16S rRNA gene,
ITS and the phycocyanin operon fragment cpcBA sequencing and three different genomic
analyses: ANI, isDDH and core proteome-based phylogeny.

The cloning and sequencing of the amplified 16S and cpcBA revealed that all eight
isolates O9.13A-H (each originated from a single filament) have identical (100%) sequences.
As a result of the ITS cloning and sequencing, we obtained two different genetic variants
representing the ITS clusters I and III according to the numbering proposed by [30,88],
respectively. These observations are in agreement with the results of the detection of the
ITS variants by PCR with subcluster-specific primers described by Baurain et al. [30] and
the reverse primer ITS_CLIII designed by us.

As the newly isolated strains were morphologically and genetically identical, only
strain O9.13 F was used for further analyses. The phylogenetic analyses based on the
16S rRNA gene, ITS and phycocyanin operon fragment cpcBA were performed on the
same dataset.

The obtained 16S rRNA gene sequence of the isolate O9.13F was 99.91% similar to A.
erdosensis ‘Inner Mongolia’ (JN831261), Arthrospira sp. PCC 9901 (MG777134) and 99.72%
similar to the other Arthrospira sp. strains TJSD092 (CP028914) and PCC 8005 (FO818640).

The phylogenetic analysis based on the small ribosomal subunit sequence showed
that the Siberian strain groups with the strain PCC 9901 belonging to the new III clade
described by Comte et al. [88] (Supplementary Figure S5). However, it is worth noting that
the sequence 16S rRNA gene of the BM01 strain is only 92.5% similar to the sequences of
other Arthospira strains, and it was excluded from the analysis.

Likewise, in 16S rRNA-based phylogeny, the analysis of the ITS region showed only
two phylogroups within the Arthrospira genus called ITS clusters and five different geno-
types named subclusters according to Baurain et al. [30]. ITS cluster I gathers strains
belonging to clades I and III described based on the 16S rRNA gene, while ITS cluster II
consists of all strains from the 16S clade II. Strains belonging to 16S clades I and III formed
clearly separated subclusters within ITS cluster I. The results of the cloning and sequencing
of ITS from strain O9.13F showed that two different genetic variants (genotypes) had been
detected within the chromosome. The ITS sequence of clone I is grouped together with
strains from 16S clade I, while the ITS clone III is grouped together with strains from 16S
clade III (Supplementary Figure S6).

Based on the sequence of the phycocyanin operon fragment cpcBA, the newly described
strain O9.13F is grouped with strains that belong to clade I (based on the 16S rRNA gene).
However, unlike the results of ITS-based phylogeny, strains carrying the 16S gene sequences
belonging to clade III appear to be more closely related to strains with the ITS cluster II.B.
Moreover, strains belonging to the ITS subcluster II.A described by Baurain et al. [30] are
more related with strains cluster I (Supplementary Figure S7).

The phylogenomic analysis is based on 363 of the most conserved proteins retrieved
from 17 Arthrospira strains for which the genomic sequences are available in databases. The
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use of the most evolutionarily conserved proteins whose genes occur in a single copy in the
cell and an analysis based on genomic sequences reduce the impact of intragene or operons
recombination on the results of phylogenomic analyses. The topology of the ML tree based
on core protein showed that the Arthrospira genus consists of only two groups, and the
O9.13F strain clusters together with the Arthrospira strains PCC8005, TJSD091, TJSD092
and CS-328, all of which are representatives of 16S clade I and ITS cluster I (Figure 6). The
presence of two phylogenetic groups revealed by our phylogenomic analyses is consistent
with the analyses described above and with the previously described analyses of ITS
sequences by Baurain et al. [30]. Phylogenesis based on the analysis of core proteins
enabled the precise classification of all strains for which the genomes are known. Also, for
strains for which the identification relying on single locus, 16S rRNA gene, was doubtful,
e.g., Arthrospira sp. BM01. The same goes for strains A. platensis Paraca and Arthrospira sp.
PLM2.Bin9 that were ungrouped when the fragment of the cpcBA phycocyanin operon was
analysed [31].

PKGD00000000 Arthrospira sp. O9.13F

LAYT00000000 Arthrospira sp. TJSD091

FO818649 Arthrospira sp. PCC8005

CP060212 Arthrospira sp. BM01

JACGXW00000000 Arthrospira fusiformis KN

CP028914 Arthrospira sp. TJSD092

CP051185 Arthrospira fusiformis   SAG85.79

CM001632 Arthrospira platensis C1

ABYK00000000 Arthrospira maxima  CS-328

Group I

CP013008 Arthrospira platensis YZ

JACJTS0000000 Arthrospira platensis FACHBB-835

JACJTL00000000 Arthrospira platensis FACHB-439

JACJSX00000000 Arthrospira platensis FACHB-971

ACSK00000000 Arthrospira sp. Paraca

CP066886 Arthrospirasp. PCC9108

BIMW00000000 Arthrospira platensis NIES-46

AP011615 Arthrospira platensis NIES-39

REEX00000000 Arthrospirasp. PLM2.Bin9

JAGTUX00000000 Arthrospirasp. SH-MAG29

Group II

CZDF00000000 Planktothrix tepida PCC9214

0.20

84/100/1

100/100/1

100/100/1

100/100/1

100/100/1

Figure 6. Maximum Likelihood tree indicating the current relatedness of Arthrospira sp. O9.13F.

The phylogenetic tree establishing Arthrospira sp. O9.13F’s phylogenetic position
is built based on the sequences of 363 of the most conserved proteins extracted from
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Arthrospira proteomes that are available in the Genbank database. The Maximum Like-
lihood tree was constructed using the PhyloPhlAn computational pipeline (Segata et al.
2013). The distance tree was inferred using Geneious software v 9.1.8. The gene sequences
of Planktothrix tepida PCC9214 (CZDF00000000) were used as an outgroup. The bootstrap
consensus was inferred from 1000 replicates. Bootstrapping values <50% were cut off.
Numbers above branches indicate the bootstrap value for ML, the NJ method and the
posterior probabilities for the Bayesian inference method, respectively. The sequence of
strain O9.13F is indicated in bold font. The colours correspond to the 16S clades: green
-clade 1, blue—clade II (according to [30]) and red—clade III (according to [88]).

To compare the relatedness of the Arthrospira sp. O9.13F to other available genomes
from the Arthrospira genus, we analysed the Average Nucleotide Identity (Figure 7) and in
silico DNA–DNA hybridisation (Figure 8). Both methods confirmed the assignment of the
strain to the Arthrospira genus, presenting similarity to the available genomes between 92.9%
and 99.4% based on ANI and between 48.1% and 86.1% based on isDDH (Supplementary
Table S1). Moreover, the presented results for all genomes were consistent with Arthrospira
division into two main clusters based on core protein phylogeny and ITS sequence [30].

Figure 7. Average Nucleotide Identity (ANI) of 17 Arthrospira genomes available in the GenBank database as calculated
using PyAni v0.2.10 [84], with MUMer v3.23 [85] as the alignment method. Depicted linkage is calculated as UPGMA,
distance is estimated using the Euclidean method.
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Figure 8. In silico DNA–DNA hybridization of 17 Arthrospira genomes available in the GenBank calculated with GGDC
2.1 [86] with BLAST+ as a local alignment tool.

3.3. General Features of the Arthrospira sp. O9.13F Genome

The genome of Arthrospira sp. O9.13F is deposited in the GenBank database un-
der accession number PKGD00000000, bioproject PRJNA384118. The draft genome of
Arthrospira sp. O9.13F consisted of 928 scaffolds of a total length of 4 945 448 bp and a G
+ C content of 44.47%. A total of 5355 genes were annotated of which 4688 (87.5%) were
protein-coding genes, 625 (11.67%) were pseudogenes and 42 (0.78%) genes were encoding
RNA and three CRISPR clusters (Table 2). A total of 3278 (69.92%) of predicted genes were
assigned to COGs. Most genes were assigned to protein families responsible for replication,
recombination and repair as well as signal transduction. The distribution of genes into
COGs is presented in Table 3. The additional annotation of the genome with the KEGG
Automatic Annotation Server (https://www.genome.jp/kegg/ (accessed on 3 January
2019)) ascribed 1287 genes into 189 pathways, the highest numbers of genes were mapped
to the following processes: ABC transporters (55), porphyrin and chlorophyll metabolism
(41), photosynthesis (40), purine metabolism (39), two-component system (33), pyrimidine
metabolism (32) and oxidative phosphorylation (31).

19



Cells 2021, 10, 3411

Table 2. Genome statistics of Arthrospira sp. O9.13F.

Attribute Value % of Total

Genome size (bp) 4,945,448 100
DNA coding (bp) 3,759,108 76.01
DNA G + C (bp) 2,198,162 44.5
DNA scaffolds 928 -

Total genes 5355 100
Protein coding genes 4688 87.5

RNA genes 42 0.78
Pseudogenes 625 11.67

Genes in internal clusters - -
Genes with function prediction 3363 62.80

Genes assigned to COGs 3278 69.92
Genes with Pfam domains 3237 69.05
Genes with signal peptides 400 8.53

Genes with transmembrane helices 862 18.39
CRISPR repeats 3 0.06

Table 3. The number of genes associated with general COG functional categories.

Code Value % of Total * Description

J 146 4.45 Translation, ribosomal structure and biogenesis
A 0 0 RNA processing and modification
K 145 4.42 Transcription
L 311 9.49 Replication, recombination and repair
B 2 0.06 Chromatin structure and dynamics
D 25 0.76 Cell cycle control, cell division, chromosome partitioning
V 84 2.56 Defence mechanisms
T 308 9.4 Signal transduction mechanisms
M 209 6.38 Cell wall/membrane biogenesis
N 39 1.19 Cell motility
U 44 1.34 Intracellular trafficking and secretion
O 156 4.76 Posttranslational modification, protein turnover, chaperones
C 174 5.31 Energy production and conversion
G 140 4.27 Carbohydrate transport and metabolism
E 195 5.95 Amino acid transport and metabolism
F 58 1.77 Nucleotide transport and metabolism
H 115 3.51 Coenzyme transport and metabolism
I 73 2.23 Lipid transport and metabolism
P 138 4.21 Inorganic ion transport and metabolism
Q 95 2.90 Secondary metabolites biosynthesis, transport and catabolism
R 499 15.22 General function prediction only
S 322 9.82 Function unknown
- 1811 33.82 Not in COGs

* The % of total is based on the total number of protein coding genes in the genome.

3.4. Comparative Genome Analyses

A comparative analysis of the Arthrospira sp. O9.13F genome with other Arthrospira
genomes revealed the absence of genetic determinants related to the synthesis of cyanobac-
terial toxins, such as microcystins, nodularin or cylindrospermopsin [89]. The secondary
metabolites analysis of the Arthrospira sp. O9.13F genome revealed the presence of five dif-
ferent secondary metabolite gene clusters that were present in all of the studied Arthrospira
genomes: four cyanobactin/bacteriocin gene clusters and one phytoene synthase. The pres-
ence of phytoene is obvious because there are different carotenoids in the Arthrospira cells, and
a complete pathway for carotenoids synthesis was present within the genome of this cyanobac-
terium. The secondary metabolites analysis did not indicate the presence of siderophore
biosynthetic gene clusters, which agreed with the negative results of the CAS plate assay [90].

The sequences of genes involved in gliding motility present in A. platensis C1 and A.
platensis NIES-39 were compared with the Arthrospira sp. O9.13F genome. Genes encoding
the S-layer gliding motility protein (oscillin) [91], as well as genes encoding type IV pilus-
related proteins involved in twitching motility (pilA, pilC-like, pilD and pilT2 genes) are
present in the Arthrospira sp. O9.13F genome.
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The buoyancy of Arthrospira sp. O9.13F is regulated by gas vesicles (Figure 2F) encoded
by certain identified genes: gvpA, gvpC, gvpK, gvpFL, gvpV, gvpW, gvpN and gvpJ. GvpA
proteins form the vesicle core, while GvpC proteins provide structural support and influence
the shape of the gas vesicles [92]. The proteins GvpK, GvpFL and GvpN possibly stabilise the
structure of the gas vesicle. The GvpJ protein is considered to determine the shape of the gas
vesicle. The functions of the GvpV and GvpW proteins remain unknown [92,93].

No plasmid sequences were observed during the DNA extraction and analysis of the
genomic data for the Arthrospira sp. O9.13F isolate.

One incomplete prophage region was identified in the Arthrospira genome of 10.6 kb,
with 10 total proteins, including seven phage hits and three hypothetical proteins. All 10
proteins are common in other Arthrospira genomes. The phage with the highest protein
similarity rate to the identified region was Citrobacter phage Margaery (NC 028755.1).

We checked the existence of loci coding RM and CRISPR/Cas systems in the genome
of the analysed cyanobacterium. The genome sequence of the Arthrospira sp. O9.13F
strain contains three sets of the type I R-M systems (hsdM, hsdR and hsdS genes), and
isoschizomers of Hin1I, Eco88I, Mph1103I, BshNI and Pfl23II complete the type II R-M
systems. Genes encoding two isoschizomers of the type II solitary methyltransferases,
namely, BspPI and Bsp143I, were also identified.

A total of 26 different CRISPR/Cas system direct repeats (DR) sequences were found in
the Arthrospira sp. O9.13F genome, with six confirmed and 20 questionable. It also contains
CRISPR/Cas essential cas1 and cas2 genes as well as the cas6 gene and CRISPR-associated
protein csx3 gene. Repeat Associated Mysterious Protein (RAMP) genes, involved in
CRISPR/Cas defence processes, were also identified, namely, cmr2, cmr4, cmr6, csm1,
csm2, csm3, csm4 and csm5. The organisation of the CRISPR/Cas operons is shown in
Supplementary Figure S8.

3.4.1. Genes Responsible for the Stress Adaptation

Cyanobacteria of the Arthrospira genus are known to be resistant to temperatures up
to 40 ◦C, alkaline pH and high salt concentration. Numerous genes responsible for their
adaptation capacity have been detected in the genomes of these cyanobacteria. So far, the
genes encoding Na+/H+ antiporters, CO2 uptake (NDH−1) as well as genes responsible
for the biosynthesis of three compatible solutes (sucrose, trehalose, glucosylglycerol or
glucosylglycerate) have been described [15,94,95]. To verify whether the Siberian strain
O9.13F differs from tropical ones, the presence of 68 genes related to the stress response was
checked in its genome (Supplementary Table S3). We confirmed the presence of 60 genes.
The sequences of these genes are almost identical or differ only in single polymorphisms
between O9.13F and other Arthrospira strains. It is worth emphasising that the sequences
of the Siberian strain that persists during the winter period in a freezing lake are the same
as for the tropical strains. What is more, it should be noted that the absence of eight genes
in the genome of the O.M13F strain does not necessarily mean that some pathways are
incomplete because the sequence of its genome is not closed, and its size of approximately
4.95 Mbp is smaller than in the case of most Arthrospira genomes (from 5.75 to 6.78 Mbp)
that are available in the GenBank database (Supplementary Table S2).

3.4.2. Arthrospira sp. O9.13F Unique Genes

A comparative genomic analysis of Arthrospira sp. O9.13F and other Arthrospira
genomes revealed 24 genes that are unique for this strain (Table 4). Among them, we found
14 genes encoding hypothetical proteins, RNA-binding S4 domain-containing protein as
well as two genes encoding four helix bundle proteins. Moreover, unique CDs encode
proteins involved in the immunity system, N-6 DNA methylase, which is most similar
with Methylase AflIII, the DUF433 domain-containing protein that might be a part of
the putative toxin/antitoxin system ([96]) as well as the WYL domain-containing protein,
which is a regulator of the Type VI-D CRISPR-Cas system [97] and thus might regulate the
response to environmental stresses [98] (Table 4).
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4. Discussion

The temperature of the water in Solenoye Lake varies between 0 and 30 ◦C during
vegetation season. The water salinity level varies from mesohaline during spring to poly-
haline in the remaining seasons, and seasonal pH variation is in the range of 8.94–9.94 [7].
The lake is located on salt clay, and it freezes only on the surface during the winter. The ice
cover remains for three months, from December to the beginning of March. The surface
water temperature in these months ranges between −3 ◦C and −15 ◦C, with an average of
approximately −10 ◦C. In winter, brine, which has a large heat accumulation capacity, may
keep a higher temperature on the lower water layers. In addition, the salinity of the water
lowers the temperature of the ice cover formation. The ice formation on the lake’s surface
increases salinity in the lower water layers and allows the medium to remain liquid [99].
The cyanobacteria blooms in Solenoye Lake are observed annually. The composition of
the lake’s phytoplankton has been investigated since 2007 [7]. During the entire ice-free
period, cyanobacteria abundantly develop in the lake as does the species of the Arthrospira
genus. Arthrospira forms the bloom in the warmer season, although its vegetation is noted
in the lake even in the winter under the ice. The presence of Arthrospira in Solenoye Lake
was noted even a few decades ago when there was a resort where the healing properties of
the microflora in the lake were used to treat a variety of human diseases [7].

This study is the first comprehensive, physiological and genomic description of the
Arthrospira strain O9.13F isolated from Solenoye Lake in September 2013. It is the first
well-characterised isolate of Arthrospira found in Siberia. The described strain O9.13F is
cultivable in laboratory conditions and showed the highest relative growth index and
highest accumulation of proteins and photosynthetic pigments in the biomass upon cul-
tivation at 20 ◦C. The observed optimal growth temperature is significantly lower than
the temperature of 35 ◦C reported in the literature as optimal for most Arthrospira strains
that typically originate from tropical areas. The earlier study of Kumar et al. 2011 showed
that tropical strains of Arthrospira could not effectively grow and accumulate biopigments
at 20 ◦C. We obtained similar observations during our research. Two reference strains,
PCC 8005 and PCC 7345, grew less efficiently at 20 ◦C than the Siberian strain (Figure 4).
While at the temperature of 15 ◦C, both strains stopped their metabolism, and filaments
started to fall apart; therefore, the measurements of proteins and fatty acids were below
the sensitivity limit of the method.

Nevertheless, the O9.13F strain was able to grow at 15 ◦C. Interestingly, we observed
the highest growth index in the Zarrouk medium at this temperature with the most elevated
tested salinity of 200 g/L. Furthermore, we showed that Arthrospira O9.13F could persist
in temperatures around 9 ◦C for several months. They were unable, however to survive
freezing at −20 ◦C in laboratory conditions. The waters of Lake Solenoje do not freeze
to the bottom. Considering the properties of the O9.13F strain and the fact that in the
ice-covered lake, the water in the deeper layers is more saline and warmer than those closer
to the surface [99], we can hypothesise that the Siberian Arthrospira strain can survive the
winter periods on the bottom of the lake and cause annual blooms observed in the summer.

The fatty acid content of the biomass of the Siberian strain does not deviate much
from the biomass of two other analysed strains originating from tropical climates when
each was cultivated in their optimal temperatures: 20 ◦C for O9.13F and 28 ◦C for PCC
8005 and PCC 7345. The same trend of a decrease of gamma-linolenic acid in favour of
palmitic acid caused by a change of the temperature was observed for the Siberian strain as
for the tropical ones. A drop in temperature from 30 to 20 ◦C led to a decrease in palmitic
acid accompanied by an increase in linoleic, and the gamma-linolenic acid content was
observed earlier by [100], suggesting an increase in membrane fluidity in response to the
temperature change. Colla et al. [101] observed that elevation of the growth temperature
from 30 ◦C to 35 ◦C increased the palmitoleic and linoleic acid concentration but decreased
gamma-linolenic acid. Thus, the observed reduced amount of gamma-linolenic acid in the
biomass of the Siberian strain after the elevation of the growth temperature from 20 ◦C to
28 ◦C confirm its acclimation to cooler than tropical climate.
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Additionally, we concluded that it is possible to recover the Arthrospira strains af-
ter long incubation periods at a low temperature (9 ◦C) and in low light conditions
(10 μmol photons m−2 s−1). This observation is valuable in case of storage problems with
this species in culture collections as the Arthrospira strains are known to not survive the
cryopreservation and lyophilisation procedures [102].

Based on this study’s detailed genetic characteristics, the newly isolated Siberian strain
O9.13F belongs to the Arthrospira/Limnospira genus. On the genomic level, the Siberian
strain O9.13F is highly similar to 17 other Arthrospira/Limnospira genomes that are available
in the GenBank. Undoubtedly it is not a new species, and based on genomic analyses
it belongs to the group gathering strains A. maxima CS-328, A. platensis C1, Arthrospira
sp. PCC 8005, TJSD091, TJSD092, BM1 and Arthrospira fusiformis KN and SAG 85.79. The
second group consists of the strains A. platensis Paraca, NIES-39, NIES-46, YZ, FACHBB-835,
FACHBB-439, FACHBB-971 and Arthrospira sp. PCC9108, PLM2.Bin9 and SH-MAG29.
Presently published Arthrospira genomes belong to the I.A, I.B and II.A ITS subclusters
distinguished by Baurain et al. The strain Arthrospira sp. O9.13F presented in this work
is not only the first strain isolated from a climate other than a tropical or subtropical one
(Siberia, Russia) but is also a representative of a new clade III based on the 16S rRNA gene
(according to Comte et al. 2013), for which the genomic sequence is available in public
databases (PKGD00000000).

What is more, here we report that the Siberian strain O9.13F has two different ITS
variants in contrast to most Arthrospira strains that possess only one variant of the ITS
within the ribosomal operon, except for strain PCC 7345 that was shown by [30].

The discrepancy between the phylogenies based on ITS and cpcBA has already been
observed in the works of [5,32], in which the possibility of recombination has been pos-
tulated. Our results of the cpcBA sequence analysis do not agree with the data presented
by [31,34]. These authors only used the noncoding IGS fragment between the cpcBA genes.
It could be caused by the fact that we used, apart from the IGS region, also fragments of
the flanking cpcB and cpcA genes, similar to Manen and Falquet 2002 and Dadheech et al.,
2010 earlier [5,32].

The results of the phylogenetic analyses based on the 16S rRNA gene, ITS and phy-
cocyanin operon fragment cpcBA are not consistent, indicating that these three genetic
markers, which are typically used in the phylogenetic analysis of cyanobacteria, are not
appropriate for the classification of the new isolates of Arthrospira. They do not allow for
establishing a taxonomy of this genus as their results are not congruent. Furthermore, the
position of the PCC9901 strain, which represents the 16S clade III, is undetermined.

Nevertheless, the results obtained in this study reveal the presence of only two groups
within the genus Arthrospira. Finally, the strain O9.13F constantly merges with the same
group of strains from the first clad 16S and the first ITS cluster. And these observations cor-
relate with the results of genomic analyses, ANI, isDDH and core protein-based phylogeny.

The genomic comparisons showed that the O9.13F strain, like other members of this
genus, possesses extensive R-M and CRISPR/Cas systems that enhance their protection
system against exogenic invasive genetic elements, such as plasmids and viruses as well as
intragenomic rearrangements. In addition, the gas vesicle genes operon of strain O9.13F
is similar to other Arthrospira strains. The virtual analysis agreed with the TEM analysis,
and both confirmed that the Siberian strain produces gas vesicles to regulate buoyancy
depending on the light intensity.

Comparative genomics revealed no apparent characteristic genes that may be directly
responsible for the adaptation of the Siberian strain to low temperatures of its habitat
during the winter period. However, among unique CDs, we found those which encode
proteins that might regulate the response to environmental stresses, such as methylase, the
putative toxin/antitoxin system or a regulator of the CRISPR-Cas system [96–98]. What
is more, strain O9.13F did not possess a different set of genes associated with the stress
response than tropical strains.
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The observed discrepancy between different physiological characteristics (observed
acclimatisation) with the simultaneous lack of significant genetic differences (no signs of
adaptation in the form of unique genes or different genes conditioning the survival of the
low-temperature period) remains an intriguing observation that requires further research.
Furthermore, in further studies aimed at explaining the mechanisms that allow the Siberian
strain to survive the winter period, the influence of other microorganisms that coexist in
the waters of Lake Solonye should be considered.

Considering all the data we collected; we can conclude that the genus Arthrospira has
a much broader acclimation capacity than previously reported. The observed physiological
properties of the Siberian strain indicate their usefulness in terms of production in temperate
climate zones with the use of local water resources, such as water from the Baltic Sea.
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Abstract: Verticillium wilt, caused by the fungal pathogen Verticillium dahliae, is the most severe
disease that threatens artichoke (Cynara scolymus L.) plants. Arbuscular mycorrhizal fungi (AMF)
may represent a useful biological control strategy against this pathogen attack, replacing chemical
compounds that, up to now, have been not very effective. In this study, we evaluated the effect of
the AMF Glomus viscosum Nicolson in enhancing the plant tolerance towards the pathogen V. dahliae.
The role of the ascorbate-glutathione (ASC-GSH) cycle and other antioxidant systems involved in
the complex network of the pathogen-fungi-plant interaction have been investigated. The results
obtained showed that the AMF G. viscosum is able to enhance the defense antioxidant systems in
artichoke plants affected by V. dahliae, alleviating the oxidative stress symptoms. AMF-inoculated
plants exhibited significant increases in ascorbate peroxidase (APX), monodehydroascorbate reduc-
tase (MDHAR), and superoxide dismutase (SOD) activities, a higher content of ascorbate (ASC) and
glutathione (GSH), and a decrease in the levels of lipid peroxidation and hydrogen peroxide (H2O2).
Hence, G. viscosum may represent an effective strategy for mitigating V. dahliae pathogenicity in
artichokes, enhancing the plant defense systems, and improving the nutritional values and benefit to
human health.

Keywords: Verticillium wilt; Glomus viscosum Nicolson; arbuscular mycorrhizal fungi; oxidative
stress; antioxidant systems; defense ability

1. Introduction

The artichoke (Cynara scolymus L.) is a horticultural species of relevant economic
interest belonging to the Asteraceae family, widely cultivated in the Mediterranean basin
and widespread throughout the world [1,2]. This perennial crop is well known for the
antioxidative, antimicrobial, and probiotic properties of its edible parts, including the inner
fleshy leaves (bracts) and the receptacle [1,3]. Several studies have demonstrated that even
some non-food by-products of artichokes, including leaves, external bracts, and stems,
exhibit beneficial and therapeutic effects and are widely used as hepatoprotective [4],
antioxidant [5,6], anticarcinogenic [7], hypoglycemic [8], and hypocholesterolemic [9]
agents. The health-promoting properties and important nutritional values of artichokes
have been extensively related to inulin, fibers, and minerals, and to the high content of some
bioactive phenolic compounds, such as caffeoylquinic acid derivatives and flavonoids,
showing a strong scavenging activity against reactive oxygen species (ROS) and free
radicals [1,2,10].

As the artichoke is an herbaceous plant which survives in the field for several years, a
large number of insects, nematodes, bacteria, fungi, and viruses can attack and invade its
seeds, roots, foliage, and vascular system, causing numerous diseases [11,12]. Verticillium
wilt, caused by the fungus V. dahliae Kleb., represents one of the greatest threats to the arti-
choke plantation worldwide [13–15]. This soil-borne pathogen is distributed throughout
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the world, and it affects over 400 plant species that belong to 14 plant families, showing a
broad range of symptoms and causing significant yield losses and quality reduction for
most of the host plant species [15,16]. Among these species, almond, apricot, artichoke,
cabbage, cauliflower, chrysanthemum, cotton, cucurbits, olive, peach, potato, strawberry,
sunflower, and tomato were defined as the most severely affected host crops [16]. V. dahliae
causes a monocyclic disease divided into three phases: dormant, parasitic, and sapro-
phytic [17,18]. In the presence of a host, the disease cycle begins with germination of
microsclerotia that are released in the soil with the decomposition of plant materials where
they can remain viable for up to 14 years. Hyphae from germinating microsclerotia can
colonize and penetrate the roots of host plants, following a slow progression through the
vascular (xylem) tissues, where conidia can grow and continue the colonization, leading
to xylem malfunctioning and reduced movement of water and nutrients from the roots to
the foliage of the infected host [17]. Over the years, several strategies have been tested to
manage diseases caused by V. dahliae, including selection of planting site, crop rotation
and manipulation of fertility and irrigation, use of healthy planting material, selection of
available resistant cultivars, fungicides treatments, and soil fumigants [15,18–21].

Methyl bromide has been widely used for decades as a soil fumigant for control-
ling Verticillium wilt until its complete phase-out in 2005 according to the Regulation EC
2037/2000 because of its threat to the environment, being one of the major ozone depleting
substances, and to humans, causing lung injury and neurological effects. Some other
fumigants have been tested, such as the mixture of 1,3-dichloropropene and chloropicrin,
dazomet, and metam sodium, but are not very effective [22]. Similarly, several fungicides
applied as foliar sprays, soil drenches, or granular preparations have been tested, but the
effectiveness was observed only with high dosages, which many a times cause phytotoxic
effects [23]. Therefore, the inability of fungicide and soil fumigants treatments to control
the disease successfully, the unavailability of artichoke resistant cultivars as well as the
inaccessibility of V. dahliae during infection and its long-term persistence in the field have
required alternative strategies. Furthermore, the public concern over the environment
pollution, ecosystem’s biodiversity, and food safety has enhanced research efforts towards
eco-friendly practices for a sustainable agricultural management. To ensure that aim,
beneficial microorganisms, such as AMF, could play a crucial role. AMF are symbionts,
mainly belonging to the phylum Glomeromycota that form arbuscular mycorrhizal as-
sociations with the roots of over 80% of all vascular plants [24]. Numerous studies have
demonstrated that AMF can improve water and mineral nutrient uptake from the soil by
increasing the plant root surface area [25]. Initial stages of AMF colonization trigger an
intracellular ROS burst in the host plant; however, this effect is transient and is overcome by
enhanced activities of antioxidant enzymes [26]. Indeed, AMF increase the accumulation
of secondary metabolites in several plants, including phenolic compounds, vitamins, and
sugars [10,27], mitigate the oxidative burst of plants under abiotic stresses by increasing
the activity of some antioxidants that are involved in the alleviation of oxidative damage
caused by ROS [28–30], and protect host plants from pathogens, overcoming the harmful
effects of abiotic and biotic stresses [31]. In particular, the efficacy of AMF in reducing the
disease severity of Verticillium wilt has been demonstrated on olive [32,33], eggplant and
tomato [34,35], pepper [35], oilseed rape (Brassica napus L. cv. Licosmos), and strawberry
(Fragaria ananassa cv. Elsanta) [36] plants. Moreover, the presence of an autochthonous
mycorrhizal consortium “Rhizolive consortium” on the early oxidative events induced
in olive plants after V. dahliae inoculation stimulated the activity of antioxidant enzymes,
reducing oxidative damage [37], and treatments with six AMF in two artichoke cultivars
increased the level of total phenols and total antioxidant activity [20].

The increase in ROS is a common biochemical response to abiotic and biotic stresses
in plants. Higher ROS levels in the cell could cause oxidative damage to DNA, lipids, and
proteins. It is well known that the ROS level in cells is under the control of antioxidant
systems, such as the ASC-GSH cycle [38], and enzymes, including SOD, catalase (CAT),
and generic peroxidases (PODs), which have a pivotal role in defense mechanisms. The
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activity of those enzymes, with that of APX, a component of ASC-GSH cycle, is crucial
for determining the steady-state level of superoxide anion and H2O2 in plant cells [39].
SOD dismutates superoxide anion to H2O2, which can be converted into oxygen and H2O
by CAT, PODs, or APX. In the ASC-GSH cycle, the APX uses two molecules of ASC to
reduce H2O2 to water, with the concomitant generation of two molecules of monodehy-
droascorbate (MDHA) [40]. MDHA is a radical with a short lifetime that is rapidly reduced
to ASC by MDHAR, which is a flavin enzyme that utilizes NAD(P)H as electron donors.
Dehydroascorbate (DHA), the oxidized form of ASC, can be reduced back to ASC by DHA
reductase (DHAR), which utilizes GSH as an electron donor, leading to the formation of
glutathione disulphide (GSSG), which is in turn re-reduced to GSH by NADPH, a reaction
catalyzed by the glutathione reductase (GR).

The objective of this study was to test the ability of the AMF G. viscosum to moderate
the metabolic alterations related to oxidative stress in artichoke plants attacked by V. dahliae.
In particular, a deeper investigation of the involvement of the defense systems in the fungi-
plant interaction, by evaluating the level of the components of the ASC-GSH cycle and
the antioxidant enzymes (CAT and SOD), led to a better understanding of the biochemical
mechanism on the basis of this complex network among the plant, pathogen, and AMF.

2. Materials and Methods

2.1. Chemicals

All reagents used in this study were of the highest grade available, purchased from
Sigma–Aldrich (Milan, Italy) and used without further purification. Ultrapure water was
produced by a Milli-Q system 84 (Millipore, Bedford, MA, USA).

2.2. Plant Material and Sampling

The material analyzed was obtained from the experimental farm of “P. Martucci” of
the University of Bari in Valenzano, Apulia, Italy. Plants of artichokes (Cynara cardunculus L.
var. scolymus L. cv. Violetto di Provenza), obtained by micropropagation, were transplanted
in pots containing a commercial peat mixture soil enriched with nutrients (organic carbon
46%, organic nitrogen 1–2%, organic matter 80%) and mixed with perlite at a 2:1 (v/v)
ratio. The peat mixture was sterilized and used to fill 10 cm diameter pots. Prior to
transplantation, half of the microplants were inoculated with 10 g of crude inoculum of the
AMF G. viscosum, as described by Morone Fortunato et al. [41]. Non-mycorrhizal plants
were used as controls. Acclimatization took place in greenhouse conditions at 18 ± 2 ◦C
with mist and a relative humidity level reduced from 85–90% to 55–60% over 20 days.
After 60 days, 48 non-mycorrhizal plants and 48 inoculated plants were transplanted to the
open field, according to a randomized block design with treatments replicated three times.
Each block consisted of eight plants, and the spacing used was 1.2 m between rows and
1 m between plants for all the treatments. A portion of the field was inoculated 15 days
before the transplantation with an inert substrate enriched with mycelium, microsclerotia,
and spores of V. dahliae isolated from naturally infected artichokes. Then, the treatments
were established as follows: (i) non-mycorrhizal plants (Ctrl), (ii) non-mycorrhizal plants
inoculated with V. dahliae (I), (iii) mycorrhizal plants (M), (iv) mycorrhizal plants inoculated
with pathogen (MI).

2.3. Source of V. dahliae Isolates

Isolates of V. dahliae were recovered from symptomatic artichoke plants in a field with
a known history of Verticillium wilt. Segments of 5 mm long surface-sterilized stems from
infected host plants were transferred on a potato dextrose agar (PDA), (Difco, Detroit,
MI, USA) supplemented with streptomycin sulphate (100 ppm) and incubated at 27 ◦C
for 10 days in darkness. Colonies of V. dahliae were morphologically identified visually
and microscopically, subcultured on PDA without antibiotics, and then mixed with ver-
miculite for the inoculation in the field. A further identity confirmation was provided by
sequencing. PCR amplification and sequencing were performed using the ribosomal in-
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ternal transcribed spacer region (ITS) as the locus, according to Inderbitzin et al. 2011 [42].
Species identification was confirmed by BLASTn against the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov, accessed on 14 January 2021).

2.4. Disease Assessments

A scoring metric was used to assess disease severity of the artichoke plants over
time. Wilt severity was rated according to Uppal et al.’s [43] scoring system as follows:
0, no wilt symptoms; 1, inter-veinal chlorosis on the lower leaves; 2, moderate necrosis
and defoliation of the lower leaves; 3, severe leaf necrosis and defoliation; and 4, severe
defoliation accompanied by pronounced stunting, chlorosis, and necrosis of the remaining
leaves. Furthermore, a rating scale was also established to evaluate the severity of vascular
browning of artichoke stems. This scale consisted of the following grades: 0, no vascular
browning; 1, trace to less than 9% of the stem cross-section showing a vascular browning;
2, 10–24% of the stem cross-section with a vascular browning; 3, 25–49% of the stem cross-
section showing vascular browning; and 4, over 50% of the stem cross-section exhibiting
vascular browning. In addition, the effect of mycorrhization on the growth of artichoke
plants was assessed by counting the number of flower heads per plant. Data were analyzed
with analysis of variance (ANOVA), and the means were compared by the Duncan test.

2.5. Determination of ASC and GSH Pool Contents

Foliar tissues (20 g) were homogenated at 4 ◦C with three volumes of 5% (w/v)
metaphosphoric acid and then centrifuged for 15 min at 20,000× g. The resulting super-
natant was used for analysis of the ASC and GSH pool content according to
Zhang and Kirkham [44].

2.6. Enzyme Assays

For determination of antioxidant enzyme activities, samples were homogenized ac-
cording to Mastropasqua et al. [45] with slight modifications. Briefly, twenty grams of
foliar tissues were homogenized in 50 mM Tris–HCl, pH 7.8 containing 0.3 mM manni-
tol, 1 mM EDTA, 10 mM MgCl2, 1% (w/v) polyvinyl-pyrrolidone (PVP), and 0.05% (w/v)
cysteine 1%, at 4 ◦C. The homogenate was filtered through four layers of cheesecloth and
centrifuged (20,000× g, 20 min, 4 ◦C). The supernatant was desalted by dialysis against
50 mM Tris-HCl, pH 7.8, and used for spectrophotometric analysis of the total proteins and
enzymatic activities.

The total protein content of samples was measured with a Protein Assay kit from
Bio-Rad (Hercules, CA, USA) with bovine serum albumin as the standard [46]. The
reproducibility of the Bio-Rad kit, expressed as the coefficient of variation (%CV), is 2%
approximately; the lower limit of the detection for protein molecular weight is 3000 to
5000 Daltons.

The enzymatic spectrophotometric assays for the determination of cytosolic APX
(EC 1.11.1.11), DHAR (EC 1.8.5.1), CAT (EC 1.11.1.6), GR (EC 1.8.1.7), MDHAR (EC 1.6.5.4),
and SOD (EC 1.15.11) were performed according to Paciolla et al. [47] and
Mastropasqua et al. [48].

2.7. Electrophoretic Analyses

Native-Polyacrilamide Gel Electrophoresis (Native-PAGE) was performed on PAGE
(4.3% T; 7.3% C) with a running buffer composed of 4 mM Tris-HCl pH 8.3 and 38 mM
glycine. In each lane of the gel, 200 μg of total proteins were loaded. After the elec-
trophoretic run, the gels were washed with distilled water and incubated in specific buffers
for the detection of APX and CAT, as described in Paciolla et al. [49]. For the SOD, the ac-
tivity on the gel was visualized by incubating it in 0.053 Tris–HCl buffer pH 8.2 containing
0.21 mM riboflavin and 0.244 mM nitro-blue tetrazolium (NBT) in the dark; after 15 min,
achromatic bands on a grey background appeared, a 50% glycerol solution was used to
block the reaction.
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For densitometric analysis of SOD activity, the gel was acquired utilizing the
Gel/ChemiDoc and Quantity One software (BioRad Laboratories Inc., Milan, Italy) to
obtain information on the changes in the activity of each band due to different treatments.
A relative value of 100 was assigned to the intensity of the bands of Ctrl and I samples.

2.8. Lipid Peroxidation Analysis and H2O2 Content

For lipid peroxidation, plant material was ground with four volumes of 0.1% (w/v)
trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 × g, for 10 min,
at 4 ◦C. One mL of the supernatant was mixed with 4 mL of 20% TCA containing 0.5%
(w/v) thiobarbituric acid (TBA). The level of cell lipid peroxidation was evaluated in terms
of malondialdehyde (MDA) content determined by the TBA reaction as described by
Zhang and Kirkham [44]. Intracellular H2O2 concentration was evaluated according to
Lee and Lee [50].

2.9. Statistical Analysis

The biochemical data presented are the means of five different experiments. Statistical
analysis was done using Student’s t-test, with level of significance for p < 0.05 and highly
significant for p < 0.01; the standard deviation (SD) was calculated, and its range is shown
in the figures. Data presented for disease assessments are the average of three experiments
with three replicates and were analyzed with ANOVA with p ≤ 0.05; the means were
compared by the Duncan test.

3. Results

3.1. Disease Assessments

The results showed a beneficial effect of mycorrhization in containing artichoke wilt.
In particular, the AMF G. viscosum significantly reduced the disease severity, measured
by symptoms’ development on leaves, on the MI treatment, while it slightly reduced
the vascular browning (Table 1). In addition, the beneficial effect of mycorrhization on
productivity was observed.

Table 1. Effectiveness of mycorrhizal fungus G. viscosum in protecting globe artichoke against
Verticillium wilt. For each parameter, different letters (a,b,c) within the same column indicate that
the means are significantly different at p ≤ 0.05 according to Duncan test. The experiments were
repeated three times with three replicates. Ctrl, non-mycorrhizal plants; I, non-mycorrhizal plants
inoculated with V. dahliae; M, mycorrhizal plants; MI, mycorrhizal plants inoculated with V. dahlia.

Treatment
Disease Severity

Flower Heads for Plants
Foliar Tissue Vascular System

Ctrl 0.0 c 0.0 b 13
I 3.9 a 3.0 a 4

M 0.0 c 0.0 b 16
MI 1.6 b 2.7 a 9

3.2. Ascorbate and Glutathione Pool Content

The mycorrhizal plants inoculated with the pathogen V. dahliae (MI) showed an
increase (p < 0.05) in ASC content as compared to non-mycorrhizal inoculated plants (I),
while no significant increment was observed in mycorrhizal plants (M) with respect to
non-mycorrhizal plants (Ctrl) (Figure 1, Panel a). DHA did not differ significantly among
the treatments (data not shown), and, hence, the ascorbate redox ratio (ASC/ASC + DHA)
was higher in MI than in the other treatments (Figure 1, Panel b).
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Figure 1. Ascorbate (ASC) content (a) and ASC redox ratio (b) in artichoke control plants (Ctrl), in mycorrhizal plants (M),
in plants inoculated with Verticillium dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI). The results are
given as the mean values of at least five experiments ± SD; � indicates values significantly different from the artichoke
inoculated with V. dahliae (I) by the Student’s t test with p < 0.05. FW, fresh weight.

In both mycorrhizal plants (M and MI), an increase (p < 0.05) in GSH content was
observed (Figure 2, Panel a) with respect to the control and the inoculated plants (I),
respectively. In addition, the GSSG content was similar in all samples (data not shown),
therefore, the glutathione redox ratio (GSH/GSH + GSSG) was higher in M and MI with
respect to the control and the plants inoculated with the pathogen (I), respectively (Figure 2,
Panel b).

Figure 2. Glutathione (GSH) content (a) and glutathione redox ratio (b) in artichoke control plants (Ctrl), in mycorrhizal
plants (M), in plants inoculated with Verticillium dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI). The
results are given as the mean values of at least five experiments ± SD; * indicates values significantly different from the
control (Ctrl) by the Student’s t test with p < 0.05; � indicates values significantly different from the artichoke inoculated
with V. dahliae (I) by the Student’s t test with p < 0.05. FW, fresh weight.

3.3. Antioxidant Enzyme Assays

Activities of the enzymes in the ascorbate–glutathione cycle, including APX, DHAR,
MDHAR, and GR, showed difference trends. The activity of APX was significantly higher
in MI compared to I as shown in Figure 3 (Panel a). Similarly, M showed higher APX
activity with respect to the control. These results were confirmed by Native-PAGE, which
showed that enzyme activity of APX was higher in M and MI than in Ctrl and I, respectively.
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Furthermore, the native electrophoretic pattern of APX showed a total number of three
isoforms with same migration rate in all samples (Figure 3, Panel b).

Figure 3. Spectrophotometric activity (a) and electrophoretic profile after Native-PAGE (b) of ascorbate peroxidase (APX) in
the cytosolic fraction of artichoke control plants (Ctrl), mycorrhizal plants (M), plants inoculated with Verticillium dahliae (I),
and in mycorrhizal plants inoculated with V. dahliae (MI); 1 U = 1 nmol of ascorbate oxidized min−1; prot. = proteins. The
results are given as the mean values of at least five experiments ± SD; * * and �� indicate values significantly different
from the control (Ctrl) and from the artichoke inoculated with V. dahliae, respectively, by the Student’s t test with p < 0.01.

The assay of GR and MDHAR activities revealed a trend similar to APX, showing both
in M and MI a significant increment compared to Ctrl and I plants, respectively (Figure 4,
Panels a and b). In contrast, the activity of DHAR remained almost unchanged among all
treatments (data not shown).

Figure 4. Enzymatic activity of glutathione reductase (GR) (a) and monodehydroascorbate reductase (MDHAR) (b) in the
cytosolic fraction of artichoke control plants (Ctrl), mycorrhizal plants (M), plants inoculated with Verticillium dahliae (I), and
in mycorrhizal plants inoculated with V. dahliae (MI). For GR activity, 1 U = 1 nmol of NADPH oxidized min−1; for MDHAR
activity, 1 U = 1 nmol of NADH oxidized min−1; prot. = proteins. The results are given as the mean values of at least five
experiments ± SD; * * indicates values significantly different from the control (Ctrl) by the Student’s t test with p < 0.01;
� and �� indicate values significantly different from the artichoke inoculated with V. dahliae (I) by the Student’s t test with
p < 0.05 and 0.01, respectively.

Catalase activity was also analyzed aiming to investigate the ability of mycorrhizal
plants to detoxify hydrogen peroxide. No significant changes in CAT activity were found
between M and Ctrl plants, as shown in Figure 5 (Panel a). In contrast, a high significant
(p < 0.01) decrease was observed in MI compared to I. This evidence was confirmed by
native electrophoresis where I treatments showed a higher band intensity compared to the
MI treatment (Figure 5, Panel b).
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Figure 5. Spectrophotometric activity (a) and electrophoretic profile (b) in the cytosolic fraction of
catalase (CAT) in artichoke control plants (Ctrl), in mycorrhizal plants (M), in plants inoculated
with Verticillium dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI); 1 U = 1 nmol
H2O2 dismutated min−1; prot. = proteins. The results are given as the mean values of at least five
experiments ± SD; �� indicates values significantly different from the artichoke inoculated with
V. dahliae (I) by the Student’s t test with p < 0.01.

Regarding SOD analysis, the spectrophotometric assay (Figure 6, Panel a), the elec-
trophoretic pattern (Figure 6, Panel b), and the densitometric analysis of the band intensity
of Native-PAGE (Figure 6, Panel c), showed a significant increase in its activity in both myc-
orrhizal plants (M and MI), as compared to control and I plants, respectively. This increase
is not due to new additional bands, as three isoforms in all samples have been observed.

Figure 6. Spectrophotometric analysis (a), electrophoretic pattern of Native-PAGE (b), and related densitometric analysis (c)
in the cytosolic fraction of superoxide dismutase (SOD) of artichoke control plants (Ctrl), mycorrhizal plants (M), plants
inoculated with Verticillium dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI); 1 U= the amount of enzyme
required to inhibit the reduction rate of NBT by 50% at 25 ◦C; prot. = proteins; a.u. = arbitrary units. The results are given as
the mean values of at least five experiments ± SD; * * and �� indicate values significantly different from the control (Ctrl)
and from the artichoke inoculated with V. dahliae, respectively, by the Student’s t test with p < 0.01.

3.4. H2O2 Content and Lipid Peroxidation Assay

The effect of mycorrhizal inoculation on ROS accumulation and preservation of mem-
brane structure from oxidative damages after biotic interaction was evaluated by the
estimation of H2O2 content and level of lipid peroxidation. The H2O2 content was signifi-
cantly decreased (p < 0.01) in MI treatment with respect to the plants inoculated only with
the pathogen (Figure 7, Panel a). Similarly, the mycorrhizal plants inoculated or not with
the pathogen showed a decreased level of lipid peroxidation as compared to the inoculated
and the control plants, respectively (Figure 7, Panel b).
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Figure 7. (a) Intracellular H2O2 content in artichoke control plants (Ctrl), in mycorrhizal plants (M), in plants inoculated
with Verticillium dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI). The results are given as the mean values
of at least five experiments ± SD; * indicates values significantly different from the control (Ctrl) by the Student’s t test with
p < 0.05; �� indicates values significantly different from the artichoke inoculated with V. dahliae (I) by the Student’s t test
with p < 0.01; (b) Lipid peroxidation level in artichoke control plants (Ctrl), in mycorrhizal plants (M), in plants inoculated
with V. dahliae (I), and in mycorrhizal plants inoculated with V. dahliae (MI). The results are given as the mean values of at
least five experiments ± SD; * and � indicate values significantly different from the control (Ctrl) and from the artichoke
inoculated with V. dahliae (I), respectively, by the Student’s t test with p < 0.05.

4. Discussion

Ensuring stable crop yields and quality while simultaneously guarding human health
and the environment is a current challenge facing the farming and research communities.
In recent years, the inoculation of plants with AMF has received increasing attention as an
environment-friendly approach for improving plant nutrition by increasing nutrients and
water availability, nutraceutical values by inducing changes in secondary metabolism, and
plant tolerance to biotic and abiotic stress by selecting resistant cultivars and enhancing
the activity of antioxidant enzymes [51–56]. According to this view, the present study
evaluated the effectiveness of the AMF G. viscosum as a biocontrol agent against the soil-
borne pathogen V. dahliae by investigating the antioxidant responses and the effects on ROS
metabolism in artichokes. There is sufficient evidence in the literature to confirm that the
effect of AMF varies with respect to the host plant and the fungal species [27,57–60]. Based
on previous results where G. viscosum showed a better affinity with artichoke plantlets
in terms of plant growth and physiological activities, compared with G. intraradices [61],
we selected the former AMF in this study. Our results showed that inoculation with
G. viscosum significantly improved productivity and ameliorated the disease severity in
most of the AMF-treated plants. This is consistent with previous observations showing
a beneficial effect on productivity and disease severity in cotton plants affected by Ver-
ticillium wilt inoculated with Rhizophagus irregularis [62], in wheat plants infected with
Fusarium pseudograminearum and colonized by Rhizophagus intraradices [56], and in potato
contaminated by the pathogen Fusarium sambucinum and inoculated with the AMF Glo-
mus irregular [63]. Although G. viscosum had a significant effect on reducing symptoms’
development on leaves, the inoculation still caused slight stem browning in most of the
AMF-treated plants, confirming previous findings where several AMF treatments showed
differences in efficiency towards reducing disease severity [57,64,65].

The findings of the present study highlighted that the mycorrhization process modu-
lated the activity of the ascorbate–glutathione cycle enzymes, including APX, MDHAR,
and GR, and the resulting levels of ASC and GSH. In particular, increased levels of GSH
and ASC, along with enhanced activity of APX, GR, and MDHAR, were observed in myc-
orrhizal artichoke plants compared with non-mycorrhizal controls, while the activity of
DHAR, as well as the DHA and GSSG contents, remained unchanged. The effects of AMF
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on the modulation of ASC-GSH cycle enzymes and antioxidative metabolism have been
scarcely studied [66]. Moreover, most of the studies focused on a narrow range of fungi,
such as Trichoderma harzianum [67], R. intraradices [56,68], Glomus spp. [69], and the AMF
Rhizolive consortium [37]. Previous studies have established a correlation between the
level of GSH and resistance to different biotic challenges, including plant viruses, bacteria,
and fungi [66,70,71]. Furthermore, GSH represents a key metabolite in the cellular redox
buffering system, protecting proteins from irreversible modifications that can be induced
by oxidation, through the S-glutathionylation, a post-transcriptional protein modification,
which consists in the formation of a stable mixed disulfide between GSH and a protein
thiol [72,73]. In this study, the increase in GSH content, observed in both mycorrhizal treat-
ments (M and MI), could be correlated to the higher GR enzyme activity that regenerates
the GSH from GSSG, using NADPH as electron donor [74]. Due to the GSH increase, the
GSH/GSSG ratio shifts toward the reduced form. Furthermore, the higher availability of
NADP+ allows for accepting electrons from photosynthetic electron transport, mitigating
the reduction of molecular oxygen to superoxide anion [75]. Moreover, we hypothesize
that the increased levels of GSH, ASC, and GSH-dependent enzymes were related with
increased mineral elements content (N, P, K, Mg, Fe, Ca, etc.), as demonstrated in previous
studies where the higher activity of several antioxidant enzymes was often associated with
mycorrhiza-induced increases in biomass and P or N contents [76]. On the other hand, a
rise in GSH content is correlated to a higher rate of assimilation of nitrogen and sulfur [77],
which are elements of the chemical structure of glutathione.

The increased content of ASC observed in MI plants compared to I, along with the
significant increase in MDHAR, corroborates the key role played by MDHAR in the
regeneration of ASC from MDHA for ROS scavenging. Moreover, the regeneration of
ASC from its oxidative state prevents the intracellular accumulation of DHA that, at high
concentrations, has been proved to be toxic for cell metabolisms [78] and to inhibit the
activity of enzymes regulated by the thioredoxin–thioredoxin system [79,80]. Our results
suggest that MDHAR showed a higher specific activity than DHAR, as reported in previous
studies [81–83].

The remarkable increase in H2O2 and MDA in I plants compared with the other
treatments was an indicator of oxidative stress caused by pathogen attack. Conversely, in
the MI plants, we observed a strong decrease in the H2O2 level that could be explained
by the significant increase in the APX enzyme activity of mycorrhizal plants (MI and I)
compared to the other treatments. Similarly, decreased MDA concentrations in leaves of
AMF, although at a lesser extent, have been observed. These findings are consistent with
published results reporting the antioxidant responses in Digitaria eriantha plants inoculated
with the AMF R. irregularis and subjected to drought, cold, or salinity [51] and the effect
of AMF on leaf water potential, solute accumulation, and oxidative stress in soybean
plants subjected to drought stress [84]. Furthermore, our findings showed a higher level
of H2O2 in mycorrhizal plants compared to the non-mycorrhizal plants that is consistent
with previous results showing that, in the early stages, the establishment of mycorrhizal
symbiosis leads to an increase in ROS content followed by an enhanced defense response
of the antioxidant system [26,37,62,85,86]. Accordingly, our results showed a significant
stimulation of SOD and APX activity in AMF compared to non-AMF samples, indicating
lower oxidative damage in the colonized plants. Conversely, the CAT showed a negative
response to AMF, while its activity increased in plants inoculated with pathogen. CAT
and APX activities are both involved in the scavenging of H2O2. Although mycorrhizal
colonization has been associated with higher antioxidant enzyme activities, the response of
the individual enzymes varies with respect to the host plant and the fungal species [58,60].
Moreover, previous studies showed that APX has a much higher affinity for H2O2 than
CAT [87–90], while high concentrations of H2O2 induced the expression of genes involved
in the synthesis of catalase gene to higher levels, and in less time, than lower H2O2
concentrations [91]. Furthermore, CAT, APX, and SOD are metalloenzymes depending
on micronutrients’ availability, so their activities may be related to the acquisition of Fe,
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Cu, N, P, and Mn in the plants [58,76]. The activity of SOD, APX, and CAT was also
analyzed by using electrophoretic systems. Our results showed the presence of three
constitutive isoforms in SOD activity in all samples with an enhanced activity in both
mycorrhizal plants, and no induction of new isoforms was detected in plants inoculated
with the pathogen (I) or in the mycorrhizal plants. Similarly, three SOD isoforms were
found in non-mycorrhizal plants of pepper roots affected by Verticillium wilt, although
the colonization with the AMF Glomus deserticola induced two new isoforms with similar
mobility [85].

Overall, our results demonstrated the protective role of the AMF G. viscosum on
artichoke plants affected by Verticillium wilt through reducing disease severity and en-
hancing antioxidant systems and activity of investigated antioxidant enzymes. The results
of this study suggest that: (1) G. viscosum enhances disease tolerance in artichokes; (2) the
ascorbate-glutathione cycle plays a key role in maintaining redox balance and avoiding
oxidative damage in contaminated artichoke plants inoculated with G. viscosum; (3) G. vis-
cosum increases the activity of some antioxidant enzymes, such as APX and SOD, while
it decreases the activity of some others (CAT), confirming that the efficiency of AMF
is related to fungal and/or plant species, soil nutrient availability, and environmental
factors. All those data can lend support to the applications of AM G. viscosum as a cost-
effective and environment-friendly strategy for reducing or alleviating V. dahliae effects in
artichoke plants.
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Abstract: Ophiocordyceps fungi are commonly known as virulent, specialized entomopathogens;
however, recent studies indicate that fungi belonging to the Ophiocordycypitaceae family may
also reside in symbiotic interaction with their host insect. In this paper, we demonstrate that
Ophiocordyceps fungi may be obligatory symbionts of sap-sucking hemipterans. We investigated
the symbiotic systems of eight Polish species of scale insects of Coccidae family: Parthenolecanium
corni, Parthenolecanium fletcheri, Parthenolecanium pomeranicum, Psilococcus ruber, Sphaerolecanium
prunasti, Eriopeltis festucae, Lecanopsis formicarum and Eulecanium tiliae. Our histological, ultrastructural
and molecular analyses showed that all these species host fungal symbionts in the fat body cells.
Analyses of ITS2 and Beta-tubulin gene sequences, as well as fluorescence in situ hybridization,
confirmed that they should all be classified to the genus Ophiocordyceps. The essential role of the
fungal symbionts observed in the biology of the soft scale insects examined was confirmed by
their transovarial transmission between generations. In this paper, the consecutive stages of fungal
symbiont transmission were analyzed under TEM for the first time.

Keywords: soft scale insects; Ophiocordyceps; symbiosis; transovarial transmission

1. Introduction

Scale insects (coccoids) are plant sap-sucking hemipterans that are considered serious
pests in agriculture, horticulture, and forestry. These insects cause direct damage to plants
through sap-sucking and the injection of toxic saliva into plant tissue, which is a cause of
the retardation of plant growth and recovery, and furthermore, may lead to the death of
the whole or part of the plant if the infestation is severe. Scale insects are rarely known
as vectors of bacterial pathogens or phytoplasmas, and only a few species are involved
in virus transmission [1]. Most species of scale insects also cause indirect damage by
producing a carbohydrate-rich solution, referred to as honeydew, which is a medium
for the growth of saprophytic fungi known as “sooty molds”, forming black superficial
colonies that also reduce the host plant photosynthesis rates, further diminishing the vigor
of the plant (e.g., [1–3]).

Scale insects are highly diverse in terms of the morphology of their external and
internal organs, reproductive strategies and chromosome systems, as well as symbiotic
systems, which makes them an interesting group of insects to study [4]. After the Diaspi-
didae and Pseudococcidae, the Coccidae (soft scales, coccids) is the third largest family
of scale insects in terms of species richness. There are 1281 described species of coccids
in 176 genera. Soft scales are widely distributed in all zoogeographical regions; however,
they predominantly occur in the tropics and subtropics [2,5–7]. The Coccidae, like other
scale insect families, exhibit a remarkable dimorphism. The adult females are wingless
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and lack a well-defined head, thorax, and abdomen. The adult males are usually winged,
with distinct body parts, and do not possess functional mouthparts. A large number of
soft scale species are notorious plant pests that are of great economic importance to crops.
Many pests of the Coccidae have been introduced into new zoogeographical regions, thus
making them cosmopolitan [2].

In several insect groups, including scale insects, a mutualistic relationship with mi-
croorganisms (bacteria or fungi) evolved. The use of genomic analyses has confirmed
earlier assumptions that the occurrence of symbiotic associates in the insect body is associ-
ated with the poor diet of the host-insect, e.g., plant sap-sucking hemipterans receiving
amino acids, and blood-sucking insects receiving B vitamins from their mutualists [8].

As typical phloem-feeders, scale insects live in symbiotic association with microorgan-
isms; however, in comparison with close relatives such as aphids, whiteflies, and psyllids,
these insects are characterized by highly diverse symbiotic systems. Scale insects may
live in mutualistic relationships with different species of bacteria or fungal symbionts.
They may have only one symbiont or several species of microorganisms. Symbionts may
be harbored in the fat body cells, in the midgut epithelium, in the specialized cells of
mesodermal origin termed bacteriocytes, or inside the cells of other bacteria. Scale insects
also developed different modes of transmission of their symbiotic associates from mother
to offspring [9–12].

In contrast to other families of scale insects, symbionts of soft scale insects have not
been as extensively examined through the use of modern ultrastructural and molecular
methods. The results of histological studies (reviewed in [9,10,13]) have indicated that these
insects are hosts to obligate fungal symbionts that may be localized freely in hemolymph or
intracellularly in fat body cells, and are transovarially inherited. Studies recently conducted
with the use of molecular methods and phylogenetic analyses have allowed the identifica-
tion of the symbiotic associates of seven species of the Coccidae from the Mediterranean
region and 28 species from southern China as the Ophiocordyceps-allied fungus (phylum
Ascomycota) [14,15]. It is noteworthy that, for many years, fungi belonging to the genus
Ophiocordyceps, like other members of Ophiocordycypitaceae and Cordycypitaceae, were
known mainly as entomopathogenic microorganisms [16,17]. They may attack various
species of insects, e.g., ants, beetles, butterflies, and hemipterans. The hyphae of these
fungi penetrate the body wall and destroy their internal tissue: fat body cells, hemocytes,
muscle, nerve ganglions, and the intestine. In each case, insects infected by these fungi
die before beginning their reproductive phase, i.e., within 48–96 h of penetration [16]. For
this reason, entomopathogenic fungi have also been tested as biological control agents
for whiteflies, lepidopterans and scale insects [18,19]. The finding of a close relationship
between fungal entomopathogens and symbionts has led to the hypothesis that during
their co-evolution, the interaction between both of these partners shifted from parasitism
to mutualism [20,21].

The aim of this study was to further explore the symbiotic systems of the Coccidae
family: (1) to determine the systematic position of symbionts, (2) to verify whether symbio-
sis with fungi is a general rule of this family, (3) to show whether the symbiosis is the result
of the single infection of the ancestor of Coccidae or multiple independent infections, (4) to
describe symbiont distribution and ultrastructure as well as a mode of transmission from
mother to progeny in eight species from three subfamilies of Central European origin.

2. Material and Methods

2.1. Insects

Eight species of the Coccidae family: Parthenolecanium corni (Bouché, 1844), Parthenole-
canium fletcheri (Cockerell, 1893), Parthenolecanium pomeranicum (Kawecki, 1954), Eriopeltis
festucae (Boyer de Fonscolombe, 1834), Lecanopsis formicarum Newstead, 1893, Sphaerole-
canium prunastri (Boyer de Fonscolombe, 1834), Eulecanium tiliae (Linnaeus, 1758) and
Psilococcus ruber Borchsenius, 1952 were collected in unprotected areas in Poland between
the years 2017 and 2019 from their host plants. The localities, collection dates, and host
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plants of the investigated species have been summarized in Table 1. Species of the Coccidae
family were assigned to subfamilies according to Koteja [22].

Table 1. List of investigated species with collection details and number of individuals used in each method applied.

Species Subfamily Place of Collec-
tion/Locality
Coordinates

Date of
Collection

Host Plant

No. of Individuals
Examined Using

Microscopic Techniques

No. of Individuals
Examined Using

Molecular Techniques

LM TEM PCR FISH

Parthenolecanium
corni

Coccinae

Katowice
50.245638
19.007992

V, VI 2017 Tilia cordata 10 2 3 1

Parthenolecanium
fletcheri

Katowice,
50.245621
19.005127
Olsztyn

50.753157
19.277790

V 2018;
V 2019 Thuja sp. 6 4 3 1

Parthenolecanium
pomeranicum

Katowice
50.243978
19.001704

V, VI 2017;
VI 2018

Taxus
baccata 10 2 7 3

Eriopeltis festucae

Eriopeltinae

Olsztyn
50.749359
19.272956

VII 2017;
VI 2018

Calamagrostis
epigejos 5 2 3 1

Lecanopsis
formicarum

Mikoszewo
54.341908
18.992342

VIII 2018 Festuca
ovina 5 2 7 3

Psilococcus ruber
Mikoszewo
54.344519
18.978498

VIII 2018 Carex sp. 10 4 7 3

Sphaerolecanium
prunastri

Filippinae

Bukowno
50.274843
19.436405

VI 2017; IV
2018

Prunus
spinosa 15 3 7 3

Eulecanium tiliae
Olsztyn

50.749837
19.274678

V 2018 Tilia cordata 6 2 3 1

2.2. Light (LM) and Electron Microscopy (TEM)

Females of the investigated species, destined for detailed histological and ultrastruc-
tural analysis, were fixed in 2.5% glutaraldehyde in 0.05 M phosphate buffer (pH 7.4) and
stored in a fridge for 1–4 weeks. After this time, the samples were rinsed five times in the
buffer with sucrose (5.8 g/100 mL), postfixed in buffered 1% osmium tetroxide for 2 h, and
then dehydrated in an ethanol series (30%, 50%, 70%, 90%, 100%) and acetone. Finally, the
samples were embedded in epoxy resin Epon 812 (Serva, Heidelberg, Germany) ([23]—
modified). For the histological analyses, semithin sections (1 μm thick) were stained in 1%
methylene blue in 1% borax and photographed under a Nikon Eclipse 80i light microscope.
For ultrastructural analyses, ultrathin sections (90 nm thick) were doubly contrasted with
uranyl acetate and lead citrate and subsequently examined and photographed under a Jeol
JEM 2100 at 80 kV transmission electron microscope. The number of specimens used for
histological and ultrastructural analyses is summarized in Table 1.

2.3. Molecular Analyses

Specimens destined for molecular analysis were fixed in 100% ethanol. In the case of
the removal of the surphase’s contaminations, the specimens were placed in 5% sodium
hypochlorite for 1 min and then rinsed in distilled water three times for one minute. Then
the cuticle was removed, and the DNA isolated only from the fat body and internal organs.
DNA extraction was performed separately from 3-7 individuals of each species (see Table 1)
using the Bio-Trace DNA Purification Kit (EURx, Gdańsk, Poland) following manufacturer
protocol and subsequently stored at −20 ◦C for further analysis.

The fungal associates of the species examined were identified and characterized based on
sequences of two genes: Internal Transcribed Spacer 2 of nuclear ribosomal RNA (ITS 2) and
Beta-tubulin gene using primers: ITS3/ITS4 [24] and Ophi_Btub44448F/Ophi_Btub5243R
(D. Vanderpool, unpublished), respectively. The mitochondrial cytochrome c oxidase
subunit I (COI) gene of soft scale insects was amplified using the primer pair PCoF1 and
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HCO [25]. The conditions for all the PCR reactions were an initial denaturation step at
94 ◦C for 5 min, followed by 33 cycles at 94 ◦C for 30 s, Tm for 40 s, 70 ◦C for 1 min 40 s
and a final extension step of 5 min at 72 ◦C. The PCR products were visualized on 1.5%
agarose gel stained with Simply Safe (EURx, Gdańsk, Poland), purified with the Gel-Out
Concentrator (A&A Biotechnology, Gdańsk, Poland) kit following manufacturer protocol,
and subsequently sequenced. The sequences of the primers have been listed in Table S1. The
nucleotide sequences obtained were deposited in the GenBank database under the accession
numbers: ITS (MN733271-MN733277, MZ594469); COI (MN603157, MN603159-MN603160,
MN603162-MN603164, MZ567176), Beta-tubulin (MN750822-MN750828, MZ576194).

2.4. Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) was conducted with the probe Hyp760 spe-
cific for the 18S rRNA gene of Ophiocordyceps fungi [26] (Table S1). Two individuals of each
species that were preserved in 100% ethanol were rehydrated, fixed in 4% formaldehyde for
two hours and dehydrated through incubation in 80%, 90% and 100% ethanol and acetone.
The material was then embedded in Technovit 8100 (Kulzer, Werheim, Germany) resin
and subsequently cut into sections. Hybridization was performed using a hybridization
buffer containing: 1 mL 1 M Tris-HCl (pH 8.0), 9 mL 5 M NaCl, 25 μL 20% SDS, 15 mL
30% formamide and about 15 mL of distilled water. The slides were incubated in 200 μL of
hybridization solution (hybridization buffer + probes) overnight at room temperature [27].
Following this, the slides were washed in PBS three times for 10 min, then dried and
covered with a ProLong Gold Antifade Reagent (Life Technologies, Carlsbad, CA, USA).
The hybridized slides were then examined using a confocal laser scanning microscope
Zeiss Axio Observer LSM 710.

2.5. Phylogenetic and Co-Phylogenetic Analyses

The sequences were aligned in a CodonCode Aligner v.8.0 (CodonCode Corporation,
www.codoncode.com, 8 March 2018). Coding regions were translated to amino acids using
Mega v. X [28] in order to detect frameshift mutations and internal stop codons. The Akaike
Information Criteria (AIC) in MrModeltest v. 2.2 [29] was used to estimate the best-fit
substitution models. Phylogenetic trees were constructed using Bayesian inference (BI) in
MrBayes v. 3.2.6 [30]. For phylogenetic trees of both scale insects and fungal symbionts,
MrBayes was run for six million generations, sampling every 100 generations in order to
ensure the independence of the samples. Two independent runs were performed to ensure
that convergence on the same posterior distribution was reached, and if the final trees
converged on the same topology. The statistical confidence in the nodes was evaluated
using posterior probabilities.

Co-phylogenetic and host-switching events were tested in Jane v.4 [31] using the BI
host and fungal trees as input. The analysis was performed with 100 generations, popula-
tion sizes of 100 and a default event–cost scheme including “co-speciation”, “duplication”,
“host switch”, “losses”, and “failure to diverge”.

3. Results

3.1. Fungi Belonging to the Ophiocordycypitaceae Family Are Symbionts of the Soft Scale
Insects Examined

Our histological, ultrastructural, and molecular analyses showed that all the species
examined were associated with symbiotic fungi. Molecular analyses based on sequences of
ITS2 and Beta-tubulin genes revealed that in all the species examined, the symbiotic fungi
belonged to the Ophiocordycypitaceae family within the Ascomycota phylum (Ascomycota:
Sordariomycetes: Hypocreales: Ophiocordycipitaceae).

Based on the sequences of the Beta-tubulin gene, two groups of symbiotic microorgan-
isms may be distinguished: the first one includes symbionts of Eulecanium tiliae, Parthenole-
canium corni, Parthenolecanium pomeranicum, and Parthenolecanium fletcheri, and the second
one is comprised of the symbionts of remaining species. These latter sequences are almost
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identical (99%) and differ from the sequences in the first group by 4%. In turn, the similarity
of the ITS2 sequences, which are more species-specific, ranges from 87% to 96%. Blast
searches for all of the sequences obtained demonstrated the highest similarity to sequences
of homologue genes of various species of Ophiocordyceps or its anamorphic (i.e., asexual)
form—Hirsutella. Phylogenetic analyses also confirmed the systematic affiliation of Hir-
sutella with the genus Ophiocordyceps, and showed that they create a sister group, i.e., O.
cochlidiicola, that is closely related to H. leizhouensis, while O. arborescens, H. versilor, and O.
xuefengensis are closely related to H. illustris (Figure 1 and Figure S1). The co-phylogenetic
analysis based on the ITS2 gene of fungal symbionts and the COI genes of host scale insects
returned 11 potential co-speciation events, one duplication, 22 duplications with host
switch, five losses, and one failure to diverge (Figure 2).

Figure 1. Phylogenetic tree showing the relationships between fungal symbionts of soft scale insect species, pathogenic, as
well as free living fungi (constructed on the base of ITS2 genes). The numbers near the nodes refer to the Bayesian posterior
probability.
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The analysis of serial semithin sections has shown that symbiotic fungi are distributed
only within the fat body cells (Figure 3). They were not observed in any other tissue except
the ovaries, which is related to the transovarial transmission of these symbionts between
generations (see the Results subsection, which follows). The number of symbionts and
their density in the host insect body are subfamily specific and are not dependent on the
stage of the insect’s development (Figure 3). We observed the same amount of cells of fungi
in the body cavities of larvae and mature females. The smallest number of symbionts was
observed in the representatives of the Eriopeltinae subfamily (with the exception of Psilococ-
cus ruber), where only single groups of fungi occur (Figure 3A–C). The highest density was
observed in the members of Filippinae subfamily (Figure 3G–J). In all representatives of
the Filippinae subfamily examined: Sphaerolecanium prunasti and Eulecanium tiliae, all cells
of the fat body are filled with numerous symbiotic fungi (Figure 3G–J). The ultrastructural
analyses showed that the cells of fungi are surrounded by a thick cell wall (Figure 3B,E,H).
Large nuclei (Figure 3E,H) and vacuoles (Figure 3B) are visible in their cytoplasm.

Figure 3. Distribution of symbiotic fungi in the body cavity of species examined (A–J). Ophiocordyceps fungi in the
cytoplasm of the fat body cells (A,D,G). Light microscope, scale bar = 20 μm (B,E,H). TEM, scale bar = 2 μm (C,F,I,J).
Confocal microscope, scale bar = 20 μm (A–C). Eriopelitnae subfamily (A). Eriopeltis festucae (B,C). Lecanopsis formicarum
(D–F). Coccinae subfamily (D,E). Parthenolecanium corni (F). Parthenolecanium pomeranicum (G–J). Filippinae subfamily,
Sphaerolecanium prunastri. N—nucleus of the fungal cell; white arrow—fungal symbiont, white arrowhead—nucleus of the
fat body cell, black arrow—vacuole.

The presence of Ophiocodyceps fungi in the body cavity of the soft scale insects exam-
ined was also confirmed by fluorescence in situ hybridization using an Ophiocordyceps-
specific probe (Figure 3C,F,I,J). The microscopic observations did not show any damage to
the insects’ tissue caused by fungi.

3.2. Fungal Associates of Soft Scale Insects Are Transovarially Transmitted between Generations

Microscopic observations revealed that fungal symbionts residing in the examined
species of soft scale insects were inherited transovarially, i.e., they infect female germ cells.
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The ovaries of soft scale insects are composed of numerous short telotrophic ovari-
oles, which are subdivided into an anterior tropharium (trophic chamber) and posterior
vitellarium (Figure 4A) (for further details concerning the organization of the ovaries of
scale insects, see [32]). The vitellarium houses a single oocyte, which is connected with
the tropharium by means of a broad nutritive cord (Figure 4A). The oocyte is surrounded
by a single-layered follicular epithelium (Figure 4A). At the time the ovarioles contain
the oocytes in the stage of advanced choriogenesis (Figure 4A), the fungal symbionts
begin to enter follicular cells surrounding the neck region of the ovariole (i.e., the region
between the tropharium and the developing oocyte) (Figure 4B). After crossing through the
cytoplasm of the follicular cells (Figure 4A,C,D), symbionts temporarily gather around the
nutritive cord (Figure 4E,F). Next, symbiotic microorganisms migrate along the nutritive
cord to the space between follicular epithelium and oocyte surface (Figure 4G,H). Finally,
symbionts enter the oocyte cytoplasm (Figure 4I,J), where they remain until the beginning
of embryonic development.

Figure 4. Consecutive stages of symbiont transmission between generations (A,B). Longitudinal section through the
ovariole of Parthenolecanium fletcheri. Symbiotic fungi (white arrows) invade the follicular cells in the neck region of the
ovariole (A). Light microscope, scale bar = 20 μm (B). TEM, scale bar = 2 μm (C,D). Symbiotic fungi in the cytoplasm
of follicular cells of Parthenolecanium pomeranicum (C) and Eulecanium tiliae (D). (C) TEM, scale bar = 2 μm (D). Confocal
microscope, scale bar = 20 μm (E,F). Symbiotic fungi surrounding the nutritive cord (E). Parthenolecanium pomeranicum (F).
Parthenolecanium fletcheri (E,F). Light microscope, scale bar—20 μm (G). Symbiotic fungi move along the nutritive cord to
the perivitelline space of Parthenolecanium fletcheri. Light microscope, scale bar = 20 μm (H). Symbiotic fungi gather in the
invagination of the perivitelline space of Eulecanium tiliae. Confocal microscope, scale bar = 20 μm (I). Migration of symbionts
from the perivitelline space to the oocyte cytoplasm of Psilococcus ruber. Light microscope, scale bar = 20 μm (J). Symbiotic
microorganism in the oocyte cytoplasm of Psilococcus ruber. TEM, scale bar = 2 μm. f—follicular cell, nc—nutritive cord;
oc—oocyte, t—trophocyte, tc—trophic core, tn—trophocyte nucleus, white arrow—fungal symbiont; asterisk—perivitelline
space.
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4. Discussion

The Cordycypitaceae and Ophiocordycypitaceae families of Ascomycota include
several genera that are commonly occurring entomopathogens, such as Ophiocordyceps,
Cordyceps, Hirsutella, Lecanicilium, and Metarhizium [33]. Among them, the Ophiocordyceps
species, which usually attack ants, are best known for their ability to manipulate ant behav-
ior. However, recent research that applies the use of molecular techniques, and concerns the
interactions of insects and various microorganisms indicates that the fungi of Ascomycota
phylum may also live in symbiotic associations with insects [14,26,34]. So far, fungal asso-
ciates have been found and described in many representatives of Hemiptera, Coleoptera,
Diptera, and Hymenoptera, as well as in some members of Isoptera, Neuroptera, and Lepi-
doptera; for a review, see [35]. They belong to various families of Ascomycota; however,
hemipterans are usually associated with fungi from the Ophiocordycypitaceae family.

Within the Hemiptera: Auchenorrhyncha (i.e., Fulgoromorpha (planthoppers) and
Cicadomorpha (leafhoppers, treehoppers, spittlebugs, and cicadas)), the presence of Ophio-
cordyceps-allied symbionts was confirmed in some leafhoppers from the Deltocephalinae
subfamily [36,37] and planthoppers from the Flatidae and Delphacidae families [38–40], as
well as in Japanese cicadas [26]. In Hemiptera: Sternorrhyncha, the symbiosis with fungi
is not as common as in Auchenorrhyncha, and has so far only been observed in some of
the Hormaphidinae aphids and members of the Coccidae, Dactylopiidae, and Kermesidae
families of scale insects [14,15,34,36,41–43].

In this paper, using microscopic and molecular techniques, we investigated symbiotic
systems of soft scale insects (Coccidae) belonging to three subfamilies: Coccinae, Eriopelti-
nae and Filippinae. Our analyses revealed that all of the species investigated were only
host to fungal symbionts. Analyses of sequences of ITS2 as well as Beta-tubulin genes
demonstrated that these microorganisms are representatives of the Ophiocordycypitaceae
family. However, the ITS sequences, which are more species-specific than the Beta-tubulin
gene, display about 87–95% similarity to each other. Fungal symbionts of members of
the Coccidae family have previously been studied by Gomez-Polo and co-workers [14]
and Deng and co-workers [15]. These authors investigated seven coccid species from the
Ceroplastinae and Coccinae subfamilies collected in Spain, Israel, and Cyprus. Based on a
high-throughput sequencing of ribosomal genes, these authors showed that the species
analyzed were mainly associated with Ophiocordyceps fungi.

It is believed that the occurrence of fungal associates in some auchenorrhynchans
and some aphids is a result of symbiont replacement [26,36,37], e.g., in deltocephalinae
leafhoppers as well as in Japanese cicadas, fungi replaced the bacteria Nasuia and Hodgkinia
(respectively), in Delphacidae and Flatidae planthoppers – bacteria Sulcia and Vidania,
in the aphids of Hormaphidinae subfamily–bacteria Buchnera [26,36,37,41,44–47]. Our
phylogenetic analyses showed that Ophiocordyceps-allied fungi in the species of soft scale
insects examined form a clade (see Figure 1), which suggests that symbiosis between these
insects and their microorganisms is the result of a single infection of the ancestor of extant
coccids. However, the differences observed in ITS2 sequences (5–13%) may indicate their
independent evolution after the initial infection.

Since symbiotic fungi have recently been observed in various hemipteran lineages, re-
searchers continually ask themselves about the origin of these associations [14,20,34,35,40].
The literature data indicate three possible evolutionary scenarios: (1) symbiotic fungi
may derive from entomopathogenic fungi; (2) they may be the descendants of non-
pathogenic commensals; or (3) the ancestor of fungal symbionts may be phytopathogenic
fungi [21,35,38]. Most hemipterans are plant sap-sucking insects, and due to their mode
of feeding, they are also vectors of plant pathogens. Therefore, it seems probable that
they may acquire fungal symbionts from the host plant. However, the results of molecular
phylogenetic analyses that indicate the close relationship between fungal symbionts of
hemipterans with entomopathogenic fungi favor the concept that the ancestors of the
present fungal symbionts were entomopathogens that lost their virulence and shifted to
a symbiotic lifestyle. The genomic analysis of the fungal symbiont of the planthopper
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Nilaparvata lugens showed that it possesses a smaller genome than its free-living relatives
and does not possess genes encoding enzymes responsible for penetrating the insect’s
cuticle, solubilizing its tissue, or genes related to sexual reproduction [40].

Ophiocordyceps fungi, in the soft scale insects examined, are localized in the cytoplasm
of the fat body cells. The same localization of the fungal symbiont was observed in
other Coccidae species that have previously been examined, in the scale insect Kermes
quercus (Kermesidae) and leafhoppers Fieberiella septentrionalis, Graphocraerus ventralis and
Orientus ishidae [9,14,34,37]. In the Deltocephalinae leafhopper Cicadula quadrinotata, fungal
symbionts were found to be present in the cytoplasm of midgut epithelium cells, in fat body
cells, and free in the hemolymph [37]. In contrast, in Japanese cicadas and planthoppers
from the Flatidae and Delphacidae families, they are harbored in the cells of a specialized
host’s organs, termed mycetomes [26,47]. It seems probable that, similarly to the case of
the bacterial associates of insects [48], the occurrence of fungal symbionts in the digestive
tract represents the initial state of colonization of the insect body through microorganisms,
in the hemolymph and in fat body cells represents the next (i.e., intermediate) stage,
whereas their presence in the cells of mycetomes represents the most advanced condition
of this association. It is worth mentioning that the occurrence in the fat body and in the
specialized host’s cells seems to be characteristic to fungi from the Ophiocordycypitaceae
family, whereas other species of fungi found so far in insects are usually localized in a
different part of the digestive tract [35].

Scale insects, like other insects living in a mutualistic relationship with microorgan-
isms, develop stable mechanisms of transmission of these associates from one generation
to the next. The results of numerous studies conducted both earlier and more recently
indicate that scale insects are not only characterized by diverse species and distributions of
symbionts, but also by different modes of transmission to their progeny ([9,12,49–58], this
study). It should be stressed that even members of the same family may inherit symbionts
differently (for further details, see [58]). It should be stressed that scale insects (i.e., all
the Pseudococcidae, Eriococcidae, Coccidae, and Putoidae examined so far) are unique in
that they are the only group of insects in which microorganisms invade the neck region
of the ovariole ([50,55–57], this study). Until now, the course of transmission of fungal
symbionts in soft scale insects had not been studied under TEM; however, Gomez-Polo and
co-workers [14] reported their presence in eggs, and thus proved that these microorganisms
are transported between generations transovarially. Our observations of the ovaries of
the members of the Coccidae family showed that their fungal associates are transmitted
between generations similarly to bacterial symbionts in Pseudococcidae, Eriococcidae, and
Putoidae [50,53,55–57]. One noteworthy aspect is that, just as in the case of the infestation of
ovarioles through bacterial symbionts, the time of transmission of the fungal symbionts in
soft scale insects is correlated with the stage of oogenesis—the microorganisms commence
the infection of the ovarioles that contain the oocytes in the stage of advanced choriogenesis.
Similarly to Pseudococcidae, Eriococcidae, and Putoidae, in Coccidae, symbionts invade
follicular cells surrounding the nutritive cord, because this area is the only place on the
oocyte surface that is devoid of egg envelopes (see Figure 4A). After the degeneration of
the nutritive cord, the symbionts may enter the oocyte cytoplasm.

Numerous molecular analyses have confirmed that bacterial symbionts co-evolve
with their host insects [59–61]. The co-diversification of fungal associates and insects
has previously not been tested intensively. Our co-phylogenetic analysis, through the
use of Jane software, indicated that not all the species of soft scale insects examined
co-evolved with their host (see Figure 2). It is a noteworthy fact that Gomez-Polo and
co-workers [14] additionally revealed that co-phylogeny of Coccidae, which they tested,
and their Ophiocordyceps symbionts were incongruent. These authors suggested that this
incongruence may be a result of the independent acquisition of fungi by particular members
of Coccidae. However, taking into account the fact that some of the species examined co-
evolved with their symbiotic partners (this study), it may be speculated that incongruence
in the co-phylogeny of some coccids and their fungal associates may result from the
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independent evolution of fungal symbionts or their replacement during the evolutionary
history of different species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10081922/s1. Figure S1. Phylogenetic tree showing the relationships between fungal
symbionts of soft scale insect species, pathogenic, as well as free-living fungi (constructed on the
base of sequences of Beta-tubulin gene). The numbers near the nodes refer to the Bayesian posterior
probability. Table S1. List of primers and fluorochrome-labeled probe used in this study.
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Abstract: Green algae are fast-growing microorganisms that are considered promising for the pro-
duction of starch and neutral lipids, and the chlorococcal green alga Parachlorella kessleri is a favorable
model, as it can produce both starch and neutral lipids. P. kessleri commonly divides into more than
two daughter cells by a specific mechanism—multiple fission. Here, we used synchronized cultures
of the alga to study the effects of supra-optimal temperature. Synchronized cultures were grown
at optimal (30 ◦C) and supra-optimal (40 ◦C) temperatures and incident light intensities of 110 and
500 μmol photons m−2 s−1. The time course of cell reproduction (DNA replication, cellular division),
growth (total RNA, protein, cell dry matter, cell size), and synthesis of energy reserves (net starch,
neutral lipid) was studied. At 40 ◦C, cell reproduction was arrested, but growth and accumulation
of energy reserves continued; this led to the production of giant cells enriched in protein, starch,
and neutral lipids. Furthermore, we examined whether the increased temperature could alleviate
the effects of deuterated water on Parachlorella kessleri growth and division; results show that supra-
optimal temperature can be used in algal biotechnology for the production of protein, (deuterated)
starch, and neutral lipids.

Keywords: microalgae; Parachlorella kessleri; starch; supra-optimal temperature; cell cycle; energy
reserves; growth processes; reproduction events; deuterium; deuterated starch; deuterated lipid

1. Introduction

Light and temperature are two crucial factors affecting algal growth and division,
both in natural habitats and in biotechnological applications. For autotrophically grown
organisms, there is a physiological range of light intensities and temperatures that sup-
port growth and division, and light intensities and temperatures below the threshold are
not sufficient. On the other hand, light intensities and temperatures above this range
are increasingly stressful, and will inhibit cell division and/or growth. The duration of
light, along with its intensity and spectral composition will, in autotrophically grown
algae, affect growth rates [1–11], but will not affect light-independent processes such as
cell division, which uses internal energy stores for its support [1,5–9,11]. In contrast, tem-
perature is much less specific, as it will affect all metabolic processes, including “dark”
ones such as cell division; thus, its effects reach beyond setting growth rates. In principle,
within the physiological range, a 10 ◦C increase in temperature will increase metabolic
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rate twofold [12]. Increasing temperature will thus speed up growth, as well as individual
processes leading to cell division, and consequently shorten the duration of the cell cycle,
as shown in different algae such as Chlorella ellipsoidea [11], Chlamydomonas reinhardtii [13],
Chlamydomonas eugametos [14], and Desmodesmus quadricauda [15]. However, individual
metabolic processes are differentially sensitive to various stresses [16], including tempera-
ture [17], which significantly affects how cells react to changes in temperature. In particular,
cell division seems to be more sensitive to temperature increases than growth does [17,18];
this has peculiar consequences; there are threshold temperatures that will only slightly or
not at all affect cell growth, but will completely block cell division. The effects of such supra-
optimal temperatures were described in the green algae Chlamydomonas reinhardtii [17] and
Chlorella vulgaris [18].

The chlorococcal alga Parachlorella kessleri (formerly Chlorella kessleri [19]) is a biotech-
nologically promising algal species [20–29] that divides by multiple fission. Its cell cycle
consists of multiple rounds of DNA replication that, after completion of the last one, are
followed by successive nuclear divisions. Each of the nuclear divisions is immediately
followed by cell division. Morphologically, the cells become sequentially polyploid but
not polynuclear [30]. Within a single cell cycle, the mother cell can give rise to 2, 4, 8, or
16 cells; this is consistent with the established scheme of multiple fission, where a single
mother cell can divide into 2n daughter cells—where n is the number of rounds of started
reproductive sequences (DNA replication, nuclear division, cell division) [31]. Increasing
light intensity will increase both growth rate and the number of reproductive sequences
started, and thus, the number of daughter cells being formed from a single cell [30].

The primary energy and carbon store of P. kessleri is starch, which is produced under
optimal growth conditions in complete nutrient medium and at physiological values of
light intensity and temperature [23,32]. Starch is exclusively located in the chloroplasts
in the form of starch grains of different numbers and sizes. In the autotrophically grown
algal cell, starch reserves serve mostly as a buffer to supply a stable carbon and energy
source. This is indispensable, as in nature the energy supply from photosynthesis varies
with sunlight intensity during the day, and is absent during nights. The buffering role
of starch is crucial for cell reproduction. The processes of DNA replication, along with
nuclear and cellular divisions, are of importance in the life of a cell and so they depend on a
constant and reliable supply of energy and carbon. Indeed, the majority of starch produced
by cells is degraded exclusively for cell reproduction [33], and this is true even for cells
growing in continuous light [34]. This was evidenced in synchronized cultures of different
algal species, where net starch increased to some maximal value during the cell cycle, and
subsequently was nearly completely degraded during nuclear and cellular division at the
end of the cell cycle [33,35,36]. The cellular starch content at any given time is the net result
of starch synthesis and utilization; thus, decreasing starch content can be caused by lower
starch synthesis, by increased consumption, or by a combination of both factors. It seems
that a decrease in starch content at the time of cell division is caused by a combination
of increased starch spending for cell reproduction and a minimum photosynthetic rate
specific for this period [35]. Furthermore, a blockage of cell division processes as the
primary starch consumers will lead to starch (over)accumulation. This has been established
for different stress conditions, such as the application of inhibitors [36], nutrient starva-
tion [24,25,32,36], high light intensity [32], the presence of a high concentration of CO2 [37],
or supra-optimal temperatures [18], and it should be explored biotechnologically [36,38].
If stress conditions are prolonged, starch reserves will gradually start to be replaced by
neutral lipids—the secondary energy store of P. kessleri [23,24,32,39]. Although neutral
lipids under optimal growth conditions are maintained at a relatively low level, at 1–10%
of dry matter (DM) [23,39,40], they can also (over)accumulate under stress conditions
similar to those inducing starch accumulation, such as nitrogen, sulfur, or phosphorus de-
pletion [24,26,32,39,41], dilution of all the nutrients in the medium [25,39] or salt stress [42].
The ability to (over)produce both starch and neutral lipids makes P. kessleri a useful model
for applications in biotechnology. A peculiar source of stress for P. kessleri is cultivation
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in deuterium, which leads predominantly to the accumulation of starch [30], but also that
of neutral lipids [43]. Deuterium—the stable isotope of hydrogen—is known to have the
highest kinetic effect among the stable isotopes of biogenic elements [43–45]. Deuterium in
deuterated water is known to increase cell stress via several mechanisms [43,44], includ-
ing greater bond dissociation and activation energies [46]. Its presence affects the entire
metabolism, and its specific effects range from disrupting signaling [47] and energy produc-
tion in mitochondria and chloroplasts [48,49] to disrupting cell division [50,51]. Given the
very low concentrations of deuterium (or deuterated water) in nature, its application in high
concentrations is artificial, and is also quite expensive. However, deuterated molecules
are used extensively as analytical standards and for metabolic labeling [43,52,53], and
deuterated compounds are exploited in pharmacology [44,54–57]. Therefore, production of
algal-derived deuterated compounds is justified for the production of fine (bio)chemicals
with very high added value. Indeed, algal-derived deuterated biomolecules such as sugars,
proteins, carotenoids, lipids, and starch can be used commercially [43,52,53,58–60].

Here, we supplement the extensive knowledge that has accumulated on starch and
neutral lipid production under different conditions in P. kessleri by providing baseline infor-
mation on the effects of supra-optimal temperature on cell reproduction (DNA replication,
cell division) and growth (RNA, protein, dry matter, cell volume). Particular focus has
been placed on the production of starch and lipids as the primary and secondary energy
stores. Furthermore, we analyze the effects of a high concentration of deuterium on cell
growth and reproduction, as well as the production of deuterated starch and lipids. The
results of this study can be exploited as a starting point for further optimization in larger
scale biotechnological production, but will also widen the P. kessleri portfolio as a model
for basic research.

2. Materials and Methods

2.1. Organism and Culture

The green unicellular microalga Parachlorella kessleri (Trebouxiophyceae, Chlorophyta)
(strain CCALA 255) was obtained from the Culture Collection of Autotrophic Organisms
at the Institute of Botany, Czech Academy of Sciences in Třeboň, Czech Republic (CCALA;
https://ccala.butbn.cas.cz/, accessed on 7 June 2021).

For routine sub-culturing, the cultures were streaked every three weeks onto nutrient
medium (see below) solidified by agar (1.5%), and grown on a light shelf at an incident
light intensity of 100 μmol photons m −2 s −1 of photosynthetically active radiation.

2.2. Mineral Nutrient Medium

The mineral medium was based on the mean content of P, N, K, Mg, and S in algal
biomass [61], and had the following initial composition (in mg/L): 1100 KNO3, 237 KH2PO4,
204 MgSO4.7H2O, 40 C10H12O8N2NaFe, 88 CaCl2, 0.83 H3BO3, 0.95 CuSO4.5H2O, 3.3 MnCl2.
4H2O, 0.17 (NH4)6Mo7O24.4H2O, 2.7 ZnSO4.7H2O, 0.6 CoSO4.7H2O, and 0.014 NH4VO3 in
distilled water [36]. For the preparation of the medium, 100x concentrated stock solutions of
macroelements and microelements were used. All components were diluted in distilled water
and autoclaved for 30 min at 121 ◦C. The pH was adjusted to 7 with 1 M NaOH.

2.3. Culture Conditions

Two types of cultivation units were used for experiments: (1) glass cylinders (inner
diameter 36 mm, height 500 mm, volume of suspension 300 mL), and (2) flat and rectangular
glass vessels (inner dimensions 400 × 300 × 20 mm, volume of suspension 2500 mL). The
first type of the units was used for routine growth, synchronization, and small-scale
experiments with deuterated water; the second type of the units was used for large-
scale experiments. Culture units were placed in a thermostatic water bath, where the
temperature was set and automatically maintained at the values stated in the Results
section for each experiment. The vessels were illuminated from one side with a panel of
dimmable fluorescent lamps (DULUX L55W/950 Daylight, OSRAM, Munich, Germany).
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For the experiments, the incident light intensity was set either to 110 or 500 μmol photons
m −2 s −1 of photosynthetically active radiation. The cultures were vigorously mixed with
air bubbles containing 2% carbon dioxide (v/v) dispersed through a 200-μL micropipette
tip fixed in a glass tube placed at the bottom of the cylinder. The aeration in the flat vessels
was performed via bubble stream from a perforated stainless steel tube located at the
bottom of the vessel. The flow rate of the aeration mix was 60 L/h.

2.4. Synchronization of Cultures

Cultures were synchronized under optimal conditions: incident light intensity 500 μmol
photons m −2 s −1, temperature 30 ◦C, 2% CO2 (v/v) in aeration mixture. The cultures
were initiated by inoculating algal cells directly from the culture plates into the liquid
medium. Such cultures were synchronized by alternation of 18 h light and 7 h of dark, as
established earlier [30]. During the synchronization procedure, the cell density was kept
below 1 × 106 cells mL−1 by dilution at the end of the dark period, in order to prevent cell
shading. This regime was maintained for several days (about 3 cycles) until the required
culture synchrony was reached. Once the cultures were synchronized, they were grown
for approximately one more cycle at the same cell density until the volume of the culture
required for the start of the experiment was reached. The synchronized daughter cells were
again diluted to the initial cell density of approximately 1 × 106 cells mL−1, and used as
inocula for experimental cultures.

2.5. Management of Deuterated Cultures

The synchronized inocula for the deuterated water experiments were centrifuged at
3000× g for 5 min and resuspended in a medium containing the desired concentration of
deuterated water. The cultures were cultivated in a semi-batch mode, controlled by the
optical density at 750 nm (OD750). Upon reaching an OD750 of 0.4, the cultures were diluted
with fresh medium with corresponding D2O content to the initial value of OD750. This way,
growth unlimited by nutrients and light was achieved.

2.6. Measurement of Light Intensity

The dimmable fluorescent tubes were used for the adjustment of the incident ir-
radiance. The light intensity was measured using a quantum/radiometer/photometer
(LI-COR, Inc., Lincoln, NE, USA). Incident light intensity (Ii) was measured at the surface
of the culture vessel, while the transmitted light intensity was measured at the rear side
of the culture vessel (It). The different values of incident (Ii) and transmitted (It) light
intensities at different optical densities given by cell size and concentrations were used
to calculate the mean light intensity (Im)—i.e., light energy absorbed by a layer of cell
suspension—according to the Lambert–Beer formula: Im = (Ii − It)/ln(Ii/It).

2.7. Assessment of Cell Division Curves

The proportion of mother cells and daughter cells was determined by light microscopy
in cells fixed in Lugol’s solution (1 g I, 5 g KI, 100 mL H2O) at a final concentration of 10 μL
of Lugol’s solution per 1 mL of cell suspension.

2.8. Dry Matter Determination

Biomass was separated from the medium by centrifugation of 4 mL of the cell sus-
pension in pre-weighed microtubes at 3000× g for 5 min; the sediment was dried at
105 ◦C for 12 h and weighed on an analytical balance (TE214S-0CE, Sartorius, Goettingen,
Germany) [36].

2.9. Cell Volume and Number

Cell volume and number were measured using a Beckman Coulter Multisizer 4
(Beckman Coulter Life Sciences, Indianapolis, IN, USA) by diluting 50 μL of fixed (0.2%
glutaraldehyde) cell suspension into 10 mL of 0.9% NaCl (w/v) electrolyte solution.
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2.10. Quantum Yield Measurement

Aliquots of 2 mL were withdrawn from the culture and placed into 10 × 10-mm plastic
cuvettes for 30 min in the dark. Quantum yield was measured using an AquaPen-C 100
(Photon Systems Instruments, Drasov, Czech Republic).

2.11. Neutral Lipids and Starch Staining

For neutral lipids and starch staining, 1 mL of culture was sampled and stored for
up to several hours at 4 ◦C until analysis. Staining was conducted on microscopy slides
prior to observation. For starch staining, 20 μL of culture was combined with 0.5 μL of
Lugol’s solution (1 g I, 5 g KI, 100 mL H2O) and observed immediately via light microscope
(model BX51, Olympus, Tokyo, Japan). Neutral lipids were stained with the addition of
0.5 μL of freshly prepared Nile red dye (0.5 mg/mL in DMSO, catalog no. 72485, Sigma-
Aldrich, Prague, Czech Republic) to 20 μL of culture, directly on the microscopic slide.
Such slides were incubated at room temperature for 20 min in the dark. Stained cells
were observed using a microscope (model BX51, Olympus, Tokyo, Japan) equipped with a
mercury lamp and filter combination U-MNU2 (360–370 nm excitation and >515 nm barrier
filter). Microphotographs were taken with a DP72 camera (Olympus, Tokyo, Japan).

2.12. Neutral Lipids Quantification

Neutral lipids content was measured spectrophotometrically in a microplate format
following the modified procedure of Takeshita, et al. [62]. Aliquots (100 μL) of the cultures
were combined with 5 μL of freshly prepared Nile red dye (0.5 mg/mL in DMSO, catalog
no. 72485, Sigma-Aldrich, Prague, Czech Republic) in a 96-well plate. The same amount
of Nile red dye was added to a sample blank consisting of 100 μL of H2O. The plate
was incubated at room temperature in the dark for 15 min. Fluorescence was measured
using an Infinite 200 PRO microplate reader (Tecan, Männedorf, Switzerland) equipped
with a 485-nm excitation filter and a 595-nm emission filter. The fluorescence intensity of
the samples was normalized using the fluorescence intensity of unstained samples and a
blank. Standard curves produced from a commercial lipid standard—triolein (catalog no.
Y0001113, Sigma-Aldrich, St. Luis, MO, USA)—were used to quantify neutral lipids.

2.13. Estimation of Bulk RNA, DNA, and Proteins
2.13.1. Total Nucleic Acids Extraction

The procedure of Wanka [63], as modified by Lukavský, et al. [64], was used for
the acidic extraction of total nucleic acids. After the removal of small-molecular-weight
contaminants, the total nucleic acids were hydrolyzed with 0.5 M perchloric acid, and the
absorbance of total nucleic acids in the supernatant was read at 260 nm (A260). Total nucleic
acid concentration was calculated based on calibration with a DNA standard of known
concentration treated using the same procedure, and normalized to the number of cells in
the sample.

2.13.2. DNA and RNA Determination

The light-activated reaction of diphenylamine with hydrolyzed DNA, as described
by Decallonne and Weyns [65], was used with the modifications of Zachleder [66]. The
concentrations of DNA within the samples were set by comparison to the A600 and A700 nm
values of the sample with known DNA concentration treated using the same procedure. The
values were normalized to the number of cells extracted; the RNA content was calculated
as the difference between the total nucleic acid and DNA contents.

2.13.3. Protein Determination

The sediment remaining after nucleic acid extraction was used for protein determina-
tion; it was hydrolyzed with 1M NaOH for 1 h at 70 ◦C. The protein concentration in the
supernatant after centrifugation of the hydrolysate (15 min, 5300× g, room temperature)
was estimated by BCA assay (cat. no. 23225, Thermo Fisher Scientific, Waltham, MA, USA)
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according to the manufacturer’s specifications. The same procedure was carried out with a
calibration curve set by different concentrations of bovine serum albumin.

2.14. Starch Analyses

Net starch content was determined as described by Zachleder, et al. [30]. In short,
the cells were disintegrated by vortexing with zirconium beads, and the pigments were
removed via the addition of 80% (v/v) ethanol to the pellet, followed by incubation for
15 min at 68 ◦C. The procedure was repeated until the pellets were completely discolored.
After that, 1 mL of α-amylase from porcine pancreas (Sigma-Aldrich, St. Luis, MO, USA),
(0.5 mgl−1 (w/v) in 0.1 M sodium phosphate buffer (pH 6.9)) was added to the samples,
and they were incubated for 1 h at 37 ◦C (FTC 90i, VELP Scientifica, Usmate Velate MB,
Italy). Starch content was determined in the supernatant using DNSA color reaction for the
quantification of reducing sugars [67]. The concentration of starch was estimated through
a calibration curve of potato starch (Lach-Ner, Neratovice, Czech Republic) digested
with α-amylase.

2.15. Statistical Analysis

Experiments were performed in at least three biological replicates, and the mean
values were used to construct the graphs in SigmaPlot version 11 (Jandel Scientific Software,
Erkrath, Germany). Regression curves of various orders were applied to fit the data. If
not stated otherwise, all results are presented as means and standard deviation (n = 3).
MS Excel 2016 was used to compute one- and two-way ANOVA. A p-value < 0.05 was
considered to be significant.

3. Results

3.1. Growth in Normal Water

Synchronized cultures of Parachlorella kessleri were grown at optimal (30 ◦C) and supra-
optimal (40 ◦C) temperatures, at low (110 μmol photons m−2 s−1) and high (500 μmol
photons m−2 s−1) incident light intensities. The reproductive events (DNA replication,
cellular division) (Figure 1), growth processes (RNA and protein synthesis, dry matter, and
cell volume) (Figure 2), and accumulation of energy reserves (starch and lipids) (Figure 3)
were followed within the time interval corresponding to two consequent cell cycles (48 h)
in the control culture.

Figure 1. The course of reproductive events in the synchronized cultures of Parachlorella kessleri grown at temperatures of
30 ◦C and 40 ◦C (blue and red symbols and lines, respectively), and at incident light intensities of 500 and 110 μmol photons
m−2 s−1 (empty and full symbols, respectively). (A) DNA (pg cell−1), and (B) cell number (106 mL−1). Horizontal dashed
lines indicate the number of doublings of the initial values at the beginning of the cell cycle (0 h). Multiples of these values
are given on the right ordinate. Data are presented as means ± SE. The differences between 30 ◦C and 40 ◦C are statistically
significant at p < 0.001 (two-way ANOVA) in both A and B.
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Figure 2. Time course of growth events in synchronized cultures of Parachlorella kessleri grown at 30 ◦C and 40 ◦C (blue and
red symbols and lines, respectively), and at incident light intensities of 500 and 110 μmol photons m−2 s−1 (empty and full
symbols, respectively). (A) RNA (pg cell−1), (B) protein (pg cell−1), (C) dry matter (pg cell−1), and (D) cell volume (μm3

cell−1). Horizontal dashed lines indicate the number of doublings of the initial values at the beginning of the cell cycle (0 h).
Multiples of these values are given at right ordinate. Data are presented as means ± SE. The differences between 30 ◦C and
40 ◦C are statistically significant at p < 0.001 (two-way ANOVA) in both A and B.

Figure 3. The course of changes in energy reserves in synchronized cultures of Parachlorella kessleri at temperatures of 30 ◦C
and 40 ◦C (blue and red symbols and lines, respectively), and at incident light intensities of 500 and 110 μmol photons
m−2 s−1(empty and full symbols, respectively). (A) Starch (pg cell−1), and (B) lipids (pg cell−1). Horizontal dashed lines
indicate the number of doublings of the initial values at the beginning of the cell cycle (0 h). Multiples of these values are
given on the right ordinate. Data are presented as means ± SE. The differences between 30 ◦C and 40 ◦C are statistically
significant at p < 0.001 (two-way ANOVA) in both A and B. The differences between different light intensities in A are
statistically significant at p < 0.05 (two-way ANOVA).
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3.1.1. Reproductive Events

Daughter cells that were released during the dark period were uninucleate, containing
about 0.04 pg of DNA per nucleus. At the optimal temperature, the first replication round
started after about 8 h and was completed at the 12th h of growth in light at both light
intensities. The second replication round was terminated by the 18th h, when cell division
started. The extent of multiplication differed between the two light intensities, as the
DNA content increased about fourfold at low light intensity, and almost eightfold at high
light intensity. The content of DNA per cell became correspondingly reduced during cell
division between the 20th and 24th hours, when the cell numbers increased about eightfold
and fourfold at high and low light intensities, respectively (Figure 1A). In the second
cell cycle, the completion of DNA replication again shortly preceded the division of cells,
attaining a maximum DNA content per cell just before the release of the daughter cells
(Figure 1A,B). At high light intensity, DNA replication occurred earlier and to a greater
extent than at the low light intensity. Similarly to the first cell cycle, nearly three replication
rounds of DNA occurred at high light intensity, followed by division into mostly eight
daughters, while at lower light intensity only two replication rounds and division into four
daughter cells occurred during the cell cycles (compare Figure 1A,B).

The reproductive events were completely inhibited in the cultures grown at the supra-
optimal temperature (40 ◦C), which was demonstrated by constant values of DNA content
(Figure 1A), and number of cells (Figure 1B) corresponding to the initial values at the
beginning of the first cell cycle.

3.1.2. Growth Processes

Growth was characterized as changes in the cellular content (pg cell−1) of total RNA
(Figure 2A), proteins (Figure 2B), dry matter (Figure 2C), and cell volume (μm3 cell−1)
(Figure 2D). Total RNA content (Figure 2A) in the first cell cycle increased approximately
threefold at the low light intensity and almost fourfold at high light intensity within 18 h of
growth in cells grown at 30 ◦C, reaching a maximum just before cellular division, and then
decreasing with time as the cells divided to a value corresponding to the RNA content of
the daughter cells (Figure 2A). A similar behavior was also noted in the second cell cycle,
with the maximum being reached after 36 h, i.e., 18 h after cell division started. However,
the rate of RNA content increase was slower in the second cell cycle than in the first one,
probably due to a decrease in the mean light intensity (Table 1) due to an increase in cell
concentration by the end of the first cell cycle (Figure 2A).

Table 1. Changes in mean light intensities experienced by the cultures during the experiment at
different incident light intensities and temperatures.

Mean Light Intensity (μmol photons m−2 s−1)

Incident Light Intensity 110 μmol photons m−2 s−1 500 μmol photons m−2 s−1

Temperature 30 ◦C 40 ◦C 30 ◦C 40 ◦C

Time (h)

0 70 ± 5 75 ± 5 332 ± 15 332 ± 12

24 56 ± 5 54 ± 7 274 ± 10 261 ± 10

42 50 ± 5 50 ± 5 186 ± 10 220 ± 10

48 50 ± 5 50 ± 5 177 ± 10 220 ± 10

Similar kinetics were also observed in the time courses of protein content (Figure 2B),
dry matter (Figure 2C), and cell volume (Figure 2D) at 30 ◦C. The growth characteristics
(RNA, protein, and dry matter) were slowed, and attained a lower maximum content at the
lower light intensity of 110 μmol photons m−2 s−1 than at the higher intensity of 500 μmol
photons m−2 s−1. Within the second cell cycle, the differences between these variants were
less apparent, and growth rate was suppressed by an increase in cell concentration, and
a consequent decrease in mean light intensity (Table 1). Cell volume multiplied about
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eightfold (Figure 2D) in proportion to the number of daughter cells liberated at the end of
both cell cycles at both light intensities (Figure 1B).

Completely different kinetics of growth processes occurred in cultures grown at
40 ◦C. As described above, the reproductive processes (events) at this temperature were
inhibited (Figure 1), but the growth processes continued undisturbed for the duration of
two cell cycles of the control cultures grown at 30 ◦C (Figure 2). The cells reached a giant
size corresponding to about five doublings (32-fold increase) in cell volume within 36 h
(Figure 2D). Within the same time period, protein content attained three doublings (8-fold
increase; Figure 2B), dry matter attained four doublings (16-fold increase, Figure 2C), and
RNA content increased 8-fold (Figure 2A). The proportions of different components of the
cells differed compared to control cells.

3.1.3. Energy Reserves

The biochemical analyses of starch content solely detect net starch, i.e., the total
amount of starch produced in light minus starch consumed in light. Cells of the control
culture grown at high light intensity increased their starch content to about 16 times the
daughter cells’ content within 12 h of growth in the first cell cycle (Figure 3A). At the end
of the cell cycle, the starch was extensively degraded, until it reached the values present
in the daughter cells. At lower light intensity (110 μmol photons m−2 s−1), accumulation
of starch to its maximal value during the growth phase was slower, and it attained a
lower maximum than in the culture grown at high light intensity (500 μmol photons
m−2 s−1) (Figure 3A). In the second cell cycle, the synthesis of starch decreased due to an
increase in cell concentration caused by mother cell divisions (Figure 1B). This slowed the
accumulation of starch so that it only covered the requirements of metabolism, but did not
accumulate (Figure 3A).

Due to inhibited reproductive processes at 40 ◦C, the net starch content did not
decrease at the time of cell division in controls. Consequently, starch overaccumulated
to between 508- and 254-fold compared to the initial content in the daughter cells, and
to about 32-fold the maximum values found in the control cells (Figure 3A) The rate of
accumulation at the lower light intensity was slightly slower, and the final content of
overaccumulated starch was lower (77 vs. 104 pg cell−1) (Figure 3A).

The secondary energy reserve, neutral lipids, did not accumulate at the optimal
temperature of 30 ◦C. The lipid content remained fairly constant, and decreased during
the second cell cycle (Figure 3B). Contrary to growth at 30 ◦C, lipid reserves at 40 ◦C
increased from the middle of the first cell cycle until the end of the second cell cycle
(Figure 3B). Lipid accumulation was delayed at low light intensity, but the final values
—about a 64-fold increase compared to the initial values—were comparable between both
light intensities (Figure 3B).

3.2. Growth in Deuterated Water

Stress caused by growth at the supra-optimal temperature affected the cell compo-
sition, and significantly increased the content of both starch and lipids. Since increased
temperature increases kinetic energy—leading to a seeming decrease in both dissociation
and activation energies, which are both affected by the presence of deuterium—we tested
whether the combination of increased temperature and the presence of deuterium would
affect cell growth and accumulation of energy reserves. Synchronized cultures of P. kessleri
were grown at the optimal temperature of 30 ◦C and two higher temperatures: 35 ◦C, and
39 ◦C. In contrast to the experiments described above, for the experiments in deuterated
water, the temperature of 39 ◦C was used as the supra-optimal one; this was due to the
fact that combination of the higher temperature (40 ◦C) and deuterated water strongly
affected cell vitality and viability, but the effect of 39 ◦C on deuterated cultures (and control
cultures) was similar to the effect of 40 ◦C. As high light intensity, in combination with the
presence of deuterium, increases cellular stress [30], only a low light intensity of 110 μmol
photons m−2 s−1 was used for these experiments. Due to the inhibitively high price of
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deuterated water, only cellular division was followed, and growth was assessed by changes
in optical density at 750 nm (OD750) and cell volumes (Figure 4). The stress caused to the
photosynthetic apparatus was estimated as quantum yield.

Figure 4. Time course of cell division and growth in synchronized cultures of Parachlorella kessleri grown at an incident
light intensity of 110 μmol photons m−2 s−1 and temperatures of 30 ◦C (yellow diamonds), 35 ◦C (green circles), and 39 ◦C
(blue squares), with different concentrations of deuterated water in the medium (0, 70, 90, and 99%). (A) Optical density
at 750 nm, (B) cell number (106 mL−1), (C) modal cell volume, and (D) quantum yield. Note the logarithmic scale on the
Y-axis for (A–C). Note that the cultures were maintained in semi-batch mode. However, both panels (A) and (B) show
recalculated values multiplied by individual dilution factors. Thus, they represent a projection of the growth in semi-batch
cultivation mode to the continuous growth. This way, the plots remain easily readable.
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3.2.1. Growth and Division

Synchronous cultures of P. kessleri grown in deuterated water showed a concentration-
dependent decrease in their growth rate (Figure 4A). Apart from decreased growth rates,
changes in cell numbers (Figure 4B) indicated decreased division rates in deuterated
cultures. This was further supported by observed changes in mode cell volume (Figure 4C),
which reflected cell cycle progression in synchronous cultures. At 30 ◦C, the culture in
0% D2O (Figure 4C, first panel, yellow line) completed three full cell cycles, as illustrated
by three sequences of cell volume increase and decrease, while there were only two cell
cycles completed in 70% D2O (Figure 4C, second panel, yellow line), one full cell cycle
in 90% D2O (Figure 4C, third panel, yellow line), and only growth—not followed by cell
division—which was characteristic for the majority of cells in 99% D2O (Figure 4C, fourth
panel, yellow line).

Interestingly, the effects of temperature varied between different deuterated cultures.
In the control culture, temperatures of 30 and 35 ◦C showed similar performance, both
in terms of growth (Figure 4A, first panel) and cell cycle progression (Figure 4B,C, first
panels), while at a temperature of 39 ◦C cell division was clearly inhibited, as documented
by the occurrence of abnormally enlarged cells at 39 ◦C (Figure 4C, first panel, blue line),
accompanied by significantly lower cell numbers (Figure 4B, first panel, blue line). This
phenotype recapitulates what is described in more detail above. In deuterated cultures, the
best performance, in terms of growth measured as OD750, was obtained at 35 ◦C (Figure 4A,
green lines). However, such a performance was mainly caused by an increase in cell volume
under such conditions—especially in 90% and 99% D2O (Figure 4C, green lines). At the
same time, division was more adversely affected by cultivation at 35 ◦C (Figure 4B, green
lines), as fewer cells were produced during cultivation. The adverse effect of cultivation at
39 ◦C was especially pronounced in quantum yields (Figure 4D, blue lines), which points
to severe impairment of photosynthetic efficiency in such cultures.

In order to quantify and compare the effects of different deuterium concentrations
(and their combination with tested temperatures), mass doubling time and cell number
doubling time were calculated (Table 2). Mass doubling time increased with increasing
D2O content in the growth medium, thus proving the adverse effect of D2O on growth. At
the same time, cell number doubling time also increased with increasing D2O content in
the medium, thus proving the adverse effect of deuterium on division. This trend applied
to all temperatures tested; however, at 39 ◦C, it was the weakest, as such a temperature
already poses severe stress—even for the control, undeuterated culture. Moreover, the
effect of increasing D2O concentration on growth seemed to be more pronounced than the
effect on cell division at 30 ◦C, but not at 35 and 39 ◦C (Table 2).

3.2.2. Energy Reserves

The combined effects of different deuterium concentrations with optimal and supra-
optimal temperatures affected both starch and neutral lipid accumulation. After 24 h of
cultivation, the starch content was increased in all variants except for the control culture
grown at 30 ◦C (Figure 5, compare A with B–D and I–L). The degree of starch accumulation
at 30 ◦C generally increased with increasing D2O concentration—except for 99% D2O,
which contained the lowest amount of starch among cultures grown at 30 ◦C (Figure 5,
compare panels A–D); at 39 ◦C, the net starch content was comparable in all variants
(Figure 5I–L). The neutral lipids content was negligible in the control cultures grown in
0% D2O (Figure 5E), but it started to accumulate in some of the cells grown at 39 ◦C
(Figure 5M), thus repeating the behavior described above (Figure 3). The deuterium-treated
cultures had a higher content of neutral lipids, and their content increased with increases
in both temperature and deuterium concentration from 70% D2O to 90% D2O (Figure 5).
The cells grown at the highest deuterium concentration (99% D2O) contained slightly less
neutral lipids than those grown in 90% D2O, but both of the cultures contained neutral
lipids in almost all cells at 39 ◦C, which was in contrast to 70% D2O, where only about half
of the cells contained detectable neutral lipids (Figure 5, compare O and P with N).
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Table 2. Comparison of mass and cell number doubling times for cultures grown in media containing different concentrations
of deuterated water at different temperatures. The average of at least three experiments is shown.

Concentration of
Deuterated Water (%)

Temperature (◦C)
Mass Doubling

Time (h)
% of Control

Cell Number
Doubling Time (h)

% of Control

0

30 9.58 100.00 8.85 100.00

35 10.66 100.00 9.99 100.00

39 28.18 100.00 24.84 100.00

70

30 22.97 239.67 14.18 160.25

35 17.01 159.54 28.90 289.35

39 36.48 129.46 63.35 255.00

90

30 32.23 336.30 21.00 237.37

35 24.01 225.27 36.35 363.91

39 43.92 155.86 73.63 296.38

99

30 42.34 441.87 35.35 399.54

35 35.32 331.37 92.33 924.32

39 50.61 179.58 63.51 255.66

Figure 5. Light and fluorescence photomicrographs of synchronized cultures of Parachlorella kessleri grown for 24 h at an
incident light intensity of 110 μmol photons m −2 s −1, temperatures of 30 ◦C and 39 ◦C, and different concentrations of
deuterated water in the media (0, 70, 90, and 99%). (A,E,I,M) control cultures grown in 0% D2O, (B,F,J,N) cultures grown in
70% D2O, (C,G,K,O) cultures grown in 90% D2O, and (D,H,L,P) cultures grown in 99% D2O. In (A–D) and (I–L) the cells
were stained with Lugol’s solution to visualize starch; for (E–H) and (M–P) the cells were stained with Nile red to visualize
neutral lipids. Scale is 10 μm.
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4. Discussion

Parachlorella kessleri is an alga with emerging biotechnological potential, particularly
because it can produce both starch as a primary energy store and neutral lipids as a
secondary one [23,32]. Here, we used synchronized cultures of P. kessleri to analyze the
effects of supra-optimal temperature on the production of starch and neutral lipids, both in
the presence of normal (hydrogenated) water and of deuterated (heavy) water. We chose to
use synchronized cultures where all of the cells within the cultures were in the same phase
of the cell cycle. This allowed us to identify any subtle differences in the behavior of the
supra-optimal-temperature-treated cultures and, thus, better characterize the effects.

The application of different light intensities to the control culture at 30 ◦C led to
different degrees of multiplication of DNA, and to the production of different numbers
of daughter cells: four daughter cells at low light intensity, and eight daughter cells at
high light intensity (Figure 1). Interestingly, the number of daughter cells produced was
not significantly affected by the decreasing light intensities in the second cycle. At the
low light intensity, about 70 μmol photons m−2 s−1 at the beginning of the first and
56 μmol photons m−2 s−1 at the beginning of the second cell cycle were both sufficient for
division into four daughter cells (Table 1). Similarly, for division into eight cells, a sufficient
mean light intensity was 332 μmol photons m−2 s−1 at the beginning of the first cell cycle
and 274 μmol photons m−2 s−1 at the beginning of the second. This ability to divide into
multiple daughter cells, even at low light intensities, allows the alga to grow and divide
at high cell densities when the majority of incoming light is shaded [68,69], making it a
highly efficient species for algal biotechnology [70,71]. Although the number of daughter
cells produced was not affected, the different incident light intensities affected the timing
of the reproduction processes, so that DNA replication and cell divisions in the second
cell cycle were delayed by 4 and 2 h, respectively (Figure 1). Moreover, the daughter cells
produced at the end of the second cell cycle were smaller than those at the end of the
first cycle, and contained fewer proteins than the cells at the beginning of the experiment
(Figure 2). As the RNA and starch contents per cell stayed approximately the same at 30 ◦C
(Figures 2 and 3), the cell composition was clearly altered by light intensity. Furthermore,
cells at high light intensity were, in both cell cycles, richer in protein compared to the low-
light-grown cells (Figure 2B). This phenomenon might be exploited when a protein-rich
algal biomass is required [68,72]. Altogether, this documents the plasticity of the multiple
fission lifestyle, which allows the cells to slightly prolong the growth phase in order to be
able to reach a critical cell size for starting another reproductive sequence, and to maintain
the reproduction potential at the expense of producing slightly smaller daughter cells with
altered cell compositions. Such growth and metabolic plasticity of algae allows them to
thrive both at low light intensities [68,69], and in the harsh conditions of a desert, with very
high light intensity and extreme fluctuating temperatures [73–76].

Growth at the supra-optimal temperature led to a blockage of DNA replication and
cell division (Figure 1), an approximately 30-fold increase in cell size (Figure 2D), and
overaccumulation of both starch and lipids (Figure 3). The cell cycle arrest at supra-optimal
temperatures has been established both in the related alga Chlorella vulgaris [18] and in the
distantly related Chlamydomonas reinhardtii [17,77]. However, the nature of the blockage
seems to be different in P. kessleri, since no DNA replication was detected (Figure 1), which
is in contrast to both Chlorella vulgaris and Chlamydomonas reinhardtii, where (at least some)
DNA replication occurred and the cell cycle blockage took place at the level of nuclear
(and cellular) division(s) [17,18,77]. Indeed, it has been established that individual cell
reproduction processes are sensitive to stress in an order opposite to their occurrence in
the cell cycle, with cell division being the most sensitive process [16]. Thus, the observed
behavior may also be caused by the supra-optimal temperature used, and if a lower
temperature is used, DNA replication might not be affected. In the experiments presented,
both supra-optimal temperatures of 39 ◦C and 40 ◦C caused the same blockage of cell
division (Figures 1 and 4), suggesting that the temperature of 40 ◦C is well above the
threshold required to cause the cell cycle blockage. However, the effects of temperature
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are very precise and subtle, so a 1 ◦C variation in temperature can have the quite distinct
effect of only a partial blockage [17,77]. Of the three effects of supra-optimal temperature
treatment, the most striking was the approximately 32-fold overaccumulation of starch
compared to the highest content reached in the control cells, and the approximately 508-fold
increase compared to the initial cell content. The accumulation was very fast, as close to
maximal values were reached within about 24 h at the high light intensity, and within about
36 h at the low light intensity (Figure 3A). At the optimal temperature, the net accumulation
of starch was slower, and reached lower levels at the low light intensity; this phenomenon
was even more pronounced at the supra-optimal temperature (Figure 3). This stresses
the importance of light intensity for starch (over)production, and is consistent with the
established knowledge in the field [38]. The starch overaccumulation at supra-optimal
temperatures was consistent with the previous experiments on the related Chlorella sp.
K [78], Chlorella vulgaris [18] and distantly related Chlamydomonas reinhardtii [17,77]. The
overaccumulation of neutral lipids was delayed by about 16 hours compared with that of
starch (Figure 3). This fits with the two-step production of starch, followed by neutral lipids,
as stress conditions are prolonged [23,24,32,39]. Lipid production also proved to be light-
dependent, as it was about six hours delayed at the low light intensity (Figure 3B). Although
the lipids overaccumulated to about 64 times the initial values, their final cell content was
much lower than that of starch (Figure 3), making starch the predominant component of the
cell. Indeed, cell composition was strikingly affected by the supra-optimal temperatures.
At the high light intensity, the cell volume (Figure 2D) increased about 30-fold, dry matter
(Figure 2C) increased about 19-fold, RNA content more than 8-fold (Figure 2A), and
protein content by about 32-fold (Figure 2B). Together with a massive 508-fold increase
in starch, this made the biomass significantly enriched in starch and proteins. In general,
starch (over)production can be attained either through increasing starch production by
improving growth conditions (high light, high CO2 concentration) [36,37] or by decreasing
starch consumption—mainly by blocking cell reproduction as the biggest starch consumer
under nutrient-limiting conditions [24–26,32,39,41]. Indeed, a blockage of cell division has
emerged as an effective tool to (over)produce starch [79]. Improved starch production by
optimizing growth conditions, combined with decreasing its consumption due to inhibition
of the major consumers, should lead to superior starch (over)accumulation. Rapid and
extensive starch (over)production by supra-optimal temperature treatment was shown
in the green alga Chlamydomonas reinhardtii in both laboratory-scale [17] and pilot-scale
photobioreactors [38]. Compared to Chlamydomonas reinhardtii, P. kessleri grows at lower
light intensities, and is able to reach very high cell densities [70,71]. Together with the
ability to produce significant amounts of neutral lipids via a simple alteration of conditions,
this makes it an excellent organism for algal biotechnology. The experiments presented
here provide a means for the fast and reliable overproduction of starch by increasing
the temperature to a supra-optimal one. Such a treatment is very simple, but a rapid
and controllable increase in temperature, and maintenance of that temperature, might
be complicated at a very large scale. Alternatively, the treatment can be used in closed
pilot-scale reactors [38], where temperature control is more feasible. Such production
would only be justifiable for high-added-value compounds, such as stable isotopically
labeled ones.

The experiments on the combined effects of deuterium and temperature had a dou-
ble rationale: Firstly, from a basic research point of view, it is intriguing to analyze the
combination of deuterium, which increases bond dissociation and activation energies [46],
with increased temperature, which is known to increase kinetic energy and, thus, speed
up general metabolism. Secondly, (over)production of deuterated compounds such as
starch, proteins, and/or neutral lipids is biotechnologically relevant, as these are very
high-added-value products that can be exploited both as biochemical standards and in
stable isotope-labeling experiments [43,52,53]. When starting the experiments, it was not
clear which of the two phenomena would prevail. We assumed that the temperature
increase might decrease the effect of the presence of deuterium, and at the same time that
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the deuterium might prevent the blockage of cell division observed in hydrogenated water
at supra-optimal temperatures. As it turned out, some of our assumptions were confirmed,
while others were not. Cultivation in increasing concentrations of deuterated water showed
a concentration-dependent decrease in growth rates and cell division (Figure 4A,B). Inter-
estingly, although the difference in growth rates between 30 ◦C and 35 ◦C in the control
was negligible (Figure 4A, first panel), the cultivation at 35 ◦C promoted growth in all
deuterated cultures (Figure 4A, second to fourth panels, green circles). This partially con-
firmed the prediction that increased temperature might alleviate the effects of deuterium
on the cells. However, the effect was specific only to growth, and was not reflected in cell
division (Figure 4B, green circles), as the cells remained large (Figure 4C, green circles). This
implies that although the effects of deuterium on metabolism in general can be partially
compensated for by temperature, the deuterium-induced problems with cell division are
either more sensitive or more specific. A further increase in temperature to 39 ◦C inhibited
both cell growth and division (Figure 4A,B, blue squares). The effect of supra-optimal
temperatures was more detrimental to the deuterated cultures than to the controls, sug-
gesting that the alleviating effect of 35 ◦C was replaced with a strictly stress effect. Due to
the combination of the two stresses, the same temperature considered to be supra-optimal
in control cultures might be above this threshold for highly deuterated cultures. Thus,
temperature in deuterated cultures showed aspects of hormesis—a phenomenon where
low concentrations of a compound are beneficial but higher levels cause stress [80,81]. The
significant stress caused to the deuterated cells by the supra-optimal temperatures was
further supported by a rapid decrease in the Fv:Fm ratio in all deuterated cultures after
about 36 h of the experiment (Figure 4D, second to fourth panels, blue squares). This
was in contrast to the control cultures at the same temperatures (Figure 4D, blue squares),
which were not significantly affected. The cultures of P. kessleri showed striking resilience
to the presence of deuterium, as they were not significantly stressed by growth in very
high deuterated water concentrations for more than three days (Figure 4D, yellow and
green lines). Only on the fourth day of cultivation did the cultures at the two highest
deuterated water concentrations (90% and 99%) start to be stressed (Figure 4D, third and
fourth panels). However, the absence of cell division at the higher deuterated water con-
centrations allowed (over)accumulation of starch, although the temperature did not seem
to have a promoting or inhibiting effect in such cultures (Figure 5, compare B–D with
J–L). The combination of supra-optimal temperatures and growth in deuterated water
promoted the accumulation of neutral lipids (Figure 5, panels N–P). These experiments
confirmed that the effect of supra-optimal temperatures is a general phenomenon not
only in different organisms [17,18,77], but also in different growth conditions. If desired,
such treatment can be used to (over)produce deuterated starch and, interestingly, also
deuterated neutral lipids. Due to limitations in maintaining supra-optimal temperatures
and the inhibitively high prices of deuterated water, such treatment is conceivable only at
small scales for the production of stable isotopically labeled compounds [43,52,53]. This is
consistent with the proposed algal production of deuterated sugars and amino acids [58],
proteins [59], chlorophylls [52,60], and carotenoids [52]. Supra-optimal temperature seems
to be a promising tool for a rapid increase in starch (and neutral lipid) content, compared
to the slower effect of nutrient starvation [43]. Furthermore, it offers recovery of other
deuterated cell components.

5. Conclusions

We describe the effects of supra-optimal temperatures on synchronized cultures of the
green alga P. kessleri. Supra-optimal temperatures block DNA replication and cell division,
but do not affect cell growth. Moreover, due to the absence of cell division, starch and
neutral lipids overaccumulate to levels 508-fold and 64-fold those of the initial values in
the daughter cells. This leads to the production of large cells with altered cell composi-
tions, consisting mostly of proteins and starch. We tested whether increased cultivation
temperatures could alleviate the effects of deuterium in heavy water. Temperature showed
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a hormetic effect, as a temperature increase over optimum improved cell growth, but the
supra-optimal temperatures caused extensive stress. The cultures were strikingly resilient
to the stress caused by heavy water, and were able to grow and divide even at 90% D2O,
although they were only able to grow but not divide at 99% D2O. The supra-optimal
temperature treatment, when applied to cultures grown in heavy water, had similar effects
as in normal water, and led to the production of cells with increased starch and neutral
lipid contents. Our results establish new treatments for the overaccumulation of starch
(and proteins) in P. kessleri, and they also prove that such treatment can be used to produce
deuterated starch, proteins, and neutral lipids for biotechnological purposes.
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Abstract: The plant hormone cytokinin (CK) plays central roles in plant development and throughout
plant life. The perception of CKs initiating their signaling cascade is mediated by histidine kinase
receptors (AHKs). Traditionally thought to be perceived mostly at the endoplasmic reticulum (ER)
due to receptor localization, CK was recently reported to be perceived at the plasma membrane (PM),
with CK and its AHK receptors being trafficked between the PM and the ER. Some of the downstream
mechanisms CK employs to regulate developmental processes are unknown. A seminal report in this
field demonstrated that CK regulates auxin-mediated lateral root organogenesis by regulating the
endocytic recycling of the auxin carrier PIN1, but since then, few works have addressed this issue.
Modulation of the cellular cytoskeleton and trafficking could potentially be a mechanism executing
responses downstream of CK signaling. We recently reported that CK affects the trafficking of the
pattern recognition receptor LeEIX2, influencing the resultant defense output. We have also recently
found that CK affects cellular trafficking and the actin cytoskeleton in fungi. In this work, we take an
in-depth look at the effects of CK on cellular trafficking and on the actin cytoskeleton in plant cells. We
find that CK influences the actin cytoskeleton and endomembrane compartments, both in the context
of defense signaling—where CK acts to amplify the signal—as well as in steady state. We show that
CK affects the distribution of FLS2, increasing its presence in the plasma membrane. Furthermore,
CK enhances the cellular response to flg22, and flg22 sensing activates the CK response. Our results
are in agreement with what we previously reported for fungi, suggesting a fundamental role for
CK in regulating cellular integrity and trafficking as a mechanism for controlling and executing
CK-mediated processes.

Keywords: cytokinin; endocytosis; cytoskeleton; actin; plant immunity; induced resistance

1. Introduction

The plant hormone cytokinin (CK) is central to plant life, regulating many processes
including embryogenesis, cell division and differentiation, stem cell maintenance, growth
and branching of roots and shoots, leaf senescence, nutrient balance, and stress tolerance.
CHASE domain-containing AHK (Arabidopsis histidine kinase) receptors, which are
located primarily in the endoplasmic reticulum (ER), perceive CK and commence the
resultant signaling cascades, which mediate CK function [1–3]. Based on the subcellular
localization of AHKs, the endoplasmic reticulum (ER) has been considered to be the
primary CK perception site [4,5]. Upon perception through AHKs, AHPs (Arabidopsis
histidine phosphotransferases) transfer a phosphate from AHKs to downstream type B
ARRs (Arabidopsis response regulators), initiating transcriptional reprogramming as a
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result of CK perception [6]. CK signaling can also start at the plasma membrane (PM) [7].
Extracellular CKs were shown to bind to cell-surface receptors and elicit signaling [8].
ER-localized CK receptors were also demonstrated to be transported to the PM [9]. In that
work, AHK4 was shown to reside in the PM and in vesicles, in addition to the ER. Moreover,
CK was shown to accumulate in BFA compartments, attesting to AHKs being trafficked
between the ER and PM on endocytic vesicles. Thus, initiation sites of cytokinin perception
occur at both the PM and the ER, and CK receptors undergo endosomal trafficking between
these locales. It has been suggested that the dual CK response locales may contribute to
the flexibility of the CK response [8].

CK regulates some developmental processes through crosstalk with the auxin pathway.
CK was previously shown to regulate the transcription of auxin pathway genes [10–12].
Importantly, CK was also demonstrated to modulate auxin activity by regulating the
endocytic trafficking of the auxin carrier PIN1 [13]. CK regulates the recycling of the auxin
efflux carrier PIN1 to the plasma membrane, by directing it to the vacuole for degradation,
in a rapid regulatory pathway that does not require transcriptional reprogramming [13].
Thus, through the endocytic redirection of PIN1, CK controls auxin fluxes that are required
for lateral root organogenesis, and it was postulated that this endocytic regulation may also
be involved in other CK-regulated developmental processes. However, CK was found not
to influence the stability of two additional membranal auxin carrier proteins, prompting
the authors to suggest that CK affects trafficking in a protein-specific manner [13].

CKs were shown to mediate disease resistance through induction of host immunity.
Transgenic plants with high CK levels had increased resistance to Pseudomonas syringae [14],
while transgenes with low levels of CK or Arabidopsis histidine kinase (AHK) receptor
mutants displayed enhanced pathogen susceptibility [14,15]. CKs were also found to
mediate enhanced resistance in tobacco [16]. In Arabidopsis, it was suggested that CK-
mediated resistance depends on salicylic acid (SA) [14], and that CK signaling enhances
SA-mediated immunity [17]. In tobacco, an SA-independent, phytoalexin-dependent
mechanism was reported [16]. We recently reported that CK induces systemic immunity
in tomato, promoting resistance to fungal and bacterial pathogens in an SA- and ethylene
(ET)-dependent mechanism [18,19]. Until recently, other than the evidence that SA is
required for CK-induced immunity [14,15,17], and that phytoalexins are involved [16], no
additional cellular mechanisms related to CK-mediated immunity had been reported.

Pattern recognition receptors (PRRs) are the first line of defense and immune activa-
tion in plant cells. Since CK was shown to modulate endocytic trafficking of PIN1 in its
regulation of auxin [13], in our recent work, we examined whether CK might also affect the
trafficking of immune receptors as a possible mechanism for promoting immune responses
and disease resistance. We were able to show that CK modulates the cellular trafficking of
the PRR LeEIX2, which mediates immune responses to Xyn11 family xylanases [18]. We
found that CK enhances both the endosomal presence and the vesicular size of LeEIX2
endosomes, without affecting the total cellular content of the proteins [18]. Furthermore,
asking whether this CK-mediated enhancement of PRR endosomal presence acts as a mech-
anism for increased disease resistance, we used a SlPRA1A-overexpressing line, which has
a decreased presence of receptor-like protein (RLP)-type PRRs in the cell plasma membrane,
due to receptor degradation [20]. Indeed, we found that in plants overexpressing SlPRA1A,
which have decreased levels of RLP-type PRRs, CK-mediated disease resistance to Botrytis
cinerea is compromised [18].

Recently, we have found that CK directly affects the growth, development, and
virulence of fungal plant pathogens [21]. Botrytis cinerea (Bc) growth, sporulation, and
spore germination were all inhibited by CK, with some fungal developmental processes
being inhibited by plant physiological CK concentrations [21]. We found similar effects
in a variety of plant pathogenic fungi. We also found that CK affects both budding
and fission yeast in a similar manner. Transcriptome profiling revealed that cell cycle
and DNA replication, cytoskeleton integrity, and endocytosis are all inhibited in Bc by
CK [21]. We directly confirmed these results, demonstrating that CK affects the cell
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cycle and DNA replication, cytoskeleton distribution, and cellular trafficking in fungi and
yeasts [21]. CK interfered with actin localization in growing hyphae and lowered endocytic
rates and endomembrane compartment sizes, likely underlying the reduced growth and
development we observed [21].

In this work, we take an in-depth look at the effects of CK on cellular trafficking and
on the cytoskeleton in plant cells, both in the context of plant immunity and in general.
We have found that in addition to the xylanase receptor-like protein (RLP) LeEIX2, CK
also affects the distribution of the flagellin receptor-like kinase (RLK) flagellin-sensing
2 (FLS2), increasing its presence in the plasma membrane. FLS2, first characterized in
Arabidopsis, acts as the PRR for the bacterial PAMP (pathogen-associated molecular pat-
tern) flagellin [22] in several plant species [23–25]. Furthermore, CK enhances the cellular
response to the 22-amino-acid, flagellin-derived peptide flg22, and flg22 sensing activates
the CK response. Examining cellular trafficking compartments and the cytoskeleton in
general, we also show that CK affects endosome distribution and increases the amount
of endomembrane compartments. CK also caused disorganization and reduction in actin
filaments, but not in tubulin. Our results are in agreement with what we previously re-
ported for fungi, suggesting a fundamental role for CK in regulating cellular integrity and
trafficking as a mechanism for controlling and executing CK-mediated processes.

2. Results

2.1. CK Affects PRR Trafficking

We previously reported that CK modulates the trafficking of the PRR LeEIX2 and
enhances its defense signaling, and that PRR-RLPs are required to achieve CK-mediated
disease resistance [18]. To examine whether this is a general effect on PRRs, we tested
whether CK influences the signaling of the LRR-receptor-like kinase (RLK)-type PRR FLS2.
FLS2 is very different from LeEIX2 in its structure, specificity, and regulation [20,22,23].
Figure 1 demonstrates that CK affects cellular distribution of FLS2, increasing its presence
at the PM.

2.2. CK Response Is Activated during Immunity Elicitation

We and others have previously demonstrated that pathogenesis processes can activate
the CK pathway [17–19], raising the possibility that CK pathway activation might be
required for pathogen resistance. Interestingly, we previously found that B. cinerea infection
activates the synthetic CK response promoter TCSv2 [18]. To test whether defense elicitation
activates the CK pathway, we examined whether TCSv2 could respond to flg22 elicitation.
As seen in Figure 2, flg22 treatment in Arabidopsis roots significantly enhanced TCSv2-
driven Venus expression, indicating that flg22 activates the CK response.

Our previous work has shown that in addition to affecting LeEIX2 trafficking, CK
enhances defense signals elicited by its ligand, EIX [18]. Since we observed that CK also
affected FLS2 cellular distribution, increasing its presence at the PM, we tested whether
CK also enhanced defense signaling elicited by flg22. As seen in Figure 3, CK strongly
enhances flg22 elicited reactive oxygen species (ROS) production. CK also has a small but
significant inductive effect on ROS production on its own (Figure 3B). The CK trans-zeatin
was previously reported to induce ROS production in Arabidopsis guard cells [26].

78



Cells 2021, 10, 1634

Figure 1. Cytokinin increases the membranal presence of the PRR FLS2. N. benthamiana epidermal
cells transiently expressing FLS2-GFP were mock treated, or treated with cytokinin (CK, 100 μM 6-
benzylaminopurine), for 4 h, and subsequently treated with flg22 (30 min). Membranal plane images
(1 μm) were captured in 3 experiments, and images were analyzed using Fiji-ImageJ. (A) Representa-
tive confocal microscopy images. Contrast was uniformly adjusted; scale bar = 10 μm. (B) Twelve
images were analyzed. Data are presented as boxplots with inner quartile ranges (boxes), outer
quartile ranges (whiskers), and medians (lines in boxes), all points displayed. Letters represent
statistical significance in one-way ANOVA with Dunnett’s post-hoc test (p < 0.035).

Figure 2. flg22 activates cytokinin response. Transgenic A. thaliana roots stably expressing the cytokinin (CK) response
marker pTCSv2::3XVENUS were treated with mock (1 mM NaOH), CK (100 μM 6-benzylaminopurine), or flg22 (1 μM),
for 12 h. Images were captured in 3 experiments using at least 15 plants per treatment, and analyzed using Fiji-ImageJ;
scale bar = 100 μm. (A) Representative confocal microscopy images. Contrast was uniformly adjusted; scale bar = 100
μm. (B) Images from at least 15 plants were analyzed. Mean fluorescence intensity for each nucleus in each image was
quantified, N > 770 nuclei. Data are presented as violin plots—solid gray lines indicate medians, and dotted lines indicate
quartile ranges. Letters represent statistical significance in a Kruskal–Wallis test with Dunn’s multiple comparisons post-hoc
test (p < 0.0001).
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Figure 3. Cytokinin enhances flg22-mediated defense. S. lycopersicum cv. M82 leaves were treated for 12 h with mock or with
cytokinin (CK, 100 μM 6-benzylaminopurine). After 12 h, leaf discs were harvested and treated with flg22 (1 μM). Reactive
oxygen species (ROS) production was measured every 2.5 min for 35 min, using the HRP-luminol method. (A) Kinetics
of ROS accumulation are plotted; RLU = relative light units; N = 24. (B) Total ROS production, area under the graph in
A. Average ± SEM is shown, N = 24. Different letters represent statistically significant differences in one-way ANOVA,
p < 0.0001, with a Dunnett’s post-hoc test, p < 0.044.

2.3. CK Treatment Modulates Cellular Trafficking

As a developmental hormone, CK regulates various processes that require growth
and rapid membrane modeling. These processes could be controlled through cellular
trafficking. We have recently found that in fungi, CK attenuates cellular trafficking and
causes mislocalization in the actin cytoskeleton [21]. Interestingly, investigation of the
effect of CK on the cellular trafficking of the auxin carrier PIN1 showed that CK does not
affect the cellular localization of two additional auxin carriers [13].

To test whether the effect of CK on cellular trafficking is general or specific to defense
receptors, we examined the distribution of ARA6 and FM-4-64 endosomes following CK
treatment. As seen in Figure 4, CK treatment significantly increases the density and size of
both FM4-64 compartments (Figure 4A–C) and ARA6 endosomes (Figure 4A,D,E). ARA6 is
considered to be a late endosome marker [27], while FM4-64 is present in all endomembrane
compartments at the timepoint tested [28].
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Figure 4. Cytokinin increases endosomal size and density. Transgenic A. thaliana root roots stably expressing the en-
dosomal marker ARA6-GFP were grown vertically on 0.5X MS-agar plates, mock or supplemented with cytokinin (CK,
6-benzylaminopurine) at indicated concentrations, and stained with 5 μM FM-4-64 for 5 min on ice. Images were captured in
4 experiments using at least 10 plants per treatment, and analyzed using Fiji-ImageJ. (A) Representative confocal microscopy
images. Contrast was uniformly adjusted; scale bar = 10 μm. (B–D) A total of at least 40 cells from at least 10 images per
treatment were captured in 4 separate experiments and analyzed. Compartment size and density for FM4-64 (B,C) and
ARA6-GFP (D,E) are presented as mean ± SEM. Letters represent statistically significant differences in a one-way ANOVA
with Tukey’s post-hoc test. (B) N > 425, p < 0.0076. (C) N > 40, p < 0.0001. (D) N > 500, p < 0.0037. (E) N > 60, p < 0.0001.

2.4. CK Treatment Affects the Cellular Cytoskeleton

Growth requires changes to both the composition and the orientation of the cytoskele-
ton [29]. Furthermore, observed effects on vesicular trafficking can relate to the cytoskele-
ton, since trafficking relies on an intact cytoskeleton [30]. We previously demonstrated that
CK can affect F-actin distribution in fungi [21]. We therefore examined whether CK treat-
ment could affect the plant cytoskeleton. Figure 5 shows that CK affects actin distribution,
reducing the quantity and organization of actin in the cell (Figure 5A–C). CK did not affect
tubulin (Figure 5D–F).
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Figure 5. Cytokinin decreases actin organization and density. Nicotiana benthamiana epidermal
cells transiently expressing Actin-mCherry (A–C) or mCherry-Tubulin (D–F) were mock treated, or
treated with cytokinin (CK, 100 μM 6-benzylaminopurine) for 4 h. Membranal plane images (1 μm)
were captured in 3 experiments, and images were analyzed using Fiji-ImageJ. (A,D) Representative
confocal microscopy images. Contrast was uniformly adjusted; scale bar = 10 μm. (B,C,E,F) 25 images
per treatment were analyzed. Box plots represent inner quartile ranges (boxes), outer quartile ranges
(whiskers), and medians (lines in boxes), all points shown. Asterisks represent statistically significant
differences in an unpaired two-tailed t-test with Welch’s correction, N = 25. (B) ** p = 0.0031.
(C) * p < 0.028. (E,F) ns = not significant.

3. Discussion

CK mediates plant immunity and disease resistance [14–19]. Traditionally a plant
growth hormone with various developmental roles, CK supports juvenility and delays
senescence [31,32], indicating that perhaps commonalities beyond the execution of the cell
death program may exist between age-related cell death and pathogen-related cell death,
both of which CK can delay or prevent.

In addition to its role in controlling auxin distribution by regulating its trafficking [13],
we recently reported that CK can influence cellular trafficking in plants—where it enhances
defense signaling of EIX through modulation of the trafficking of its PRR LeEIX2 [18]—and
in fungi, where CK treatment lowers growth and development by attenuating traffick-
ing [21]. Furthermore, we observed that CK-mediated disease resistance was lost in a
transgenic line with reduced PRR expression [18]. These reports suggest that control of

82



Cells 2021, 10, 1634

cellular trafficking could be a general mechanism by which CK exerts its varied effects on
development and defense.

In this work, we affirmed the role we previously reported for CK in controlling
receptor trafficking, demonstrating that CK enhances flagellin signaling (Figure 2), possibly
by increasing the presence of its receptor—FLS2—in the membrane (Figure 1), from which
it may transmit part of its defense signals [33]. Interestingly, though ligand-activated FLS2
is endocytosed after about 80–90 min [34], ROS responses occur within 5 min (Figure 3),
suggesting that an increase in FLS2 presence at the membrane could underlie the increase
in ROS observed upon CK treatment. Furthermore, we observed that flagellin activates
CK response (Figure 2). Flagellin was previously reported to increase expression of the CK
receptor AHK3 and the CK response regulator ARR2 in Arabidopsis guard cells [26]. We
also previously observed a similar mode of action—activation of the CK pathway—in the
pathogenesis of B. cinerea [18] and bacterial pathogens [19].

The fact that CK enhances signals emanating from both the fungal response RLP
LeEIX2 [18] and the bacterial response RLK FLS2 (Figures 1 and 2), and augments defense
elicited by both of their respective ligands, EIX [18]—which is derived from Trichoderma,
which mostly signals through the jasmonic acid pathway [35], and flg22 (Figure 2), which
mostly signals through the salicylic acid pathway [36]—indicates that the modulation
of the cellular distribution of PRRs is likely a general mechanism by which CK affects
cellular defense.

Our recent report [21] observed attenuation of cellular trafficking and disorganization
of the actin cytoskeleton in response to CK treatment in B. cinerea, suggesting that perhaps
control of cellular trafficking and cytoskeletal integrity could be a general mechanism
employed to execute CK-mediated responses in plants as well. We examined endocytosis
and actin distribution in response to CK treatment in Arabidopsis and N. benthamiana. We
found that CK significantly increased the size and density of endomembrane compartments,
as observed with both the general FM-4-64 dye and the late-endosome-specific ARA6
(Figure 4). Interestingly, the effects of CK on endomembrane compartments did not appear
to be dose-dependent in most examined cases, with a cutoff of 1 μM observed, though this
effect could be specific to 6-BAP in Arabidopsis, and testing of additional CK concentrations
is required in order to definitively make this assertion.

Taken together, our results indicate that one of the early mechanisms for the activation
of CK-mediated plant immunity is likely through cellular trafficking. CK may enhance
defense signals, both by specifically increasing PRR occupancy in the cellular compartments
required for signaling, and by increasing cellular trafficking compartments in general. flg22
is known to induce the entry of FLS2 to endosomes. flg22-induced FLS2-GFP endosomes
were shown to co-localize to ARA6 compartments, though there was no difference in
the amount of ARA6 endosomes at time points between 30 min and 105 min after flg22
application [37]. This could support the notion that the increased immunity observed upon
flg22 and CK co-treatment (Figure 3) stems both from the increased presence of FLS2 in
signaling compartments due to flg22 activation, and from a general increase in the available
amount of endomembrane compartments, due to CK-mediated activity.

We found that CK inhibits the actin cytoskeleton, though not the tubulin cytoskeleton,
in plant cells (Figure 5). We observed similar inhibition of the actin cytoskeleton in B. cinerea,
underlying the mechanism for growth and development inhibition in fungi [21]. Actin
inhibition likely also underlies CK-mediated growth inhibition observed in plants, as
exemplified in the inhibition of root growth [38], and also perhaps in processes that
maintain plant juvenility, e.g., inhibition of changes to cellular trafficking or degradation of
the cytoskeleton required for senescence and cell death. The cytoskeleton is known to be
an important component of cellular trafficking. The effect of CK on the actin cytoskeleton
could result in altered trafficking rates and paths for endomembrane compartments—
which could, in turn, affect the distribution of defense-related cargo and result in altered
defense signaling.
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Interestingly, our findings on the effects of CK on cellular trafficking differ somewhat
between plants (Figure 4) and fungi [21]. While in both cases we observed a decrease in
both the content and organization of actin filaments, in fungi—in contrast to plants—we ob-
served a decrease in endomembrane compartments upon CK treatment. These differences
could relate to differences in both the assay methodologies and the cell biology attributes
of different species. Notably, the endocytosis pathway was significantly downregulated
upon CK treatment in B. cinerea [21].

In summary, we found that CK regulates actin distribution, endocytosis, and PRR
trafficking. A model summarizing this work is provided in Figure 6. This is an interesting
starting point for future work, which will elucidate how the dual role of CK in growth and
defense is regulated, and which additional proteins and feedback circuits are involved,
perhaps also elucidating how some of these functionalities evolved in both plants and fungi.

Figure 6. Model for the effects of cytokinin on plant cell compartments and defense signaling.
Cytokinin (CK) increases endosomal compartment size and density, and decreases actin content
and organization. CK promotes defense signaling mediated by both FLS2 and LeEIX2, resulting
in increases in reactive oxygen species (ROS) in response to flg22 and EIX, as well as increases in
ethylene and electrolyte leakage in response to EIX. CK also primes ROS on its own, and induces
gene expression. LeEIX2 and FLS2 elicitor activation induces CK signaling pathways, increasing
CK levels and/or activating CK-dependent gene expression. Model created with BioRender.com,
accessed on 31 May 2021.

4. Materials and Methods

4.1. Plant Growth Conditions

Nicotiana benthamiana and Solanum lycopersicum cv. M82 were grown from seeds in
soil (Green Mix; Even Ari, Ashdod, Israel) in a growth chamber at 24 ◦C, under long-day
conditions (16 h:8 h, light:dark).

A. thaliana cv. Columbia transgenic plants overexpressing pTCS::3XVENUS [39] or
pARA6::ARA6-Venus [27] were germinated on 1/2 MS (Duchefa M0225) agar plates con-
taining 50 ug/mL kanamycin, and grown upright in a growth chamber at 22 ◦C under
short-day conditions (8 h:16 h, light:dark).
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4.2. Transient Expression

Four-week-old N. benthamiana plant leaves were abaxially infiltrated with a needleless
syringe, with an Agrobacterium tumefaciens (strain GV3101) harboring the following previ-
ously described constructs: pAtFLS2::AtFLS2-3xmyc-GFP [40] (Addgene plasmid#86157;
http://n2t.net/addgene:86157, accessed on 31 May 2021; RRID:Addgene_86157), pCMU-
ACTLr (AtUBQ10::F-actin LifeAct-mCherry; Addgene plasmid #61193; http://n2t.net/
addgene:61193, accessed on 31 May 2021; RRID:Addgene_61193) [41], and pCMU-MTUBr
(AtUBQ10::mCherry-MAP4-MBD; Addgene plasmid #61196; http://n2t.net/addgene, ac-
cessed on 31 May 2021; RRID:Addgene_61196) [41]. Treatments were applied 40 h after
infiltration. Transgenic lines and constructs used in this study are detailed in Table 1.

Table 1. Transgenic lines and constructs used in this study.

Line/Construct Source Organism/Use Fig#

pAtFLS2::AtFLS2−3xmyc-GFP
[40]

Addgene plasmid#86157;
http://n2t.net/addgene:86157, accessed on

31 May 2021; RRID:Addgene_86157

Transient expression in N.
benthamiana 1

pTCS::3XVENUS [39] David Weiss, Faculty of Agriculture, HUJI. Stable transgenic A. thaliana, col.
background 2

pARA6:ARA6-Venus [27] Takashi Ueda. Stable transgenic A. thaliana, col.
background 4

pCMU-ACTLr [41]
Addgene plasmid #61193;

http://n2t.net/addgene:61193, accessed on
31 May 2021;

Transient expression in
N. benthamiana 5

pCMU-MTUBr [41]
Addgene plasmid #61196;

http://n2t.net/addgene:, accessed on
31 May 2021; RRID:Addgene_61196

Transient expression in
N. benthamiana 5

4.3. Chemical Treatments

The CK 6-benzylaminopurine (6-BAP, Benzyladenine, sigma) was dissolved in 10 mM
NaOH. pARA6:ARA6-Venus Arabidopsis plants were grown in 0.5X MS-agar media and
transferred 3 days after germination to 0.5X MS-agar media supplemented with 6-BAP
at indicated concentrations. pTCS::3XVENUS Arabidopsis plants, 5 days after germina-
tion, were incubated for 16 h in 0.5X MS media supplemented with 6-BAP at indicated
concentrations (Figures 2 and 4). In the transient expression assays, 6-BAP water solutions
were infiltrated into N. benthamiana leaves, and images were captured 6 h after infiltration
(Figures 1 and 5). flg22 (1 μM, PhytoTech Labs #P6622) was dissolved in DMSO and applied
as described for CK.

FM-4-64 (Invitrogen # T13320) was dissolved in water and applied to Arabidopsis
roots in solution at 5 μM. Arabidopsis roots were incubated with this solution for 5 min on
ice prior to live-cell imaging.

4.4. Confocal Microscopy

Confocal microscope images were acquired using a Zeiss LSM780 confocal microscope
with Objective C-Apochromat 40 ×/1.2 W Corr M27 (Figure 1, Figure 2, and Figure 5) or
Objective C-Apochromat 63×/1.2 W Corr (Figure 4). GFP was excited using a laser of
488 nm (5% power), and emission was collected in the range of 493–535 nm. mCherry
fluorescence was excited using a laser of 561 nm (3% power), and emission was collected
in the range of 588–641 nm. FM4-64 was excited using a laser of 514 nm (3% power),
and emission was collected in the range of 650–750 nm. Images of 8 bits were acquired
using a pixel dwell time of 1.27 μs, pixel averaging of 4, and pinhole of 1 airy unit. Image
analysis was performed using Fiji-ImageJ with the raw images [42]. Endosome density and
size measurements were conducted with the 3D Object counter tool, pixel intensity was
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measured using the measurement analysis tool, cytoskeleton organization was measured
using the skew tool, and occupancy was assessed using the 3D Object tool [42].

4.5. Reactive Oxygen Species Burst Measurement

ROS measurement was performed as previously described [43]. Leaf disks of 0.5 cm
in diameter were harvested from leaves 4 to 6 of 5–6-week-old M82 plants, treated for 12 h
with mock (1 mM NaOH) or CK (100 μM 6-benzylaminopurine). Disks were floated in a
white 96-well plate (SPL Life Sciences, Korea) containing 250 μL distilled water for 4–6 h
at room temperature. After incubation, water was removed, and an ROS measurement
reaction containing 1 μM flg22 was added. Light emission was immediately measured
using a luminometer (Spark, Teacan, SL).

4.6. Data Analysis

Differences between two groups were analyzed for statistical significance using an
unpaired two-tailed t-test, with Welch’s correction where samples were found to have
unequal variances, or with Holm–Sidak correction where multiple t-tests were applied.
Differences among three groups or more were analyzed for statistical significance with a
one-way ANOVA, or with a Kruskal–Wallis test. For ANOVA analyses, regular ANOVA
was used for groups with equal variances, and Welch’s ANOVA for groups with unequal
variances. When a significant result for a group was returned, differences between the
means of different samples in the group were assessed using a post-hoc test. Tukey’s test
was employed for ANOVA conducted on samples with equal variances, Dunnett’s test
was employed for ANOVA conducted on samples with unequal variances, and Dunn’s
multiple comparisons post-hoc test was employed for Kruskal–Wallis tests. All statistical
analyses were conducted using Prism9.
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Abstract: DNA methylation mediates organisms’ adaptations to environmental changes in a wide
range of species. We investigated if a such a strategy is also adopted by Fusarium graminearum in
regulating virulence toward its natural hosts. A virulent strain of this fungus was consecutively
sub-cultured for 50 times (once a week) on potato dextrose agar. To assess the effect of subculturing
on virulence, wheat seedlings and heads (cv. A416) were inoculated with subcultures (SC) 1, 23, and
50. SC50 was also used to re-infect (three times) wheat heads (SC50×3) to restore virulence. In vitro
conidia production, colonies growth and secondary metabolites production were also determined
for SC1, SC23, SC50, and SC50×3. Seedling stem base and head assays revealed a virulence decline
of all subcultures, whereas virulence was restored in SC50×3. The same trend was observed in
conidia production. The DNA isolated from SC50 and SC50×3 was subject to a methylation content-
sensitive enzyme and double-digest, restriction-site-associated DNA technique (ddRAD-MCSeEd).
DNA methylation analysis indicated 1024 genes, whose methylation levels changed in response to
the inoculation on a healthy host after subculturing. Several of these genes are already known to
be involved in virulence by functional analysis. These results demonstrate that the physiological
shifts following sub-culturing have an impact on genomic DNA methylation levels and suggest that
the ddRAD-MCSeEd approach can be an important tool for detecting genes potentially related to
fungal virulence.

Keywords: DNA methylation; Fusarium graminearum; in vitro subcultures; virulence reduction;
ddRAD-MCSeEd; virulence genes

1. Introduction

Fusarium Head Blight (FHB) is one of the most widespread and damaging diseases of
cereal crops, such as bread and durum wheat and barley, capable of strongly impairing
not only yield but also quality, by contaminating grains with mycotoxins. The disease is
caused by several members of the Fusarium species complex [1]. F. graminearum is globally
considered the most dangerous FHB pathogen due to its aggressiveness and diffusion
worldwide [2–4]. The pathogen is able to biosynthesize mycotoxins belonging to the type
B trichothecenes, such as deoxynivalenol (DON) and nivalenol (NIV) [5] as well as the
DON acetylated forms: 3-acetyl-deoxynivalenol (3-ADON) and 15-acetyl-deoxynivalenol
(15-ADON) [4,6].

Cells 2021, 10, 1192. https://doi.org/10.3390/cells10051192 https://www.mdpi.com/journal/cells89



Cells 2021, 10, 1192

All living organisms can adopt strategies to enable rapid adaptation to new environ-
mental conditions, without changing the DNA sequence [7,8]. For example, to respond to
the environmental changes or biotic and abiotic stresses, some organisms adjust physiolog-
ical and development machinery by gene expression regulation. DNA methylation and
demethylation of cytosine play key roles in such a strategy [9–12]. Cytosine methylation is
conventionally classified in CG, CHG, and CHH sequence contexts, where H is adenine, cy-
tosine, or thymine. DNA methylation involves the addition of a methyl group to cytosine to
produce 5-methylcytosine (5mC). Furthermore, the addition of the same group to adenine
has been recently explored (N6-methyladenine, 6 mA), [13,14]. Methylation changes on cy-
tosine residues are important for transposon silencing, epigenetic regulation, and genome
expression [15–17]. Generally, methylation is related to the silencing of genes and trans-
posable elements, whereas demethylation is correlated to active transcription [18], even
if the reverse has also been described [15]. DNA methylation is catalysed by a conserved
set of proteins called DNA methyltransferases (MTases) [19]. DNA MTases in eukaryotes
belong to five different groups based on their structure and functions [20–22]. DNA MTase
homologs have been identified in many fungal pathogens, including F. graminearum [23]. In
pioneering studies, the histone proteins DIM-2, DIM-5, and HP1 were defined to be essen-
tial for DNA methylation in Neurospora [24–26]. Homologues for these three proteins are
present in all sequenced Fusarium species [27], demonstrating that the DNA methylation
machinery is present in this genus [28].

Some pathogenic fungi may partially lose or attenuate their virulence in response
to environmental changes [29] as well as in response to other external factors, such as
prolonged subculturing on artificial rich media [30]. Virulence may be restored if the
attenuated strains are re-inoculated onto healthy host tissues. In the present work, we
analysed whether virulence changes due to subculturing in different media/hosts was
associated with DNA methylation changes and if these changes affected genes known to
be involved in virulence regulation toward different hosts.

The loss of aggressiveness, following subculturing in artificial rich media, was eval-
uated by (i) execution of in planta virulence assays, (ii) characterization of secondary
metabolites biosynthesis, and (iii) determination of in vitro fungal development and coni-
diation. Furthermore, the colony that had undergone consecutive transfers for one year
on an artificial, rich, nutrient medium was used to infect healthy bread wheat heads. The
DNA extracted from the last in vitro subculture was compared to the DNA isolated from
mycelia sampled on infected wheat heads. Several genes affected by methylation level
changes have already been demonstrated to be involved in virulence toward the host.

2. Materials and Methods

2.1. Fungal Strain and Subculturing

F. graminearum strain FG8 (15-ADON producer) from the fungal collection of the
Department of Agricultural, Food, and Environmental Sciences (University of Perugia,
Perugia, Italy) was used for all experiments. FG8 was isolated from durum wheat grain,
molecularly identified and characterized for the in vitro mycotoxigenic profile [31]. The
experimental design is shown in Figure 1.

Figure 1. Experimental design followed throughout the experiment.

To prepare the subcultures’ inoculum, FG8 was cultured on potato dextrose agar
(PDA, Biolife Italiana, Milan, Italy) for 50 weeks. Briefly, a piece of fungal mycelium was
cultured on PDA in a 9-cm Petri dish at 22 ◦C. After one week, one mycelium plug (0.5 cm
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of diameter) was used to inoculate a sterile PDA plate that was incubated for another
week at 22 ◦C, whereas the rest of the mycelium was cut in small pieces and stored into
2-mL plastic tubes (Eppendorf, Hamburg, Germany) at −80 ◦C and represented the SC1
inoculum. The same actions were repeated every week for 50 weeks, obtaining a total of
50 subcultures stored at −80 ◦C (from SC1 to SC50). Sterile PDA plates were inoculated
with mycelium plugs deriving from SC1, SC23, and SC50 samples for further analyses.

SC50×3 subcultures were obtained from sterile PDA plates inoculated with mycelium
derived from three head-to-head passages, as described in Section 2.2.2.

2.2. Virulence Assays
2.2.1. Crown Rot Assay

The virulence assay on the stem base of bread wheat was carried out following the
method previously described [32–34]. The mycelium of SC1, SC23, and SC50 was cut in
small squares and homogenised with 12 mL of sterile water with a Mixer Mill MM400
(Retsch, Haan, Germany) to obtain a gel for pipetting. Bread wheat seeds (cv. A416, an
Italian cultivar with well-known susceptibility to FHB) were previously surface sterilized
with a solution composed of 7% sodium hypochlorite (8% v/v), 98% ethanol (10% v/v), and
sterile, deionised water (82% v/v) for 5 min and rinsed three times with sterile, deionised
water. Surface-sterilized seeds were sown in 6 × 8 × 8 cm pots (10 seeds per pot), and
filled with a sterile soil mix (50% sand and 50% peat). Pots were incubated at 22 ◦C with
a 15/9 h day/night light cycle. A 3-cm-long PVC collar (3-mm internal diameter) was
placed around the emerging coleoptiles. When the second leaf was fully expanded, plants
were inoculated by injecting 700 μL of inoculum into the space between seedling and the
PVC collar. PDA macerated with sterile water was used as a control treatment. Three
replicates (corresponding to three different pots, 10 plants per pot/replicate) for each
FG8 subculture and for the control were realized for a total of 12 pots (120 plants). The
inoculated seedlings were covered by plastic bags for 3 days to keep the moisture high.
Seedlings were maintained for 25 days at 22 ◦C with a 15/9 h day/night light cycle.

Stem-base infections were evaluated by measuring the length (cm) of the necrotic area
on the first leaf and the presence/severity of necrosis across leaf sheaths with a 0–17 arbi-
trary scale (clean = 0; coleoptile = 1–2; 1st leaf = 3–4–5; 2nd leaf = 6–7–8; 3rd leaf = 9–10–11;
4th = 12–13–14; 5th leaf = 15–16–17).

The fungal subcultures virulence toward the bread wheat stem base was evaluated
using crown rot disease index (DI). DI was calculated as the product between the average
length of the necrotic area on the first leaf (cm) and the average value (0–17) of necrosis
across leaf sheaths of 10 plants for 3 replicates.

2.2.2. Fusarium Head Blight Assay

Flasks containing 300 mL of mung bean broth were inoculated with a SC50 mycelium
plug. Mung bean broth was prepared by boiling 1 L of sterile water and adding 40 g of
mung beans for 10 min. Subsequently, beans were removed from the broth by filtering with
cheesecloth and the broth was autoclaved. The inoculated flasks were shaken on an orbital
shaker at 150 rpm for 10 days at room temperature and 12/12 h light/dark. The fungal broth
was filtered through Miracloth (Millipore Corporation Billerica, MA, USA) and the conidia
suspension concentration was adjusted to 1 × 106 conidia mL−1 using a haemocytometer
to count the cells. Sterilised seeds were incubated in Petri dishes for one day in the dark
at 4 ◦C on water-soaked filter paper and three days in the dark at room temperature for
germination. Germinated seeds were transplanted into 9 × 9 × 13 cm pots (one seed per
pot) filled with peat and placed in a growth chamber at 23 ◦C with a photoperiod of
16 h. At mid-anthesis, wheat heads were point inoculated with macroconidia of SC50
by pipetting 10 μL of conidial suspension, containing approximately 104 conidia. The
inoculum was injected between the glumes of a central spikelet. Heads were covered in
plastic bags for 7 days to increase moisture content. Two weeks after inoculation, a little
piece of mycelium was scraped from inoculated heads and used for inoculating other
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healthy wheat heads. This was repeated for three consecutive direct head-to-head transfers
to obtain a sample named SC50×3. A portion of scraped mycelium of SC50×3 was cultured
on PDA and stored at −80 ◦C for DNA extraction or used to inoculate mung bean flasks to
obtain SC50×3 conidia inoculum, as described for the FHB assay. At mid-anthesis, heads
were point inoculated as mentioned above, with 10 μL of conidial suspension containing
approximately 104 conidia. A total of 15 heads per subculture were inoculated (5 heads
per replicate) for a total of 75 heads, including control (sterile-water inoculation). After
inoculation, heads were covered for 72 h in plastic bags to maintain a high humidity level
and promote the infection. Inoculated plants were placed into a growth chamber with a
photoperiod of 16 h at 23 ◦C. Symptoms caused by the different subcultures were assessed
at 14 days post-inoculation (dpi), determining the proportion of spikelets of each head that
displays browning symptoms.

2.3. In Vitro Growth Rate Assay

One mycelium plug of 0.5 cm diameter of SC1, SC23, and SC50 was taken from the
edge of a 4-day-old colony and placed in the middle of the plates containing PDA. Six
replicates per subculture were realized for a total of 18 plates. The growth rate was evalu-
ated measuring the mycelial diameters in the two perpendicular directions, as previously
described [35]. The diameters of the colonies were measured alongside the two axes. The
growth value was calculated as the average of the measures taken from the two axes for
three replicates per subculture and expressed in centimeters.

2.4. In Vitro Conidial Production

Three PDA Petri dishes per sample (three replicates) were inoculated with one
mycelium plug of each subculture (diameter of 0.5 cm) and incubated for 4 weeks at
room temperature, under near-UV light for 12 h per day. At the end of the incubation
period, 15 mL of sterile water were added with a pipette to each incubated plate and the
mycelium was scraped and mixed to the added water with a sterile spatula. The conidia
were separated from the mycelium by Miracloth filtration. Conidia concentration was
estimated with a haemocytometer and conidia production was calculated as the average of
three replicates per sample.

2.5. Determination of Secondary Metabolites Biosynthesized In Vitro by
F. graminearum Subcultures
2.5.1. F. graminearum Subcultures Preparation

Ten milliliters of deionized, sterile water were added to 20 g of rice kernels and placed
into 100-mL glass flasks, autoclaved three times on alternate days, and inoculated with one
mycelium plug per sample. Flasks were incubated for 4 weeks at 22 ◦C in the dark and
the developed cultures were milled with mortar and pestle and stored at −80 ◦C. Three
replicates per sample were realized. Three non-inoculated flasks with rice kernels were
used as controls.

2.5.2. Extraction and Analysis of Secondary Metabolites

Five grams of each ground sample were extracted using 20 mL of extraction solvent
(acetonitrile-water-acetic acid, 79:20:1, v/v/v) followed by a 1 + 1 dilution using acetonitrile-
water-acetic acid (20:79:1, v/v/v) and direct injection of 5 μL of diluted extract. Concentra-
tions exceeding the linear range of the detector were quantified by reanalysis of the extracts
after further dilution steps (1:50 and 1:1000, respectively). LC-MS/MS screening of target
fungal metabolites was performed with a QTrap 5500 LC-MS/MS System (Applied Biosys-
tems, Foster City, CA, USA) equipped with a Turbo Ion Spray electrospray ionization (ESI)
source and a 1290 Series HPLC System (Agilent, Waldbronn, Germany). Chromatographic
separation was performed at 25 ◦C on a Gemini® C18-column, 150 × 4.6 mm i.d., 5-μm
particle size, equipped with a C18 4 × 3 mm i.d. security guard cartridge (all from Phe-
nomenex, Torrance, CA, USA). The chromatographic method as well as chromatographic

92



Cells 2021, 10, 1192

and mass spectrometric parameters are described in Reference [36]. Confirmation of posi-
tive analyte identification was obtained by the acquisition of two MRMs per analyte (with
the exception of MON and three nitro propionic acids that exhibit only one fragment ion),
which yielded 4.0 identification points according to the commission decision (Commission
Decision, 2002). In addition, the liquid chromatography retention time and the intensity
ratio of the two MRM transitions agreed with the related values of an authentic standard
within 0.03 min and 30% rel., respectively. Quantification was performed via external
calibration using serial dilutions of a multi-analyte stock solution. Results were corrected
for apparent recoveries obtained for wheat [36]. The accuracy of the method is verified on
a continuous basis by regular participation in proficiency testing schemes.

2.6. DNA Extraction

To proceed with methylation analysis, DNA from SC50 and SC50×3 was extracted.
In detail, SC50 was grown in Petri dishes containing PDA. Fungal mycelium was scraped
using a spatula, and placed into 2-mL sterile plastic tubes with a steel bead at −80 ◦C.
The SC50×3 mycelium developed on host tissues after three head-to-head consecutive
transfers (Section 2.2.2) was collected with tweezers and stored in 2-mL plastic tubes
with one steel bead at −80 ◦C. Mycelium samples (SC50 and SC50×3) were freeze-dried
(Heto Power Dry LL3000) and reduced to a fine powder whit using a Mixer Mill MM400
(Retsch). Genomic DNA of the four samples was obtained using a PureLink™ Plant Total
DNA Purification Kit (Thermo Fisher Scientific, Walthman, MA, USA) according to the
manufacturer’s instruction. Extracted DNA concentration was quantified with a Qubit®

3.0 Fluorometer (Thermo Fisher Scientific), using a dsDNA High Sensitivity (HS) Assay
(Thermo Fisher Scientific) kit, following the manufacturer’s protocol.

2.7. DNA Methylation Analysis

The library set-up protocol was performed according to Reference [37]. Three specific
enzyme combinations were chosen to infer the CG (AciI/MseI), CHG (SexAI/MseI), and
CHH (EcoT22I/MseI), methylation contexts, respectively. Briefly, for each library, 150 ng
DNA were double-digested with one of these enzyme combinations following the protocol
previously described [37,38]. The libraries were then pooled, purified using magnetic beads
(Agencourt AMPure XP, Beckman Coulter, MA, USA), size selected by gel electrophoresis,
and purified using QIAquick Gel Extraction kits (Qiagen, Hilden, Germany) for fragments
ranging from 250 bp to 600 bp. Size-selected libraries were quantified using a Qubit®

3.0 Fluorometer (Thermo Fisher Scientific), and a normalized DNA amount (15 ng) was
amplified with a primer that introduced an Illumina index (at the Y common adapter site)
for demultiplexing. Following PCR with uniquely indexed primers, multiple samples
were pooled and subjected to PCR-enrichment, as previously described [37]. The grouped
libraries were pooled in an equimolar fashion, and the final library was Illumina-sequenced
using 150-bp single-end chemistry. Raw reads from the Illumina sequencing of the CG,
CHG, and CHH libraries were analyzed following the protocol and the pipeline previously
described [37].

The relative methylation levels at each site were calculated following a described
procedure [37] and the DMPs (Differentially Methylated Positions) were called following
the methyl kit’s manual best practices [39]. The mapping of the DMPs in the same scaffold
and as closer than a given threshold provided their clustering together to identify the
DMRs (Differentially Methylated Regions), as previously reported [37].

Synteny Block and Statistical Analysis

Synteny block analysis was performed with MCSCANX with default settings. F.
graminearum proteins were used as a query against a database of F. verticillioides proteins for
BLASTP homology searches. The BLASTP results were exported in a tabular format (m 8).
The criteria for synteny block analysis were: match score 50, match size >5, gap_penalty
of −1, and max gaps of 25. The chromosomes of F. graminearum were partitioned in an
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adjacent window of 20 kb and, for each of these regions, the proportion of mapping genes
collinear to F. verticillioides was calculated. Chromosomal windows with a portion of
collinear genes below 50% were considered to be non-conserved. The relative abundance
of DMPs and DMR mapping in conserved and not conserved (NC) regions were compared
with a permutation test.

The effect of subculturing on pathogen virulence, mycelium growth, conidia produc-
tion, and metabolite biosynthesis were tested by one-way ANOVA and Duncan’s multiple
comparison tests, as implemented in the program DSAASTAT [40].

3. Results

3.1. Subculturing Reduces Fungal Virulence, but Passaging Can Rescue These Defects

To assess the effect of continuous subculturing on virulence, three subcultures of the
FG8 strain (SC1, SC23, and SC50) were selected for virulence assays toward bread wheat
with inoculations performed on stem bases.

A different aggressiveness between SC1, SC23, and SC50 was observed (Figure 2A).
All three subcultures showed the ability to cause the typical necrotic lesions on the first
leaves and across leaf sheaths of soft wheat plants. In detail, crown rot disease index (DI),
calculated as the product between the average length of the necrotic area on the first leaf
(cm) and the average value (0–17), was 53.8, 24.5, and 17.4 in plants inoculated with SC1,
SC23, and SC50, respectively. The DI decrease was significant (p < 0.05) and followed the
gradient SC1 > SC23 > SC50.

Figure 2. (A) Stem base Disease Index (DI) of soft wheat inoculated with subcultures SC1, SC23, and SC50 of F. graminearum
strain FG8. Columns represent the average of three replicates (± SE) with each composed of 10 plants. Values with
different letters are significantly different based on Duncan’s multiple comparison tests (p < 0.05). (B) Average percentage of
symptomatic spikelets (%) of heads point-inoculated with the FG8 different subcultures. Columns represent the average of
three replicates (±SE), in which each is composed of five heads. Values with different letters are significantly different based
on Duncan’s multiple comparison tests (p < 0.05).

The aggressiveness of the same subcultures was also evaluated toward bread wheat
heads. All three subcultures were able to induce the typical FHB bleached spikelets with
aggressiveness decreasing by the subculturing time (Figure 2B). These subcultures were
compared with SC50×3, which was obtained from mycelia derived from three head-to-
head passages, as described in MM. The aggressive average levels described a trend with
SC50×3 > SC1 ≥ SC23 ≥ SC50 (Figure 2B). In detail, the initial subculture (SC1) caused
18.5% of symptomatic spikelets whereas the virulence of SC50 was significantly (p < 0.05)
reduced when compared to the first one, with only 10% of spikelets showing symptoms.
SC23, with an average of 16% infected spikelets, showed an intermediate aggressiveness in
comparison to SC1 and SC50. These results showed that continuous subculturing on PDA
caused a pathogen virulence decrease as a consequence of its adaptation to a nutrient-rich
medium while three transfers of SC50 on wheat heads fully restored virulence (38% of
bleached spikelets) to a degree even higher than that observed for SC1 (p < 0.05).
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3.2. Subculturing Affects Conidial Production but Not an In Vitro Growth Rate

Mycelium growth rates from subcultures SC1, SC23, and SC50 were measured on
PDA plates. Despite the three subcultures having different adaptation times on PDA (1, 23,
or 50 weeks), no significant differences in growth rate were observed (p = 0.42) after 5 days
(Figure 3A). In detail, SC1 showed an average growth of 5.1 cm along the axes, whereas
SC23 and SC50 showed an average growth of 5.4 cm.

Figure 3. (A) Subcultures development (cm) along the diameters of Petri dishes containing PDA. Columns represent the
average of three replicates (±SE). Values with the same letters are not significantly different (p > 0.05) based on Duncan’s
multiple comparison tests. (B) Average conidia production by SC1, SC23, SC50, and SC50×3 developed on PDA under
near-UV light for 28 days. Columns represent the average of three replicates (±SE). Values with different letters are
significantly different based on Duncan’s multiple comparison tests (p < 0.05).

Conversely, significantly different conidia productions by the varying subcultures
were detected (Figure 3B). In detail, conidiation followed the significant (p < 0.05) gradient:
SC50×3 > SC1 > SC23 > SC50. In addition, after in vivo passages of the last subculture
(SC50) for three times onto wheat head tissues, this strain produced a high number of
conidia, which resulted in an even higher number (p < 0.05) than that observed in the first
subculture (SC1).

3.3. Subculturing Does Not Affect In Vitro Secondary Metabolite Production

The accumulation of the main secondary metabolites detected in SC1, SC23, SC50, and
SC50×3 subcultures are reported in Table S1.

In general, no significant differences in secondary metabolite biosynthesis between
the four subcultures were detected. In detail, SC1 produced 19,900 μg kg−1 of 15-ADON in
addition to 36,600 μg kg−1 of DON. A very low production of 3-ADON (700 μg kg−1), NIV
(114 μg kg−1), and sambucinol (412 μg kg−1) was also detected. In addition, SC1 biosynthe-
sised 56,000 μg kg−1 of zearalenone (ZEN) and some ZEN derivatives, such as 1700 μg kg−1

of alpha-zearalenol and 12,000 μg kg−1 of beta-zearalenol. Other metabolites such as cul-
morin (3400 μg kg−1), 15-hydroxyculmorin (4200 μg kg−1), and fusarin C (54,000 μg kg−1)
completed the SC1 in vitro mycotoxigenic profile. All the reported values are the average
of three replicates. As mentioned before, the subculturing process performed on PDA as
well as the following passages on the host head tissues did not significantly alter the ability
of the fungus to produce secondary metabolites. For example, the production of DON
showed an increase (even if without significant differences, p > 0.05) going from SC1 to
SC23 (60,000 μg kg−1) and to SC50 (74,000 μg kg−1). A partial, non-significant decrease
was detected for SC50×3 (53,000 μg kg−1).

The 15-ADON biosynthesis levels did not show significant changes between subcul-
tures (p = 0.91). A very similar amount was detected in all subcultures (SC1 = 19,900 μg kg−1,
SC23 = 16,600 μg kg−1, SC50 = 18,100 μg kg−1, SC50×3 = 19,400 μg kg−1).

Similarly, 3-ADON biosynthesis was nearly the same in all subcultures (p = 0.37). In
detail, 1100 μg kg−1 of 3-ADON were produced by SC23 and 1400 μg kg−1 by SC50 and
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SC50×3. NIV and sambucinol were detected with similar levels for SC1, SC23, SC50, and
SC50×3 (p = 0.81 and p = 0.70, respectively). Culmorin levels showed a decreasing trend
that was followed by a restoration after host re-infection, whereas 15-hydroxiculmorin
increased from SC1 to SC50 and then decreased again on SC50×3, but both without
significant differences (p = 0.96 for culmorin and p = 0.57 for 15-hydroxiculmorin).

Subculturing induced a very small increase of ZEN production while plant re-infection
brought it back to the SC1 levels, even if no significant differences were detected (p = 0.32).
In addition, alpha-zearelenol and beta-zearalenol did not show any significant differences
(p = 0.87 and p = 0.57). Among other Fusarium metabolites, fusarin C showed a decrease
in the total amount produced following the three passages but, again, without significant
differences (p = 0.34).

Finally, no significant variations were detected for butenolid (p = 0.59), gibepyron
D (p = 0.22), aurofusarin (p = 0.60), and rubrofusarin (p = 0.24) biosynthesis among the
different subcultures.

3.4. DNA Methylation Analysis
3.4.1. Identification of Differentially Methylated Positions and Differentially
Methylated Regions

MCSeEd (Methylation Context Sensitive Enzyme ddRAD) [37,38] was used to inves-
tigate DNA methylation changes induced by subculturing. To this end, next-generation
sequencing (NGS) libraries from genomic DNA purified from PDA plates (SC50) and
wheat heads (SC50×3) were constructed. Therefore, a total of 12 libraries were produced
by double restriction ligations with each using MseI in combination with one of the three
methylation-sensitive enzymes AciI, SexAI, and EcoT22I, for the CG, CHG, and CHH
contexts, respectively (Supplementary Table S2).

After quality control, a mean of 822,679 thousand 150-bp-long reads from each library
were obtained and aligned to the F. graminearum PH-1 reference genome [41]. Only reads
mapped at unique genomic positions were retained. Thus, considering the three different
contexts, a total of 2,899,673, 4,755,848, and 1,516,029 reads were mapped uniquely on
the reference genome (92.6% of the total reads, with a minimum of 86.8% for AciI, and
a maximum of 96.6% for SexAI) and were classified as MCSeEd loci (Supplementary
Table S3).

Therefore, a total of 138,119 loci containing cytosines (120,439 in symmetric, and 17,680
in asymmetric contexts) (Supplementary Table S4) were identified.

The mapping location of each MCSeEd locus was investigated to determine whether
it fell within a gene window that included the region within 0.5 kb upstream of the
transcription start site (TSS), the transcribed region (i.e., the gene body), and the region
within 0.5 kb downstream of the transcription termination site (TTS). Furthermore, 92%
(AciI), 91% (SexAI), and 87% (EcoT22I) of the identified MCSeEd loci were included within
these gene windows (Supplementary Figure S1).

After normalization of the MCSeEd loci, the sites covered by a total number of reads
<4 or showing excessive read-count variation among the replicates (standard deviation of
5 for CG and 10 for GHG and CHH) were discarded. The remaining sites were used to
estimate a total of 13,899 DMPs, out of the 138,119 MCSeEd loci, with significantly altered
methylation levels between the SC50×3 and SC50 samples (false discovery rate, ≤0.05). Of
these, 12,326 belonged to symmetric contexts, and 1573 belonged to asymmetric contexts
(Supplementary Table S4).

Principal component analysis was used to graphically portray the samples based on
the DMPs’ methylation levels (Supplementary Figure S2).

The first latent component (PC1) accounted for 71.6%, 78.4%, and 71.8% of the total
variance for the CG, CHG, and CHH, contexts, respectively, and clearly discriminated
between SC50×3 and SC50, indicating that the head-to-head transfer of mycelium in-
duced genome-wide methylation changes. Accordingly, complete linkage clustering of
the methylation levels at DMPs clearly separated the SC50×3 and SC50 (Supplementary
Figure S2).
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Considering all of the methylation changes being induced by host colonization in
the replicates, we observed 1.4-fold (CG) to 1.15-fold (CHH) more methylation decreases
than increases in response to healthy heads’ infection whereas, for CHG, the proportion of
methylation changes was 1.12 in the other direction.

Genomic regions with co-regulated methylation changes upon subculturing, known
as DMRs, were identified. In total, 932 DMRs were scored for CG (874), CHG (19), and
CHH (39) contexts (Supplementary Table S5).

The estimated relative methylation level of the DMPs belonging to each DMR were
hierarchically clustered and, as expected, clustered according to the treatment, as SC50×3
or SC50 (Figure 4 and Supplementary Figure S3). In particular, for all three contexts, the
number of DMRs with higher methylation levels in the SC50×3 samples (relative to the
SC50 samples) was lower than the number of DMRs that showed a lower level in the
SC50×3 samples (Figure 4 and Supplementary Figure S3).

Figure 4. Relative methylation frequencies of differentially methylated regions as identified from
the comparison between SC50 and SC50×3 subcultures. Relative methylation frequencies of the
differentially methylated positions contained in each differentially methylated region (A–C) for CG,
CHG, and CHH, respectively) were averaged and used in complete linkage clustering analysis of
samples derived from SC50 and SC50×3 based on differentially methylated regions. (D) Circos plot.
From outer inward: number of genes in adjacent genomic chromosome regions of 20 kb. Ratio of the
number of F. graminearum-F. verticillioides collinear genes and total number of F. graminearum genes in
each region. DMPs (CG context) and DMRs (CG context).

Next, we analysed the distribution of DMPs and DMRs along F. graminearum chro-
mosomes. Several studies proposed that F. graminearum genome can be partitioned in
a core portion enriched for housekeeping genes and a dispensable portion with a high
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frequency of pathogenesis and virulence-related genes [42]. The dispensable genomic
portions can be identified as regions of low gene collinearity (hereafter, referred to as not
conserved (NC) regions) between F. graminearum and F. verticillioides or F. oxysporum. The
distributions of both DMPs and DMRs along chromosomes were visualized as the total
number of these features for each adjacent genomic window of 20 kb. The black histograms
of Figure 3 indicate the location of NC regions in four F. graminearum chromosomes. For
all the analysed contexts, no preferential accumulation of either DMPs or DMRs between
NC regions and other chromosome regions were observed (p > 0.05 of a non-parametric
permutation test).

3.4.2. Differentially Methylated Genes

DMP and DMR distributions were analysed in relation to the coding and regulatory
genomic sequences. In particular, we compared the distribution of DMPs and DMRs in
transcribed genic regions extended by 0.5 kb at both ends (extended gene bodies, EGBs)
(Supplementary Figure S1) and found that DMRs mapped preferentially to EGBs.

In addition, we plotted the distribution of significant DMPs along the EGBs for CG
(Figure 5), CHG, and CHH (Supplementary Figure S4) contexts. The main differences in
CG relative methylation levels between SC50 and SC50×3 were observed in the regulative
regions and in proximity of TSS and TTS sites. In particular, a decreased, relative, methyla-
tion level of the samples grown on plants as compared to artificial substrate was found.
Conversely, along the gene body, no changes were highlighted. In the other two contexts,
the low number of significant DMPs (Supplementary Table S4) were not able to properly
reveal differences along EGB’s genomic region (Supplementary Figure S4).

Figure 5. Plotted DMPs along the EGBs (coding region, in yellow, with the regions 500 bp upstream
and downstream) for the CG context.

In particular 930, 13, and 40 EGBs were overlapped at least once by 932 DMRs in
the 0.5-kb windows upstream of TSS, within the gene body, or in the 0.5-kb windows
downstream of TTS, respectively. The genes belonging to these EGBs were defined as
differentially methylated genes (DMGs, Supplementary Table S6).

Analysis of Gene Ontologies’ enrichment demonstrated that DMGs are enriched for
GO terms in relation to transcriptional regulation (GO_0006355) and chitin metabolism
(GO:0006032). More DMGs than expected by chance were involved in zinc ion (GO:0008270)
and DNA (0003677) binding. Next, we assigned DMGs to gene families based on the pres-
ence of PFAM domains within the encoded proteins. The PFAM domains are significantly
more abundant than expected by chance in the DMGs’ dataset are reported in Table S7
(Fisher exact test p < 0.05). Several of these domains have been identified in genes known
to be linked directly or indirectly to virulence.
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The top five PFAM domains enriched in the DMGs were associated with isoprenes and
carbohydrate metabolism (PF08544.13, PF00180.20), endonuclease and exonuclease activity
(PF003372), vacuolar 14 fab1-binding (PF12755.7), and ureo-hydrolase (PF00491.21).

4. Discussion

Fungal pathogens are the predominant causal agents of plant diseases, causing yield
and quality losses [43–45]. To successfully infect plants, fungal pathogens use different
strategies to exert their virulence during the infection process, such as when adjusting
the activity of various molecules, which may be effectors or extracellular factors [46,47],
by regulating their transcription levels [20]. Some virulence factors are upregulated to
facilitate host colonization and infection, whereas others are downregulated to mitigate host
responses [48,49]. Furthermore, the genome plasticity of fungal plant pathogens allows the
adaptation of the metabolism and of the reproductive strategies to variable environmental
conditions, such as light cycle, temperature, substrate type, and the presence/absence of
hosts [50,51]. DNA methylation is a basic modification of genomic DNA in eukaryotes
with significant effects on gene expression, genomic imprinting, and transposon silencing
involving gene promoter regions, transposable elements, repeat sequences, and transcribed
regions of genes [52–56]. In filamentous fungi, transcriptome and methylome studies
have shown that DNA methylation is linked to gene expression and to the silencing of
transposable elements [52,57]. For these reasons, the present study was based on the
DNA methylation approach to reveal hypothetical genes involved in the virulence of F.
graminearum, which is the most important FHB pathogen of wheat worldwide. In fact,
DNA methylation studies can be considered useful tools to identify novel genes associated
with the aggressiveness of fungal pathogens subject to environmental modifications [58]
and/or stresses, such as adapting to an artificial substrate or to host tissues. Changes of
DNA methylation patterns in response to environmental stresses were observed in plants,
during their growth and development [53,59,60].

In the present work, a high virulent strain of F. graminearum (FG8) was preliminarily
stressed when performing subculturing (50 times for 50 weeks) on an artificial substrate
(PDA) to verify if the adaptation to a nutrient-rich medium induced an attenuation of
virulence. To assess the effect of the in vitro subculturing process on fungal virulence, the
aggressiveness of three selected subcultures (SC1–SC23–SC50) was examined. Stem base
crown rot virulence assays showed a progressive, aggressive decline related to subculturing
time toward this bread wheat tissue. A similar result was also observed on bread wheat
heads. Furthermore, the mycelium from the subculture developed for 50 weeks on PDA
(SC50) was used to inoculate for three consecutive head-to-head passages (SC50×3) bread
wheat heads with the objective of restoring the native virulence of the FG8 strain. In fact,
SC50×3 exhibited a strong aggressiveness on heads, that is even higher than SC1, likely
due to the repeated inoculation of healthy heads in a short time window (6 weeks).

These results are in line with previous studies that showed a virulence decline of
different entomopathogenic fungal species or isolates (e.g., Metarhizium anisopliae, Beau-
veria bassiana, Beauveria densa, Nomuraea rileyi, Paecilomyces farinosus, Verticillium lecanii),
caused by artificial in vitro subculturing on nutrient-reach media and long-term routine
maintenance [61–64], even if this decline is not always reported, such as in some strains of
Paecilomyces fumosoroseus, P. farinosus, and B. bassiana [65–67]. As observed in this study,
other researchers reported that virulence can be restored when a pathogen passes from
an artificial media to a suitable host [68–71]. In addition to the subculturing process, the
simple in vitro growth on different artificial media can influence conidial germination,
growth, and virulence of fungal pathogens [72–74]. The in vitro growth on artificial media
could also induce genetic modifications, as already demonstrated for a F. verticillioides
strain subject to a subculturing process, in which the accumulation of about 14 genetic
variants was observed [75]. The present work also shows that consecutive in vitro subcul-
tures of F. graminearum caused a considerable decline of conidiation passing from SC1 to
SC50, confirming previous studies on B. bassiana, M. anisopliae, and Metarhizium brunneum
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strains [76,77]. With the passage on a healthy host, a significant increase of conidia produc-
tion from SC50 to SC50×3 was observed. Even if some phenotypic changes, such as the
reduction in the growth rate, may be typically associated with in vitro degeneration [69].
No differences were observed comparing the measures of the diameters of the subcultures,
as also found in B. bassiana [76].

Finally, a very large spectrum of F. graminearum secondary metabolites biosynthesis
following prolonged subculturing was investigated. Even if the lower biosynthesis of some
secondary metabolites is known to be linked to subculturing processes in different fungal
genera, such as Periconia sp., Fusarium spp., Galactomyces sp., and Phomopsis sp. [78–80],
the exact mechanisms that cause this attenuation are still unclear. They may be attributed
to the absence of a host stimulus or to gene silencing occurring in axenic cultures [81,82].
However, this phenomenon was not observed in this study.

DNA methylation and transposon activity have already been investigated to be at the
base of virulence loss and conidiation ability as a consequence of serial in vitro subcultures
as well as at the origin of virulence restoration following host re-inoculation [69]. In
the present study, we detected a lower level of relative methylation of SC50×3 when
compared to SC50 in all contexts, suggesting that this genomic strategy was employed
by F. graminearum in order to restore an efficient virulence. No significant differences
in accumulating methylation changes were observed between genomic compartments.
This finding suggests that, to achieve the phenotypic changes described in this study, both
genomic regions hosting genes involved in basal metabolism and those regulating virulence
are equally important. At a lower scale, the regulatory regions of genes were mainly affected
by the previously mentioned methylation changes, especially for the CG context. Moreover,
the different number of significant DMPs (Supplementary Table S4) revealed that CG
was the methylation context mainly affected by the subculturing process. Differentially
methylated region distributions in relation to coding and regulatory genomic sequences
identified a total of 1024 genes, which are putatively regulated by DNA methylation.

Some of these genes have already been investigated for their crucial role in F. gramin-
earum aggressiveness. Hereafter, some examples of genes that showed different methylation
levels between SC50 and SC50×3 with our analyses and that have been previously de-
scribed in other studies for their role in F. graminearum virulence are discussed. The genes
FGSG_06675 (FgLeu2A) and FGSG_10671 (FgLeu2B) are known to be involved in the
leucine metabolic pathway [83] of F. graminearum, and their importance in pathogenicity
(in particular of FGSG_06675) and DON production (both FGSG_06675 and FGSG_10671)
is well-known [84]. In the present experiment, other genes with different methylation
levels during wheat infection are involved in the DON biosynthetic pathway: FGSG_05912
(mevalonate kinase) and FGSG_09764 (5′-phosphomevalonate kinase). These enzymes are
responsible for the transformation of mevalonate in 5′-phosphomevalonate and, subse-
quently, in 5′-pyrphosphomevlonate during the chemical conversion of the acetyl-CoA
in farnesyl pyrophosphate (FPP), which is the main substrate for DON biosynthesis [85].
Considering that DON is a well-known virulence factor of F. graminearum [86,87], likely
FGSG_05912 and FGSG_09764 could be indirectly involved in fungal virulence due to their
crucial role in DON production. Another interesting gene differentially methylated be-
tween SC50 and 50SCx3 is FGSG_07896. Even if not directly implicated in fungal virulence,
this gene encodes for a trichothecene 3-O-acetyltransferase (TRI101) involved in the DON
self-protection mechanism of F. graminearum [88,89]. In addition, the target of rapamycin
(TOR) kinase gene (FGSG_08133) showed different methylation between the two samples.
The protein FgTOR encoded by this gene is a key component of the TOR complex. The
TOR signaling pathway of F. graminearum plays critical roles in regulating vegetative differ-
entiation and virulence [90]. Other differentially methylated genes are FGSG_07067 and
FGSG_06944, which encode for two transcription factors. F. graminearum mutants with the
deletion of these genes showed a significant loss of virulence toward wheat heads [91].
Varied methylation levels of FGSG_07593, encoding a glycoside hydrolase, were observed
between SC50×3 and SC50. This gene is usually upregulated at the beginning of the
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host colonization process [92]. Another gene differentially methylated comparing the two
samples is FGSG_11955. The gene was previously identified like the velvet gene (FgVe1
or FgVeA) of F. graminearum, a domain conserved in various genera of filamentous fungi.
The velvet gene regulates the trichothecene biosynthesis and pathogenicity against wheat
heads and affects fungal development [93,94]. In addition to this gene, FGSG_01362 and
FGSG_06774 belonged to the velvet gene domain, and, in this study, have shown different
methylation levels. FGSG_01973, FGSG_09917, and FGSG_06175 encode for phospholipid
hydrolases (phospholipase D, PLD) of F. graminearum (FgPLD1, FgPLD2, and FgPLD3).
FgPLD1 is involved in the virulence toward flowering wheat heads and the mutant lacking
this gene also showed reduced DON production, whereas FgPLD2 and FgPLD3 are not
primarily involved in plant infection [95]. The differentially methylated FGSG_05902 gene
between SC50×3 and SC50, which is almost identical with FGL15 cloned in previous
research, encodes for a lipase known to be an important virulence factor [96]. Again, gene
FGSG_04580, encoding a pleiotropic drug resistance class ABC transporter, is known to
play a role in F. graminearum virulence toward different wheat tissues [97]. Furthermore,
the ATP-binding cassette transporter Abc1, encoded by this gene, may be involved in
DON release [98]. Several other ABC-G family transporters are highly expressed during
host infection, such as FGSG_08309, which showed a different methylation between the
two subcultures investigated [97]. The gene FGSG_09329, encoding an ABC-2 family
transporter protein, showed a high expression during barley heads and wheat coleoptile
colonization [97]. Recently, another ATP-binding cassette transporter (FgArb1) encoded
by FGSG_04181, differentially methylated between SC50 and SC50×3, proved to have a
function in pathogenesis and DON production [99]. In general, the ABC transporters family
has a crucial role in F. graminearum pathogenicity [97,100]. Comparing SC50×3 to SC50,
FGSG_01964 (GzCHS5), which encodes for a chitin synthase, is indispensable for perithecia
formation and pathogenicity as well as for normal sept formation and hyphal growth [101].
Another chitin synthase gene, which is known to be involved both in DON synthesis and
pathogenicity [102], is FGSG_06550 that showed different methylation levels between the
two explored subcultures, such as FGSG_03538 (transcription factor Tri10) that is essen-
tial for DON production, and regulates the expression of the entire Tri-cluster [103,104].
FGSG_00352, differentially methylated between SC50 and SC50×3, is the orthologous
protein of Hap2, which is one of the three subunits composing the heme activator pro-
tein (HAP), also known as a nuclear factor Y (NF-Y) or CCAAT-binding factor (CBF). F.
graminearum has eight different genes encoding for CCAAT-binding factors. The deletion
of FGSG_00352 did not significantly affect fungal mycelium growth, sexual development,
mycotoxin production, and virulence [91], but other CCAAT-binding factors (FGSG_01182
and FGSG_05304) are involved in trichothecene production and virulence [105]. Thus,
further studies on all the genes of the CCAAT-binding complex are necessary to reveal
the relationship among them during host colonization. Another aggressiveness-associated
gene (FGSG_08010), that is, a regulatory virulence [106], and is usually reported to be
up-regulated during infection [107], showed a different level of methylation in the present
work. A different methylation between the two analyzed subcultures was observed in
FGSG_00332, encoding for a beta transducing-like (WD-40 repeat) protein, that has been
demonstrated to be essential for pathogenicity in wheat [108], and in FGSG_01665 (FSR1)
that regulates F. graminearum virulence by acting as a scaffold for a signal transduction
pathway [109]. Comparing SC50 to SC50×3, a different methylation level was observed
in FGSG_06798. Recently, this gene has been identified to encode for an acetyltransferase
(FgHAT2) involved in regulating vegetative growth, conidiation, DNA damage repair,
DON production, and virulence in the pathogen [110]. Another highlighted gene pre-
viously proven to be involved in pathogenicity was FGSG_00416, belonging to a major
facilitator superfamily (MFS) [111]. Furthermore, the deletion of FGSG_03716 (Famfs1),
which belongs to the MFS gene family, affected fungal development and virulence [112].
FGSG_03541 (Tri12), with different methylations between the two subcultures, is required
for DON production and fungal virulence [113].
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In addition, it has been demonstrated that FGSG_03168 has 90% similarity to FST1
of F. verticillioides (putative hexose transporter gene), which is functional in pathogenesis
during the colonization of living maize kernels [114].

In the present study, we demonstrated that F. graminearum exhibits reduced virulence
on bread wheat stem bases and heads after a prolonged subculturing process. However,
the virulence on head tissue of bread wheat can be restored with the in planta transfer.
Additionally, an innovative approach, based on the relative methylation level analysis, was
used to explore novel putative virulence genes, comparing the pathogen after three genera-
tions of mycelium growth on bread wheat heads to the same fungus after approximately
one-year of an in vitro subculturing process. Some of the genes that showed different
methylation levels have been previously studied and were revealed to be related to Fusar-
ium aggressiveness toward hosts. This suggests that the approach of the present study
could be a promising tool in the study of F. graminearum genes associated with virulence on
bread wheat tissues. In the future, it will be interesting to verify the function and possible
involvement in virulence of all the other genes that have shown different methylation
levels in this study (listed in Supplementary Table S7) but for which evidence about their
implication in F. graminearum aggressiveness are not currently available. Finally, the present
approach may be an important tool to use for other fungal pathogens to explore the pool of
genes that could be involved in their virulence toward host species.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
article/10.3390/cells10051192/s1. Table S1: In vitro biosynthesis of secondary metabolites (μg kg−1)
produced by subcultures of F. graminearum strain FG8 (SC1–SC23–SC50–SC50×3) as detected by
LC-MS/MS analysis. Per each mycotoxin, the standard error (SE) is reported. Statistical differences
were detected (p > 0.05) by one-way ANOVA. Table S2: Experimental design. Table S3: Sequencing
data summary. Table S4: Methylation sequencing statistics. Uniquely mapped loci (MCSeEd loci)
were normalized, filtered, and then analysed with the methyl kit to infer the number of differentially
methylated positions (DMPs). Figure S1: Abundance of MCSeEd loci, DMPs, and DMRs in genomic
regions (CDS, Introns, Regulatory Intergenic). Figure S2: Principal component analysis and clustering
for the relative methylation levels at the differentially methylated positions obtained across all of the
replicates in each sequence context: CG, CHG, and CHH. Number in brackets indicate the fraction of
overall variance explained by the respective component (Dim1, Dim2). Table S5: List of significant
DMRs identified in each context. Figure S3: Principal component analysis and boxplot for the relative
methylation levels at the differentially methylated positions obtained across all of the replicates in
each sequence context: CG, CHG, and CHH. Numbers in brackets indicate the fraction of overall
variance explained by the respective component (Dim1, Dim2). Figure S4: Plotted DMPs along the
EGBs (coding region, in yellow, with the regions 500 bp upstream and downstream) for CHG and
CHH context. Table S6: Differentially methylated genes (DMGs) identified by intersecting DMRs.
Table S7: Enrichment tests of PFAM domains within DMGs and F. graminearum loci. First column
reports the PFAM domain, the second column reports the odds ratio, and the third column shows the
p-value calculated for the Fisher exact test for an odd ratio equal to 1 (alternative hypothesis odds
ratio >1).
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Abstract: An increase in temperature can have a profound effect on the cell cycle and cell division
in green algae, whereas growth and the synthesis of energy storage compounds are less influenced.
In Chlamydomonas reinhardtii, laboratory experiments have shown that exposure to a supraoptimal
temperature (39 ◦C) causes a complete block of nuclear and cellular division accompanied by an
increased accumulation of starch. In this work we explore the potential of supraoptimal temperature
as a method to promote starch production in C. reinhardtii in a pilot-scale photobioreactor. The method
was successfully applied and resulted in an almost 3-fold increase in the starch content of C. reinhardtii
dry matter. Moreover, a maximum starch content at the supraoptimal temperature was reached
within 1–2 days, compared with 5 days for the control culture at the optimal temperature (30 ◦C).
Therefore, supraoptimal temperature treatment promotes rapid starch accumulation and suggests
a viable alternative to other starch-inducing methods, such as nutrient depletion. Nevertheless,
technical challenges, such as bioreactor design and light availability within the culture, still need to
be dealt with.

Keywords: microalgae; Chlamydomonas reinhardtii; starch; supraoptimal temperature; cell cycle;
pilot-scale production

1. Introduction

Together with light and nutrient availability, temperature is one of the major abiotic
factors affecting growth of microalgae [1–4]. Temperature has been found to affect individ-
ual metabolic processes in various ways. Cell division and the duration of the cell cycle are
particularly susceptible to changes in temperature while other parts of cellular metabolism,
such as growth and other related synthetic processes, appear to be less influenced by such
changes [5,6].

In green algae dividing by multiple fission, a gradual increase in temperature results in
a physiological response in which cells at first increase their growth rate and shorten their
cell cycle. Upon a further increase in temperature, an optimal point is reached at which
growth rate is at its maximum and cell cycle duration is at its minimum. However, after
exceeding this optimal temperature, the duration of the cell cycle is gradually prolonged
while growth rates remain unaffected [1]. Eventually, after reaching a certain temperature
(hereafter referred to as supraoptimal), the cell cycle is completely blocked while growth
and metabolism remain seemingly further unaffected [1,6]. This effect of supraoptimal
temperature was first observed in the 1960s and 1970s during small-scale laboratory
experiments conducted with Chlorella sp. (Chlorophyta) [6–9]. It was determined that the
specific supraoptimal temperature that causes cell cycle arrest varies between species of
microalgae and must be controlled within a very narrow range. Otherwise, the cells will
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not achieve cell cycle arrest (at a temperature lower than supraoptimal) or will have their
metabolism strongly affected which might lead to cell death (at a temperature higher than
supraoptimal) [6].

An inherent property of cell division is that it is an energy-demanding process, con-
suming the majority of the cell’s energy reserves [10]. A simple block of cell division leads
to accumulation of starch and/or lipids in microalgal cultures grown in nitrogen (and other
nutrient) starvation or limiting conditions [11–15]. A combination of cell cycle arrest and
unaltered growth metabolism, as is the case of supraoptimal temperature treatment, leads
to the build-up of surplus energy reserves [6,9]. For starch producing green algae, the
accumulation of starch under supraoptimal temperature can be extensive and it can reach
levels considerably higher than in cells cultivated at the optimal growth temperature and
hence, it can be utilized as an approach to increase starch productivity.

Chlamydomonas reinhardtii has served as a well-established model for a number of
years [13,16]. This green alga benefits from a wide array of readily available molecular
tools for genetic engineering and strain optimization [16–18]. However, in spite of these
benefits, the adoption of C. reinhardtii as a biotechnology platform has been limited. Only
recently, attempts were made to increase the starch content of C. reinhardtii by utilizing
techniques such as nutrient deprivation and temperature stress [6,10,13,19–22]. Although
nutrient deprivation is an effective technique that can increase the starch content of C.
reinhardtii to almost 49% (w/w), the build-up is rather slow and it can take weeks until the
maximum concentration is reached, which reduces overall productivity [22]. In contrast,
temperature stress can provide a rapid method for starch accumulation within short periods
of time. In laboratory-scale experiments with synchronized cultures of C. reinhardtii, the
cells at 30 ◦C initially accumulated starch as they grew in size, but this starch was spent
for cell division. The cells at 39 ◦C grew in size similar to those at 30 ◦C, but they did
not divide. Instead, they continued to increase their cell size and after 24 h, their total
starch content was more than two-fold higher than the maximum at 30 ◦C [6]. Although
promising, these results were obtained only under controlled laboratory conditions that
utilized synchronized cultures with relatively low biomass densities and were exposed
to abundant light intensities. Hence, the applicability of the supraoptimal temperature
method for industrial production of starch is still largely unknown.

In the present study, we examine the potential for pilot-scale starch production in C.
reinhardtii by supraoptimal temperature, a method that has already been proven to cause
a rapid 2-fold increase in starch yields under laboratory conditions [6]. In doing so we
investigate whether and how biomass density affects starch productivity, the possibility
of culture recovery and reuse after the supraoptimal temperature treatment, as well as
potential practical challenges and limitations of the method. To our knowledge, the
experiments described here are the first attempt to employ supraoptimal temperature in
the production of starch in microalgae at pilot-scale.

2. Materials and Methods

2.1. Microorganism and Culturing Conditions

The algal strain used in these experiments was the unicellular alga Chlamydomonas
reinhardtii wild type 21gr (CC-1690), obtained from the Chlamydomonas Resource Center
at the University of Minnesota (St. Paul, MN, USA). For routine subculturing, the strains
were streaked onto culture plates containing standard high salt (HS) medium [23] solidified
with agar every three weeks.

For the purpose of the experiments, a starting culture was cultivated in a bench-top
flat-panel airlift photobioreactor (Algaemist, Technical Development Studio, Wageningen
University, Wageningen, The Netherlands) in the following manner: 400 mL of liquid HS
medium was inoculated directly from the culture plates and was cultivated at 30 ◦C and
under constant incident light intensity of 500 μmol photons m−2 s−1 of photosynthetically
active radiation (PAR) provided by light-emitting diode lamps (BXRA W1200, Bridgelux,
Fremont, CA, USA). The cultures were aerated with a mixture of air and CO2 (2%, v/v)
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at a flow rate of 0.63 VVM in order to provide a carbon source and mixing of the cell
suspension.

2.2. Culture Medium for the Pilot-Scale Cultivation

All experiments were performed under photoautotrophic conditions. The culture
medium used for the pilot-scale experiments was based on a HS medium but was modified
in order to facilitate high biomass yields with the NH4Cl concentration being increased
5-fold. This resulted in a growth medium with the following final composition: 250 g L−1

NH4Cl, 2 CaCl2·2H2O, 20 g L−1 MgSO4·7H2O, 1.84 g L−1 C10H12FeN2NaO8, 0.05 g L−1

Na2MoO4·2H2O, 3.09 g L−1 H3BO3, 1.18 g L−1 MnSO4·7H2O, 1.40 g L−1 CoSO4·7H2O,
1.24 g L−1 CuSO4·5H2O, 1.43 g L−1 ZnSO4·7H2O, 72 g L−1 KH2PO4, 134 g L−1 K2HPO4.
For the preparation of the medium, 100× concentrated stock solutions of macro elements
and microelements were used. All components, excluding phosphates, were diluted in
distilled H2O and autoclaved for 20 min at 121 ◦C. After cooling, the sterile autoclaved
phosphates were added. The medium used for cultivation in the pilot-scale flat-panel
photobioreactor was not sterilized and tap water was used to dilute the stock solutions. In
the course of the experiments, pH was monitored daily and was maintained at 7.0 ± 0.1
by the addition of 2 M NaOH. Foam formation in the reactor vessels was controlled with
the help of 10× diluted antifoam silicone Snapsil RE 20 containing 30% active compound
(Product code: 84538.290, VWR International, LLC, Radnor, PA, USA).

2.3. Pilot-Scale Flat-Panel Photobioreactor

A flat-panel Algae-Germ photobioreactor with two cultivation vessels, each of a total
volume of 25 L (20 L of culture volume) (Figure 1), was used in all experiments described
here. The photobioreactor was situated at 51◦59′45.6′ ′ N, 5◦39′25.7′ ′ E in Wageningen,
Netherlands and was placed within a greenhouse with panels facing 240◦ SW. Each of
the cultivation vessels had the following dimensions: length: 70 cm, height: 72 cm, width
(optical path: 5 cm). Cooling and heating of the microalgal suspension culture was provided
by two refrigerating/heating circulators (Julabo GmbH, Seelbach, Germany) that circulated
water through temperature control coils, which were submerged in the culture suspension.
A simple aeration system provided a constant flow of a mixture of air and CO2 (2%, v/v)
and ensured mixing of the suspension culture. Both cultivation vessels were constantly
illuminated by a panel of luminescent lamps (Master TL-D 58W/840, Philips, Amsterdam,
the Netherlands) delivering 50 μmol photons m−2 s−1 of PAR (measured at the vessel
surface). However, the majority of PAR delivered to the cultures was through exposure to
natural sunlight.

Figure 1. Changes of optical densities of C. reinhardtii cultures starting at the same cell density (day 6, left photobioreactor)
and grown at the same light intensity for 5 days at temperatures of 30 ◦C and 39 ◦C (day 11, right photobioreactor). For
description of the photobioreactor see Materials and Methods in Section 2.3.
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2.4. Experimental Approach

All the experiments were performed in the time-span between July 17th and September
17th, 2018 (Table 1). Each experiment consisted of two phases. During the biomass accumu-
lation phase, one cultivation vessel was filled with 20 L of HS medium and was inoculated
with 0.8 L of starting inoculum of cell concentration approximately 3.5 × 107 cells mL−1.
The resulting culture, with an initial cell concentration of approximately 1.4 × 106 cells mL−1,
was then incubated at 30 ◦C for 4 to 6 days. The supraoptimal temperature phase started
upon reaching a biomass concentration exceeding 1.0 g L−1. At this point the culture was
diluted with HS medium and was separated into two cultivation vessels, which were then
transferred to 30 ◦C or 39 ◦C.

Table 1. Overview of the experiments performed including date and duration. Temperature and
initial biomass concentration after dilution of the culture from the biomass accumulation phase are
shown. All experiments were performed in the summer of 2018.

Experiment Date Total Duration (days) Temperature Treatment (◦C)
DM at the Beginning of

Experiment (g L−1)

17.07–31.07 14
39 0.2
39 0.8

13.08–23.08 10
39 0.1
39 0.2

23.08–03.09 11
39 0.1
39 0.8

03.09–17.09 12
30 0.1
39 0.1

2.5. Light Measurements

The photon flux density (Iph, μmol photons m−2 s −1) was measured with a LI-COR
190-SA 2π PAR (400–700 nm) quantum sensor (LiCor, Lincoln, NE, USA). Continuous light
data logging was made with a sensor from the same model and manufacturer, mounted
outdoors and facing the sky, parallel to the ground.

To obtain a measure of light energy absorbed by the cell suspension grown at different
concentrations of cells, the mean light intensity (I) was calculated according to the Lambert-
Beer law:

I = (Ii − It)/ln(Ii/It),

where Ii is the incident light intensity at the surface of the culture vessel and It is the
transmitted light intensity measured at the rear side of the culture vessel. The mean light
(μmol cell−1) was calculated by dividing the mean light intensity during 24 h (obtained by
continuous light data logging) by the number of viable cells for that period.

2.6. Cell Size and Cell Number Measurements

One milliliter aliquots of culture suspension were taken, fixed with 10 μL of iodine
solution (1 g I, 5 g KI, 100 mL H2O), and stored at 4 ◦C. Cell diameter was measured
on microphotographs taken with an Olympus Camedia C-5050 Zoom digital camera.
The microphotographs were then analyzed using ImageJ image processing and analysis
software (U. S. National Institute of Health, Rockville Pike, MD, USA). The cell diameter
was recalculated to volume by a basic formula assuming a spherical cell shape. Cell number
was determined by means of a Bürker counting chamber (Meopta, Prerov, Czech Republic).

2.7. Dry Matter Measurements

Aliquots of culture suspension (50 mL) were taken and centrifuged (1580R, Labogene
ApS, Lillerød, Denmark) for 10 min at 4000 rpm. The supernatant was then removed, and
the remaining pellet was transferred to a 2 mL preweighed test tube and dried for 24 h at
105 ◦C. After cooling for 2 h, the test tube with the pellet was weighed on an analytical
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balance (CP224S-OCE, Sartorius AG, Göttingen, Germany) and the weight of the pellet
was determined by subtracting the weight of the empty test tube.

2.8. Starch Analysis

A starch-specific enzymatic method was used to accurately estimate the biomass
starch content. Aliquots of culture suspension (10 mL) were harvested and centrifuged
(1580R, Labogene ApS, Lillerød, Denmark) for 10 min at 4000 rpm. The supernatant was
then discarded, and the resulting pellets were stored at −20 ◦C. After thawing, the cells in
the pellets were disintegrated by adding 300 μL of glass beads (0.7 mm in diameter) and
vortexing vigorously (MS3, IKA-Werke GmbH & Co. KG, Staufen, Germany) for 15 min.
Depigmentation of the samples was carried out by adding 1 mL of 80% (v/v) ethanol
to the pellet and incubating in a water bath for 15 min at 68 ◦C after which the samples
were centrifuged (1580R, Labogene ApS, Lillerød, Denmark) for 2 min at 14,000 rpm and
the supernatant was removed. The depigmentation procedure was repeated 3 to 4 times
(or until the pellet was completely discolored). After that, 1 mL of α-amylase (porcine
pancreas, Sigma–Aldrich, St. Louis, MO, USA) solution (0.5 g·L−1 w/v in 0.1 M sodium
phosphate buffer (pH 6.9)) was added to the samples and incubated for 1 h at 37 ◦C.
The samples were centrifuged (1580R, Labogene ApS, Lillerød, Denmark) for 2 min at
14,000 rpm, after which the supernatant was used for the quantification of reducing sugars
through the dinitrosalicylic acid (DNSA) color reaction, as described by Miller [24]. Briefly,
500 μL of supernatant were mixed with 500 μL DNSA solution (1% (w/v) DNSA, 30%
(w/v) potassium sodium tartrate tetrahydrate, 20% (v/v) 2 M sodium hydroxide) and
incubated for 5 min at 105 ◦C on a heat block. Following a cooling period of 10 min at
room temperature the mixture was diluted five-fold with distilled water, after which the
absorbance of the samples was measured at 570 nm. The concentration of starch was
estimated through a calibration curve of potato starch (Lach-Ner s.r.o., Neratovice, Czech
Republic) digested with α-amylase.

2.9. Microscopic Observations and Starch Staining

Microscopic observations during the course of the experiments were carried out daily
on a Leica Laborlux S microscope. Staining of starch was with the same iodine solution
that was used for fixing cell counting samples in a 1:10 volume ratio of staining solution
to sample.

3. Results

Starch accumulation in C. reinhardtii can be induced by nutrient depletion [12,13,22]. In
order to exclude such effect, a biomass accumulation phase in fully supplemented medium
at the optimal temperature was included prior to the supraoptimal temperature phase. The
purpose of the biomass accumulation phase was to demonstrate that the cultures were
not limited by nutrients and to estimate the typical starch content in C. reinhardtii cultures
during exponential growth under the optimal growth temperature. Please, refer to Table 1
for an overview of the time span of the experiments as well as combinations of biomass
densities and temperature treatments applied.

3.1. The Effects of Supraoptimal Temperature

To assess the effects of supraoptimal temperature on cell growth and division, as well
as starch accumulation, the culture behavior at two parallel treatments of 30 ◦C (control)
and 39 ◦C was compared. At first a C. reinhardtii culture was cultivated at 30 ◦C for 6 days.
After reaching a biomass concentration of 1.0 g L−1, the culture was diluted with HS
medium to 0.1 g L−1 and split into two cultures which were then cultivated at 30 ◦C and
39 ◦C, respectively (Figure 1).

The control culture cultivated at 30 ◦C had a similar pattern of biomass accumulation
to that before dilution and returned to the pre-dilution biomass concentration within 6 days
(reaching a maximum of nearly 1 g L−1) (Figure 2A). In contrast, biomass accumulation
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of the culture at 39 ◦C stopped after 2 days, reaching a maximum of only 0.4 g L−1. The
biomass starch content in terms of percentage of starch within the dry matter (DM) was
much greater in the culture cultivated at 39 ◦C, reaching 18% of DM as opposed to 8% of
DM at 30 ◦C (Figure 2C). Moreover, the volumetric starch concentration in mg mL−1 was
faster in the culture cultivated at 39 ◦C, reaching a maximum of 0.07 g L−1 in only 2 days
as opposed to 5 days and 0.06 g L−1 in the culture cultivated at 30 ◦C (Figure 2D).

Figure 2. Effect of supraoptimal temperature on dry matter accumulation (A), average cell volume (solid line, triangles)
and cell number (dashed line, diamonds) (B), biomass starch content (C) and volumetric starch concentration in the culture
(D). The vertical line on day 6 represents the shift from biomass accumulation phase to supraoptimal temperature phase.
Blue lines represent cultivation at 30 ◦C while red lines represent cultivation at 39 ◦C. During the biomass accumulation
phase a single C. reinhardtii culture was cultivated at 30 ◦C. After 6 days the culture was diluted to a biomass concentration
of 0.1 g L−1 and divided into two separated cultures. One of the cultures was cultivated at 39 ◦C (supraoptimal temperature
treatment) while the other one was cultivated at 30 ◦C (control). Panel B represents the median volume of cells and an
estimation of the mean cell number within a defined volume of culture suspension.

Microscopic observations of the culture cultivated at 30 ◦C did not reveal any change
in the pattern of cell division with cells having a median cell volume of 422 μm3 and cell
division occurring, as expected, during the course of the experiment with mother cells
dividing predominantly into eight daughter cells (Figures 2B and 3). In contrast, the cells
transferred to 39 ◦C largely stopped dividing and the few dividing cells formed mostly
two or four daughter cells. The inhibition of cell division was also reflected in the median
cell volume, which increased eight-fold at 39 ◦C reaching 3479 μm3.
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Figure 3. Effect of supraoptimal temperature on the cell division pattern and cell size in C. reinhardtii.
The algal culture was cultivated for 6 days at 30 ◦C after which it was split, transferred to 30 ◦C (A–C)
and 39 ◦C (D–F) and monitored for another 5 days. Day 7 corresponds to the first day after the split.
Size of bar: 50 μm.

3.2. The Effects of Biomass Density

Light availability within the culture suspension itself is a function of biomass density
and incident light intensity. To study the effect of light availability on starch accumulation
at a supraoptimal temperature, two parallel cultures of different biomass concentrations
and identical incident light intensity were compared. To do so, a C. reinhardtii culture
was cultivated at 30 ◦C for 6 days. After reaching a biomass concentration of 1.5 g L−1

the culture was diluted with a HS medium to avoid nutrient limitation and split into
two cultures, with an initial biomass concentration of 0.2 g L−1 (less dense culture) and
0.8 g L−1 (dense culture); these were then cultivated at 39 ◦C for 8 more days (Figure 4A).
During the first three days after dilution and transfer to 39 ◦C, both cultures increased in
biomass and reached a maximum of 0.6 g L−1 and 1.1 g L−1, respectively. After this, the
biomass concentration in the less dense culture remained constant while the biomass in
the dense culture started to decline rapidly. The difference in biomass concentrations was
also reflected in the mean light availability in the cultures, with the cells in the less dense
culture being exposed to notably more light than the ones in the dense culture (Figure 4B).
The increase in biomass relative starch content was remarkably rapid and was much more
pronounced in the less dense culture, reaching a maximum of 13.2 % of DM within the
first day of the transfer to 39 ◦C (Figure 4C). This rapid 3-fold increase from the initial
culture represents a striking contrast to the starch values within the dense culture, which
did not increase when compared to the pre-treatment phase. When comparing the different
biomass concentrations in the cultures, the volumetric starch concentration (g L−1) in the
less dense culture was about 20% higher than in the dense culture. However, the maximum
volumetric starch concentration reached at 39 ◦C was similar (in the case of the less dense
culture) or lower (in the case of the dense culture) than that reached during the biomass
accumulation phase at 30 ◦C (Figure 4D). Similar experiments with similar results were also
performed at two lower initial cell densities in 39 ◦C, 0.1 g L−1 and 0.2 g L−1 (Figure S1).
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Figure 4. Effect of different biomass concentrations at the supraoptimal temperature on the time course of dry matter
accumulation (A), mean light availability (B), biomass starch content (C), and volumetric starch concentration (D) in the
culture. The vertical line at day 6 represents the shift between biomass accumulation and supraoptimal temperature phases.
Blue lines and markers indicate cultivation at 30 ◦C and red lines and markers indicate cultivation at 39 ◦C. During the
biomass accumulation phase a single C. reinhardtii culture was cultivated at 30 ◦C. After 6 days, the culture was split into
two and diluted to 0.2 g L−1 (dashed red line) and 0.8 g L−1 (solid red line) then transferred to 39 ◦C.

3.3. Transfer Back to Optimal Temperature

As previously demonstrated, the supraoptimal temperature treatment allows rapid
accumulation of starch, during which time, the maximum biomass starch content is reached
rapidly within 1 to 2 days. However, due to the nature of the temperature block on cell
division, a biomass accumulation phase is required before the treatment can be applied.
Thus, a possible starch production process on an industrial scale will involve a repeated-
batch culture which is treated with consecutive alterations of temperature between 30 and
39 ◦C. To investigate whether the cells are viable, and their cell cycle block can recover
after the supraoptimal temperature phase, the C. reinhardtii culture was cultivated at 30 ◦C
for 4 days. After reaching a biomass concentration of 1.2 g L−1, the culture was diluted
with a HS medium and split into two cultures with initial biomass concentrations of
0.1 g L−1 and 0.8 g L−1, respectively (Figure 5A). Immediately after dilution, both cultures
were transferred to 39 ◦C for a period of three days. During the transfer to supraoptimal
temperature, biomass accumulation in both cultures decreased with the decrease being
much more pronounced in the 0.8 g L−1 culture. When the culture was moved back to
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30 ◦C, biomass accumulation resumed in the 0.1 g L−1 culture while in the 0.8 g L−1 culture,
biomass concentrations declined gradually. The difference in initial biomass concentration
after dilution was also reflected in the mean light availability in the cultures, with the cells
in the less dense culture being exposed to notably more light than the ones in the dense
culture (Figure 5B). Starch synthesis was much more pronounced in the 0.1 g L−1 culture
with biomass starch content increasing 4-fold and reaching nearly 20% of DM within the
first day of transfer to supraoptimal temperature (compared to only 8% of DM in the
0.8 g L−1 culture) (Figure 5C). Although the biomass starch content in terms of percent of
DM was higher in the 0.1 g L−1 culture, the volumetric starch concentration (g L−1) in both
cultures was nearly identical due to the difference in biomass concentrations within the
two cultures (Figure 5D).

Figure 5. Effect of the combination of temperature shifts and different biomass concentrations on the course of dry matter
accumulation (A), mean light availability (B), biomass starch content (C), volumetric starch concentration in the culture (D).
A single C. reinhardtii culture was cultivated at 30 ◦C. After 4 days the culture was split into two, transferred to 39 ◦C and
diluted to 0.1 mg mL−1 (dashed red lines) and 0.8 mg mL−1 (solid red lines), respectively. At day 7, the 0.1 mg mL−1 culture
(dashed blue lines) and the 0.8 mg mL−1 culture (solid blue line) were transferred to 30 ◦C. Vertical lines at days 4 and 7
indicate those shifts in temperature (from 30 ◦C to 39 ◦C on day 4 and from 39 ◦C to 30 ◦C on day 7).

Microscopic observations and analysis of the cell cycle confirmed that C. reinhardtii
cells were dividing during the biomass accumulation phase at 30 ◦C (Figure 6A) and
transfer to supraoptimal temperature resulted in a block of cell division (Figure 6B,C,E,F).
The cells in the 0.1 g L−1 culture were larger and rounder as opposed to cells in the 0.8 g L−1
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culture, which were smaller (Figure 6B,E). Staining with iodine revealed the presence of
large amounts of starch granules in the chloroplasts of the cells in both cultures one day
after the transfer (Figure 6C,F). Upon transfer back to 30 ◦C cell cycle progression was
restored in the 0.1 g L−1 culture within one day (Figure 6D) as opposed to the cells in the
0.8 g L−1 which did not recover (Figure 6G).

Figure 6. Microscopic observations. (A): Cells during day one of the biomass accumulation phase at
30 ◦C. (B,E): Cells one day after transfer to 39 ◦C and dilution to 0.1 g L−1 and 0.8 g L−1, respectively.
(C,F): magnification and iodine staining of starch granules in the cells from panels (B,E), respectively.
(D,G): cells one day after transfer back to 30 ◦C of the cultures originally diluted to 0.1 g L−1 and
0.8 g L−1. Size of bar on panels (A,B,D,E,G): 50 μm, panels (C,F): 10 μm.

4. Discussion

4.1. Effects of Supraoptimal Temperature on Starch Accumulation in C. reinhardtii at Pilot-Scale

The transfer of C. reinhardtii cultures from optimal to supraoptimal temperature proved
to have a pronounced effect on both cell cycle progression and the accumulation of energy
reserves in the form of starch. Upon 39 ◦C treatment, cell division was inhibited, mean
cell size was increased, and the biomass starch content was enhanced more than 2-fold
(Figures 2C, 4C, and 5C, Figure S1C and Table 2). These observations are in agreement with
results from supraoptimal temperature experiments conducted with synchronized cultures
of C. reinhardtii in laboratory-scale experiments [6] and resemble the effect of supraoptimal
temperature on Chlorella sp. [7,8]. The increase in starch as an energy storage molecule dur-
ing a period of inhibited cell division supports the inverse relationship between chemical
energy storage and energy expenditure for the normal operation of the cell cycle under
optimal growth conditions. Increased starch accumulation in green algae is often linked to
a block in the cell cycle. It was observed not only as an effect of supraoptimal temperature
treatment but also as a response to nutrient deprivation [13,20,22,25,26] and for cell cycle
gene mutants [10]. The starch (over)accumulation is genetically linked to mutations in
phosphoglucomutase 1, an enzyme involved in both glycolysis and starch biosynthesis [19].
Furthermore, C. reinhardtii mutants in DYRK kinase were shown to hyper-accumulate both
starch and oil [21].

Table 2. Comparison of the effect of supraoptimal temperature in combination with various initial biomass concentrations
on the maximum biomass starch content and the time when the maximum volumetric starch concentration was attained.

Initial DM
(g L−1)

Temperature
(◦C)

Max. Biomass Starch Content
(% of DM)

Max. Volumetric Starch
Concentration

(g L−1)

Time Required to Achieve Max.
Volumetric Starch Concentration

(Days)

0.1 39 21 * 0.067 * 1.3 *
0.2 39 14 ** 0.069 ** 2 **
0.8 39 7 ** 0.060 ** 2 **
0.1 30 8 0.057 5

* Shown value is an average of three cultivations; ** Shown value is an average of two cultivations.
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Starch synthesis in response to nitrogen depletion in laboratory-scale experiments
with C. reinhardtii cultures has been reported to increase starch content to up to 70 μg
10−6 cells (i.e., 70 pg cell−1). However, this type of treatment required 7 days of nitrogen
starvation until the maximum starch content was reached [26]. Similarly, starch levels
induced by sulfur depletion reached up to 49% of DM after 20 days. However, during the
upscaling of the process, the maximum starch content which was reached was nearly two-
fold lower at around 25% of DM [22]. Thus, the results produced under stable laboratory
conditions are often difficult to directly extrapolate to an industrial scale. This is also well
documented on the comparison of starch production in supraoptimal temperature in labo-
ratory conditions [6] and the results described here, i.e., 80 pg cell−1 versus 16 pg cell−1.
Notwithstanding, the limitation of pilot-scale cultivation, the starch accumulation in exper-
iments presented here was significantly faster (only 1 to 2 days) compared to the nutrient
limitation conditions [22,26]. Such a significant decrease in cultivation time might prove of
notable importance for the economic viability of industrial-scale production of microalgal
based starch.

4.2. The Importance of Light Availability

A modern biotechnological process requires high productivity and cost efficiency [27].
This can only be achieved through rapid accumulation and high volumetric concentrations
of the desired product. In order for microalgal starch production to be economically viable,
starch yields per volume of culture must be high. This is only possible through increased
starch content per cell at high biomass concentrations. Yet, increase in biomass density led
to a decrease in mean light availability within the culture (Figures 4B, 5B and Figure S1B).
This is likely due to light scattering and self-shading of the microalgal cells which have been
found to cause sharp reductions in light availability with depth [28–30]. This limited light
availability within the culture led to a reduction in the starch content and ultimately limited
the effectiveness of the supraoptimal temperature treatment (Table 2). Similarly, recent
findings in Nannochloropsis sp. showed a strong link between photosynthetic efficiency
and the accumulation rate of lipids which are the primary energy storage compound in
this microalga [31]. As a result, although the supraoptimal treatment led to a more rapid
accumulation of starch, the maximum volumetric starch concentration achieved during
cultivation at 39 ◦C did not show any notable increase over the maximum volumetric starch
concentrations reached at 30 ◦C.

Furthermore, in the cultivation system used in this study, the combination of high cell
density (leading to low light availability) and supraoptimal temperature seemed to have a
negative effect on C. reinhardtii cultures after a certain period of time. In both cultivations
at a starting biomass density of 0.8 mg mL−1, biomass decline was observed after 3 days
of exposure to supraoptimal temperature (Figures 4A and 5A), and the cultures did not
recover when transferred to the optimal growth temperature (Figure 5A). In addition,
light penetration into the high biomass cultures was further hindered by excessive biofilm
formation (Figure S2).

When synthesis of a substance such as starch is linked to the photosynthetic capacity
of the cell, and consequently to light availability, production in large-scale requires efficient
utilization of light. In this regard, an effective reactor design that ensures proper light
distribution within a high biomass culture is essential [28,29,32]. This can be achieved by de-
creasing the optical path that light has to travel within the culture and carefully controlling
the biomass concentration at the time when supraoptimal temperature is applied.

4.3. Perspectives

The main advantage of the experiments presented here, compared to the other treat-
ments, is the speed of starch accumulation (Table 2). In the context of large-scale cultivation
of microalgae, short turnaround times are important not only because they allow for higher
productivity but also because they reduce the risk of biological contamination by a compet-
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itive microalgal species or fortuitous grazers. This makes the supraoptimal temperature
method a viable option for increasing starch productivity in microalgae.

Based on the results described here, a tentative industrial-scale starch production
strategy based on the use of supraoptimal temperature can employ both batch and repeated
batch modes of operation. This is made possible by the fact that the culture can be
recovered and reused as an inoculum after the temperature treatment (Figures 5A and 6).
The production flow can consist of alternating biomass accumulation (6–7 days) and
temperature treatment phases (1–2 days). Moreover, large and heavy cells that are filled
with starch should enable better downstream processing of the biomass. However, the
economic viability of the process depends greatly on improving bioreactor design and
reducing the associated energy and labor costs.

5. Conclusions

The method of supraoptimal temperature treatment was successfully applied in
pilot-scale and resulted in a considerable, nearly 3-fold, enhancement of starch content
in C. reinhardtii at low biomass densities. Moreover, starch synthesis was faster, with
the maximum being reached within only 1–2 days, compared to five days at the optimal
temperature. Thus, the supraoptimal temperature treatment provides a viable alternative
to other starch stimulating methods, such as nutrient depletion. This is especially true
when times required for starch accumulation are taken into account. However, technical
challenges, such as bioreactor design and improved light availability per cell, still need to
be dealt with.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10051084/s1, Figure S1: Effect of the combination of supraoptimal temperature and
different biomass concentrations (A) on % of starch in the microalgal biomass (B), mean light
availability (C) and starch concentration in the culture (D). Figure S2: Cultivation vessels where
C. reinhardtii cultures treated at a supraoptimal temperature and with different starting biomass
densities have been cultured.
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Abstract: It has been challenging to simultaneously improve photosynthesis and stress tolerance in
plants. Crassulacean acid metabolism (CAM) is a CO2-concentrating mechanism that facilitates plant
adaptation to water-limited environments. We hypothesized that the ectopic expression of a CAM-
specific phosphoenolpyruvate carboxylase (PEPC), an enzyme that catalyzes primary CO2 fixation in
CAM plants, would enhance both photosynthesis and abiotic stress tolerance. To test this hypothesis,
we engineered a CAM-specific PEPC gene (named AaPEPC1) from Agave americana into tobacco.
In comparison with wild-type and empty vector controls, transgenic tobacco plants constitutively
expressing AaPEPC1 showed a higher photosynthetic rate and biomass production under normal
conditions, along with significant carbon metabolism changes in malate accumulation, the carbon
isotope ratio δ13C, and the expression of multiple orthologs of CAM-related genes. Furthermore,
AaPEPC1 overexpression enhanced proline biosynthesis, and improved salt and drought tolerance
in the transgenic plants. Under salt and drought stress conditions, the dry weight of transgenic
tobacco plants overexpressing AaPEPC1 was increased by up to 81.8% and 37.2%, respectively, in
comparison with wild-type plants. Our findings open a new door to the simultaneous improvement
of photosynthesis and stress tolerance in plants.

Keywords: Agave americana; crassulacean acid metabolism; genetic engineering; Nicotiana sylvestris;
phosphoenolpyruvate carboxylase; photosynthesis; drought tolerance; salt tolerance

1. Introduction

Human population increases, global climate changes and natural resources reductions
could seriously impact food and energy security in the future [1–8]. The drylands, with
precipitation amounts that are inadequate for most present-day food and bioenergy crops,
covers approximately 40% of the world’s land [9,10]. Moreover, around 20% of irrigated
areas in the world are under salt stress which has become a big constraint limiting agricul-
tural production [11–13]. In addition, the phytotoxic effects of nanoparticles could impact
plant growth [14,15]. To address these challenges, tremendous efforts have been put into
improving photosynthesis, drought tolerance and salt tolerance in crop plants through
breeding and genetic engineering over the past 50 years, though there has been limited
success in simultaneously enhancing both biomass production and stress tolerance [16].
One common problem shared by previous breeding and genetic engineering approaches
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is that they have focused on drought- or salt-responsive genes in C3 or C4 species, with
narrow genetic diversity for the tolerance of abiotic stresses.

A potential solution to this problem can be obtained from the desert plants that
employ crassulacean acid metabolism (CAM) for photosynthesis (e.g., Agave americana),
as these plants maximize water-use efficiency (WUE) by shifting all or part of their net
atmospheric carbon dioxide (CO2) uptake to the nighttime, when the evapotranspiration
rates are generally lower than that in the daytime [1,2,8,9,17]. The nocturnal CO2 taken
up in CAM plants is intracellularly fixed, usually leading to the generation of C4 organic
acid (e.g., malate) as storage intermediates, which accumulate in the vacuole during the
dark period before being gradually catabolized during the day [2,9]. High rates of malate
decarboxylation behind closed stomata during the day can concentrate CO2 from 2- to
60-fold around ribulose-1–5-bisphosphate carboxylase/oxygenase (Rubisco) [9,18]. This
effectively creates a ‘CO2 pump’ that can strongly favor the carboxylase activity of Rubisco
and potentially suppress photorespiration, a process that can reduce photosynthesis by up
to 40% in C3 photosynthesis plants [1,2,9,19–21]. In addition, as an obligate CAM species,
Agave americana is highly tolerant to salinity with an electrical conductivity (EC) level of
9.4 dS m−1 [22]. Additionally, A. americana has been reported to achieve high biomass
productivity and drought tolerance when grown as a crop on arid and semi-arid lands [23].

CAM photosynthesis can be divided into nocturnal and day-time reactions [24–27]:
At night atmospheric CO2 is taken up through open stomata and primary fixation of CO2
(as HCO3

−) by phosphoenolpyruvate carboxylase (PEPC) produces oxaloacetate (OAA)
that is subsequently converted to malate by malate dehydrogenase (MDH). Malate is
transported by tonoplast-localized aluminum-activated malate transporter (ALMT) into
the vacuole, where it is stored as malic acid throughout the dark period. During the
light period, Rubisco fixes the CO2 released from NAD(P)-malic enzyme (ME)- or PEP
carboxykinase (PEPCK)-mediated malate decarboxylation when stomata are closed [9,19].
It has been shown that PEPC is a highly abundant enzyme in leaves of A. americana and
its transcript level and protein abundance are correlated with CAM [28]. In this study, we
identified a CAM-isoform PEPC through genome-wide analysis of the PEPC gene family in
A. americana, as well as protein structure modeling analysis and molecular dynamics (MD)
simulation studies. We then determined the impacts of the overexpression of the Agave
PEPC on the photosynthetic carbon metabolism, and abiotic stress tolerance in the model
C3 plant tobacco.

2. Materials and Methods

2.1. Genome-Wide Analysis of the PEPC Gene Family

Arabidopsis thaliana PEPC sequences (AT1G68750.1, AT1G53310.1, AT3G14940.1, and
AT2G42600.2) were retrieved and used as queries in BLAST searches against Agave ameri-
cana transcriptomics data [28] to identify potential PEPC genes. An expectation (E) value
of <1 × 10−10 was used to obtain the homologous protein sequences of the predicted PEPC
family members. The expression data of the Agave PEPCs were also obtained from the
A. americana transcriptomics data [28]. For gene expression patterns of Agave PEPC, the
log10 transformed FPKM values and z-score normalized relative expression were used for
heatmap analysis.

2.2. Phylogenetic Analysis

Multiple alignment of PEPC proteins was performed using the MAFFT online ser-
vice [29]. The maximum likelihood (ML) phylogenetic tree was constructed using W-IQ-
TREE [30]. The sequences used for the analysis were: foxtail millet (AY491400), foxtail
millet C4 (AF495586), maize C3 (X61489), maize C4 (X15642), maize root (AB012228), rice
C3 (Os08g0366000, Os09g0315700, and Os01g0758300), rice root (Os02g0244700), sorghum
C4 (X63756), sugarcane C3 (M86661), sugarcane C4 (AY135709), and wheat (AJ007705) [31].
The bootstrap values were calculated as percentages for 1000 replications.
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2.3. Structural Modeling and Molecular Dynamics Simulation

The A. americana PEPC model was constructed using the I-TASSER v. 5.1 protein struc-
ture modeling toolkit [32]. Structure averaging from multiple MD simulations or a single
long time-scale MD simulation could effectively refine the predicted structures [33]. Here,
starting with the best I-TASSER model, the rotamer states of Asn, Gln, and His residues
as well as protonation states of titratable residues were validated by MolProbity [34]. The
HBUILD module in CHARMM [35] was employed to add missing hydrogen atoms to the
model. A water box with the size of 118 × 106 × 102 Å3 (at least 15 Å to the edge of the
protein) was used, and sodium and chloride ions were added to neutralize the net charge.
The final model contained 120,210 atoms with 34,893 water molecules. NAMD [36] was
used to perform the MD simulations with the CHARMM protein force field [37] and TIP3P
water model [38]. Using the SHAKE algorithm to fix all bond lengths involving hydrogen
atoms, a time step of 2-fs was applied to all MD simulations. A 50k-step energy minimiza-
tion was conducted, followed by a “natural” heating to 300 K with the rate of 0.001 K/step
for 300 k steps. An NPT ensemble maintained by Langevin piston controls was used in
the MD simulations with a system pressure of 1 atm and a temperature of 300 K. A cutoff
switching between 9 and 11 Å was applied for non-bonded interactions. The particle mesh
Ewald (PME) summation was applied for long-range electrostatic interactions with a grid
spacing of 1.35 Å. MD simulation was performed for 200 ns, and analysis was carried out
on the final 50 ns of the MD trajectory. The PDBsum online tool [39] was used to plot the
cartoon topology of the protein structure.

2.4. Plasmid Construction

A 2943-bp DNA fragment containing the coding sequence of AaPEPC1 (Aam080248) [28]
fused to two FLAG epitope tags [40] was chemically synthesized by Integrated DNA Tech-
nology (Coralville, IA, USA) and used to produce a chimeric gene construct, p35S:FLAG-
AaPEPC1/pNOS: nptII. The vector contains the CaMV35S promoter which drives FLAG-
AaPEPC1, and the nopaline synthase (NOS) promoter which drives the nptII gene for
kanamycin resistance as a selection marker. The vector was delivered into the GV3101
Agrobacterium tumefaciens strain via the freeze-thaw method [41] for plant transformation.

2.5. Plant Transformation

A tobacco (Nicotiana sylvestris) cultivar (USNGC TW136, PI555569) was used for
genetic transformation. The generation and culturing of transgenic plants were carried out
as previously described [42]. The transgenic lines were based on single copy lines with
a segregation ratio of approximately 3:1 (kanamycin resistance vs. sensitivity) in the T1
generation, and homozygous lines were presumed if there was no segregation in the T2
and T3 generations (n > 100).

2.6. Measurement of Photosynthesis

The photosynthetic rates of leaves of transgenic and wild-type (WT) plants that were
well-watered and grown in pots for 6 weeks was measured as previously described [11].
Mature leaves from 3 individual replicate plants were used for gas exchange analysis
by an LI-COR Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA). The
relative chlorophyll content (SPAD value in fresh leaves) was analyzed using an SPAD-502
Chlorophyll Meter (Minolta, Japan) [11].

2.7. Analysis of Malate, Glucose and Proline Content

Mature leaves were sampled and frozen in liquid nitrogen at the indicated times and
stored at −80 ◦C until use. The leaf samples were ground to a fine powder and assayed
for malate and glucose content using the standard enzyme-linked spectrophotometric
methods according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO,
USA), respectively.

The proline content was measured as described by He, et al. [43].
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2.8. Carbon Isotope Ratio Analysis

Plants were well watered throughout the growing period. Mature leaves were har-
vested from 6-week-old plants and dried for 1 week at 50 ◦C. Finely ground dry powder
was placed in capsules and then analyzed at the University of California Davis Stable
Isotope Facility (http://stableisotopefacility.ucdavis.edu, accessed on 25 February).

2.9. Salt and Drought Stress Treatment

For salt tolerance analysis, the transgenic plants and controls were watered with
200 mM NaCl solution every other day for 4 weeks as previously described [11]. For
drought tolerance analysis, the transgenic and WT plants were exposed to progressive
drought stress by withholding water until a nearly lethal effect of dehydration was observed
on the WT. A recovery study was carried out for plants under drought stress by re-irrigating
with water [44]. After salt or drought treatment, all plants were dried for 48 h in an oven at
80 ◦C and weighed [11]. All treatments were performed in triplicate.

2.10. Expression Levels Analysis of the Related Genes

The expression levels of related genes in the transgenic and WT plants were analyzed
by qRT-PCR as previously described [11]. Total leaf RNA was extracted from transgenic
and WT plants using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO,
USA). RNA samples were reverse-transcribed using a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, CA, USA). The cDNA solution was used
as a template for qPCR amplification using SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA) with the specific primers designed for each gene (Supplemen-
tary Table S1). The tobacco actin gene was used as an internal control (Supplementary
Table S1). The quantification of the gene expression level was performed with comparative
CT method [45].

2.11. Statistical Analysis

The data presented as the mean ± SD were analyzed by a one-way ANOVA analysis
with post-hoc Tukey honestly significant difference (HSD) test. p-values of <0.05 or <0.01
were considered to be statistically significant.

3. Results

3.1. CAM-Specific PEPC in Agave americana

Through a tBLASTn search against A. americana transcriptomics data [28], using
the PEPC protein sequences of Arabidopsis thaliana as queries, we identified a total of
21 transcripts encoding PEPC in A. americana. Several types of PEPC are present in plants,
including plant-type PEPCs (PTPCs) and one bacterial-type PEPC (BTPC) [46,47]. The
plant-type PEPCs studied so far have been classified into four groups: C3, C4, and CAM-
types from photosynthetic tissues and root-type from non-photosynthetic tissue [31]. In
order to gain insight into the evolutionary relationships among PTPCs, we constructed a
phylogenetic tree using the 21 predicted Agave PEPC transcripts and the C3-, C4-, CAM-
and root-type PEPCs from rice (Oryza sativa), maize (Zea mays), wheat (Triticum aestivum),
sugarcane (Saccharum spp.), sorghum (Sorghum bicolor), foxtail millet (Setaria italica) and
orchid (Phalaenopsis equestris) [24,31]. A phylogenetic analysis of the plant-type PEPCs indi-
cated that Aam080248 [28] (named AaPEPC1) belongs to CAM-type PEPC (Figure 1a). Our
results also showed the CAM- and C4-type PEPCs belong to different clades, suggesting
that these two PEPC types evolved independently.
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Figure 1. Identification of the crassulacean acid metabolism (CAM)-isoform of phosphoenolpyruvate carboxylases (PEPC)
in Agave americana. (a) Phylogenetic relationships of PEPCs in A. americana and plant-type PEPCs from other monocot
plants. Bootstrap values are shown at nodes. The sources for the PEPC sequences (as well as species abbreviations, etc.)
are provided in ‘Materials and Methods’. (b) Diel transcript expression of the PEPC genes in A. americana. The Z-score is
defined as (xi − μi)/σi, where xi is the FPKM of gene i, μi is the mean and σi is the standard deviation of all 15 columns.
White and black bars indicate daytime (12 h) and nighttime (12 h), respectively. Mleaf: mature leaf; Yleaf: young leaf.

Using the quantitative gene transcript abundance data obtained from the transcrip-
tome analysis of 15 tissues, including mature leaves sampled over a diel cycle (eight
time-points) and, young leaves (three time-points), meristem, stem, root and rhizome in
A. americana [28], we obtained the transcript pattern of the 21 PEPC transcripts (Figure 1b),
Among which Aam080248 was the most abundant transcript in mature leaves, with a
transcript abundance peak during the late afternoon just before the start of the dark period.
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These results supported the above computational phylogenetic prediction (Figure 1a) that
the Aam080248 gene encodes the CAM-specific PEPC in A. americana.

3.2. AaPEPC1 Binds to Phosphoenolpyruvate

Phosphoenolpyruvate (PEP) is the substrate for PEPC enzymes [48,49]. To understand
whether AaPEPC1 binds to PEP, we developed a protein structural model using I-TASSER
(v.5.1) accompanied by a 200 ns MD simulation (Figure 2a–c). The last 50 ns of the MD
trajectory were taken to refine the AaPEPC1 structure. The root mean square deviation
(RMSD) of the α-carbon atoms of all residues was approximately 2.0 Å (Figure 2c), which
is reasonable for fluctuations of the 964 amino acids (AA) protein. From the last 50 ns
MD trajectory, the snapshot that was closest to the average structure (with RMSD = 0.8 Å)
was selected as the final model (Figure 2a,b). Since the crystal structures of bacterial
(Escherichia coli) PEPC (PDB entry 1JQN) and Z. mays C4-type PEPC (PDB entry 5VYJ) are
well-characterized [48–50], we compared the protein structure of AaPEPC1 with the E. coli
PEPC and Z. mays C4-type PEPC. In line with E. coli PEPC and Z. mays C4-type PEPC, the
AaPEPC1 model was found to be dominated by α-helix regions (546 AAs, 57.7%). The
Ramachandran plot of the AaPEPC1 structure was found to have 93.4% (804 AAs) in the
most favorable regions, compared to 92.6% for the E. coli PEPC and 90.5% for the Z. mays
C4-type PEPC (Figure 2d–f). In addition, 5.2% (45 AAs) of AaPEPC1 were found to be in
the additional allowed regions (7.1% for E. coli PEPC and 8.7% for Z. mays C4-type PEPC),
1.2% (10 AAs) were found to be in the generously allowed regions (0.1% for E. coli PEPC
and 0.2% for Z. mays C4-type PEPC) and 0.2% (2 AAs) were found to be in disallowed
regions (0.1% for E. coli PEPC and 0.3% for Z. mays C4-type PEPC). The N-terminus of
AaPEPC1 was found to contain the plant-specific serine residue (S9) (Figure 2a), which
is located in the middle of an α-helix flanked by a long loop region. The plant-specific
Ser residue near the N-terminus of PEPC is well-known in C4 plant species [48,51]. This
serine residue, however, was absent in bacterial PEPC (e.g., E. coli PEPC, PDB entry 1JQN)
(Figure 2a,b). The AaPEPC1 model suggested that the AaPEPC1 can efficiently bind to PEP,
which is bound by H171 and R640, where R640 is located at a GRGGXXGR640GG motif
(Figure 2a) and is overlapped with R647 in the Z. mays C4-type PEPC, whereas H171 is
overlapped with H177 in the Z. mays C4-type PEPC, hence both H171 and R640 in AaPEPC1
may directly participate in the carboxylation reaction as proposed in the C4-type PEPC [48].
In addition, based on the PEP-AaPEPC1 complex model, R449 (R456 in Z. mays C4-type
PEPC) may also be involved in PEP binding and PEPC catalysis.
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Figure 2. AaPEPC1 binds to phosphoenolpyruvate (PEP) substrate. (a) Left: AaPEPC1 structure selected from 200 ns
molecular dynamics (MD) simulation that is closest to the average structure of the whole trajectory (root mean square
deviation RMSD = 0.8 Å). The protein structure is shown in cartoons with helices in red, strands in yellow and coils/turns
in white. A PEP substrate that binds to the β-barrel (yellow) active site is shown in sticks and spheres. The plant-specific
N-terminal serine residue (S9) is also shown. The binding position of the PEP substrate was obtained from the Escherichia coli
PEPC–PEP complex (PDB entry 1JQN) [50]. (b) A cartoon representation of the topology of AaPEPC1 structure. The
cylinders represent alpha-helices. (c) The RMSD (Å) profile of the final 50 ns of the MD simulation. The deviations of
all snapshots to the average MD structure are 1.4 ± 0.2 Å (not shown). (d–f) Ramachandran plot of the E. coli (PDB
entry 1JQN) PEPC, Zea mays C4-type PEPC (PDB entry 5VYJ) [49], and AaPEPC1 (the final snapshot of the 200 ns MD
trajectory), respectively.

3.3. Development of Transgenic Tobacco Lines Overexpressing AaPEPC1

After we identified the CAM-isoform of PEPC from A. americana, we wanted to
determine the impact of overexpressing this Agave gene on the photosynthetic carbon
metabolism and abiotic stress tolerance in Nicotiana sylvestris (tobacco), which is a C3 plant
species. The AaPEPC1 coding sequence was cloned into binary vector pBI121, downstream
of the cauliflower mosaic virus 35S (CaMV35S) promoter, to yield p35S::AaPEPC1 for
transformation into N. sylvestris (Supplementary Figure S1a). The p35S::AaPEPC1 vector
and empty vector (pBI121) were transferred into tobacco via A. tumefaciens-mediated genetic
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transformation [42]. Transformants harboring a single copy of transgene were identified
from the segregation ratio for kanamycin resistance. Two T2 transgenic homozygous lines
(p35S::AaPEPC1_OE1 and p35S::AaPEPC1_OE2) exhibiting different expression levels
of the AaPEPC1 (Supplementary Figure S1b) were selected as representative lines for
subsequent phenotypic characterization.

3.4. Overexpression of AaPEPC1 Increases Photosynthetic Rate and Changes Stable Carbon
Isotope Ratio

We determined whether the constitutive overexpression of AaPEPC1 affected or influ-
enced the photosynthetic rate in the transgenic tobacco plants, along with empty vector
(EV) and WT control plants, grown under normal conditions (12 h light/12 h dark pho-
toperiod; without drought- or salt-stress) at four time points (i.e., 3, 9, 15 and 21 h after
the beginning of the light period). The transgenic plants overexpressing AaPEPC1 showed
significantly higher photosynthetic rates than the WT and EV controls in the light period
(Figure 3a). A carbon isotope ratio δ13C is a broadly accepted indicator of the extent to
which the biomass is derived from PEPC-mediated CO2 fixation in plants, because PEPC
discriminates less against 13C than Rubisco which is responsible for most CO2 fixation in
C3 plants during the light period [52]. The positive correlation between the δ13C values and
CAM activity has been demonstrated to be a simple and reliable method for determining
the type of photosynthesis, including that of C3, C3-CAM intermediate and CAM [52–54].
In this study, we found that the δ13C values were significantly increased (i.e., became
less negative) in the transgenic line (OE2), in which the expression level of AaPEPC1 was
7.74-fold higher than that in the other transgenic line (OE1) (Supplementary Figure 1b),
in comparison with the controls (Figure 3b), thus indicating that this transgenic line was
using PEPC for photosynthetic carbon assimilation and production of biomass.

3.5. The Impact of AaPEPC1 Overexpression on the Accumulation of Malate and Glucose

PEPC functions in the production of OAA, thus leading to synthesis of malate/malic
acid, which is a key intermediate of the tricarboxylic acid (TCA) cycle that links lipids and
glucose metabolisms with photosynthesis in C3 plants [47,55]. The diel fluctuation in malate
content represents a central biochemical correlate of the CAM photosynthesis pathway [9].
Additionally, the glycolytic breakdown of glucose provides substrate for the primary
carboxylation reaction at night whilst the day-time recovery of glucose via gluconeogenesis
is an important sink for C released from malate decarboxylation [9,56]. To determine
the impact of AaPEPC1 overexpression on malate and glucose production in transgenic
tobacco, the malate and glucose contents were measured at four time points (i.e., 3, 9, 15
and 21 h after the beginning of the light period). The transgenic plants overexpressing
AaPEPC1 showed higher malate and glucose contents than the WT and EV controls at all
four time points during the day and night (Figure 3c,d). Furthermore, the transgenic plants
expressing AaPEPC1 showed a significant increase in malate content at 15 h compared to
that at 9 h after the beginning of the light period, while no significant difference was found
between the malate contents at 15 and 9 h in the control plants (Figure 3c). The rewired diel
malate accumulation–depletion pattern suggested that AaPEPC1 overexpression affects
primary carboxylation in transgenic plants. Additionally, we found that higher amounts
of glucose were broken down in the early night (at 15 h after the beginning of the dark
period) in the transgenic plants overexpressing AaPEPC1 compared with control plants
(Figure 3d), suggesting that the overexpression of the AaPEPC1 enhances glycolysis and
consequently supplies more substrates for primary carboxylation.
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Figure 3. Impact of overexpressing AaPEPC1 on photosynthetic rate (a), carbon isotope ratio δ13C (b), malate content (c),
and glucose content (d) in tobacco. OE1 and OE2: the transgenic plants expressing AaPEPC1. EV: empty vector control.
WT: wild-type plants. White and black bars indicate the light period (12 h) and the dark period (12 h), respectively. X-axis
represents the time after the beginning of the light period at 00:00 h. Values represent means ± SD (n = 3 individual replicate
plants). * and ** indicated significant difference from that of WT at p < 0.05 and p < 0.01, respectively, by one-way ANOVA
analysis with a post-hoc Tukey honestly significant difference (HSD) test. Ns = non-significant.

3.6. CAM-Related Genes Were Up-Regulated by AaPEPC1 Overexpression

To test whether the re-programed changes in diel malate and glucose content led to
feedback regulation of CAM pathway genes, the transcript abundance of the orthologs
of CAM genes in the transgenic and WT plants was analyzed using qRT-PCR (Figure 4a).
The expression of carbonic anhydrase (NsyCA), an ortholog of CA that is responsible
for rapid interconversion of CO2 and HCO3

− in CAM, was more increased in transgenic
plants expressing AaPEPC1 compared with that in the controls at 9, 15 and 21 h after the
beginning of the light period (Figure 4b). The expression levels of malate dehydrogenase
(NsyMDH) (an ortholog of MDH that is responsible for catalyzing the oxidation of malate
to OAA in CAM) and tonoplast aluminum-activated malate transporter (NsyALMT) (an
ortholog of ALMT that is responsible for transporting malate into vacuole in CAM) in the
transgenic plants expressing AaPEPC1 were higher than those in the controls at the early
night period (15 h after the beginning of the light period)(Figure 4c,d). The expression of
tonoplast dicarboxylate transporter (NsyTDT) (an ortholog of TDT that may be responsible
for transporting malic acid out of vacuole in CAM) was up-regulated in transgenic plants
expressing AaPEPC1 at the early morning period (3 h after the beginning of the light period)
(Figure 4e). The expression level of malic enzyme (NsyME) (an ortholog of ME that may
be responsible for the decarboxylation of malate in CAM species) in transgenic AaPEPC1
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plants was increased during the light period (Figure 4f). These results demonstrated that
the overexpression of the AaPEPC1 up-regulates the expression of the orthologs of CAM
pathway genes in transgenic plants.

Figure 4. Relative expression level of the orthologs of CAM pathway genes in AaPEPC1-overexpressing tobacco plants.
(a) Diagram of the CAM pathway in malic enzyme (ME) subtype [24]. CA: carbonic anhydrase; PEPC: phosphoenolpyruvate
carboxylase; OAA: oxaloacetate; MDH: malate dehydrogenase; ALMT: aluminum-activated malate transporter; TDT:
tonoplast dicarboxylate transporter; CBB: Calvin-Benson-Bassham. (b–f) Relative expression level of Nicotiana sylvestris CA
(NsyCA, XM_009805732.1), NsyMDH (XM_009784202.1), NsyALMT (XM_009797046.1), NsyTDT, (XM_009797970.1) and
NsyME (XM_009781546.1), respectively. The actin gene (XM_009774717.1) was used as an internal control. The values were
normalized to expression in the wild-type plants (WT) at the 3 h light time-point. White and black bars indicate daytime
(12 h) and nighttime (12 h), respectively. X-axis represents the time after the beginning of the light period. Values represent
means ± SD (n = 3).
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3.7. Impact of AaPEPC1 Overexpression on Biomass Production

Based on the above, we speculated that the higher photosynthetic rates, glucose con-
tent and carbon isotope ratio δ13C measured in transgenic plants overexpressing AaPEPC1
may result in improved biomass production. To test this, we examined the growth of the
transgenic plants overexpressing AaPEPC1, along with the EV and WT control plants, in
growth chambers under well-water conditions. After six weeks of growth, the transgenic
AaPEPC1 plants exhibited larger physical size than the WT and EV controls (Figure 5a).
The dry weight of the transgenic AaPEPC1 plants was significantly increased in comparison
with the control plants (Figure 5b), demonstrating that AaPEPC1 overexpression increases
biomass production in transgenic plants under normal conditions.

Figure 5. Growth characteristics of transgenic tobacco plants expressing AaPEPC1. (a) Phenotypes of transgenic plants
expressing AaPEPC1 (OE1 and OE2) as well as empty vector (EV), and wild-type plants (WT), grown in pots for 6 weeks
under well-watered conditions. (b) Dry weight (shoot and root) of transgenic plants and WT. Values represent means ± SD
(n = 3). * and ** indicate significant difference from that of WT at p < 0.05 and p < 0.01, respectively, by one-way ANOVA
analysis with post-hoc Tukey HSD.

3.8. Impact of AaPEPC1 Overexpression on Salt and Drought Tolerance

Most crop plants are susceptible to salinity. The NaCl stress at concentrations of
100–200 mM can inhibit or even completely prevent plant growth, resulting in their
death [57,58]. To investigate whether the overexpression of AaPEPC1 enhanced salt tol-
erance in transgenic plants, the transgenic AaPEPC1 plants as well as the EV and WT
controls were grown in pots and irrigated with 200 mL of 200 mM NaCl solution once
every two days for four weeks. The salt-stress treatment caused the death of the WT and
EV control plants, while the transgenic plants overexpressing AaPEPC1 maintained growth
(Figure 6a). The dry weight of the transgenic plants overexpressing AaPEPC1 was signifi-
cantly increased compared to the controls (Figure 6b), establishing that the overexpression
of AaPEPC1 significantly enhanced tolerance to salt stress in transgenic tobacco plants.

To investigate whether overexpression of AaPEPC1 enhanced drought tolerance in
transgenic plants, the transgenic AaPEPC1 plants, and EV and WT controls, were subjected
to drought stress in growth chamber condition. After 15 days without watering, all WT
and EV control plants displayed severe wilting (all leaves were severely curled and most
leaves had turned yellow/or were dead), whereas the growth of transgenic tobacco plants
expressing AaPEPC1 was less affected and their youngest leaves were still green and ex-
panded (Figure 7a). Three days after re-watering, all WT and EV controls were nearly dead,
whereas all transgenic lines expressing AaPEPC1 survived and started to regrow (Figure 7b).
Dry weight of the transgenic plants expressing AaPEPC1 was also significantly increased
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compared to the WT and EV controls (Figure 7c), providing evidence that overexpression
of AaPEPC1 improved the drought tolerance in the transgenic tobacco plants.

Figure 6. Responses of the AaPEPC1-overexpressing tobacco plants under salt stress. (a) Phenotypes of transgenic plants
expressing AaPEPC1 (OE1, OE2) or empty vector (EV), and wild-type plants (WT) grown in pots under 200 mM NaCl
stress. The plants were irrigated with 200 mM NaCl solution once every 2 days for 4 weeks. (b) Dry weight of transgenic
plants and WT. Values represent means ± SD (n = 3). ** significant difference from that of WT p < 0.01, by one-way ANOVA
analysis with post-hoc Tukey HSD.

Figure 7. Cont.
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Figure 7. Responses of the AaPEPC1-overexpressing tobacco plants under drought stress. Phenotypes of transgenic plants
expressing AaPEPC1 (OE1 and OE2) or as well as empty vector (EV), and wild-type plants (WT) grown in pots under
drought stress (a) and after re-watering (b). Transgenic and WT were grown in soil for 15 days without watering. (c) Dry
weight of transgenic and WT plants. Values represent means ± SD (n = 3). * and ** indicate significant difference from that
of WT at p < 0.05 and p < 0.01, respectively, by one-way ANOVA analysis with post-hoc Tukey HSD.

3.9. Proline Biosynthesis Is Enhanced by AaPEPC1 Overexpression

PEPC plays a crucial role in nitrogen metabolism in Arabidopsis [47] and loss-of-
function of both PEPC1 and PEPC2 decreased the levels of glutamate in Arabidopsis. Glu-
tamate can be converted into proline through pyrroline-5-carboxylate synthase (P5CS)
and pyrroline-5-carboxylate reductase (P5CR) [11]. Proline plays important roles in stress
tolerance, e.g., drought and salt stress tolerance, by regulating osmotic balance, activating
the ROS scavenging system, protecting membrane integrity and photosynthesis [11,59].
We hypothesized that overexpression of AaPEPC1 could enhance proline biosynthesis, and
consequently increase the drought and salt stress tolerance in the transgenic plants. To test
this hypothesis, proline content was analyzed in the transgenic AaPEPC1 plants, along with
the WT and EV controls. The proline contents in the transgenic plants expressing AaPEPC1
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were significantly higher than that in the WT and EV controls (Figure 8a). Furthermore, the
expression levels of two key proline biosynthesis genes NsyP5CS and NsyP5CR were signifi-
cantly higher in the transgenic AaPEPC1 plants in comparison with the WT and EV controls
(Figure 8b,c), supporting our hypothesis that the overexpression of AaPEPC1 increased
drought and salt stress tolerance through the enhancement of proline biosynthesis.

Figure 8. Changes in proline biosynthesis in AaPEPC1-overexpressing tobacco plants. (a) Proline
content in the leaves of transgenic plants expressing AaPEPC1 (OE1 and OE2) as well as empty vector
(EV), and wild-type plants (WT). (b) and (c) Relative expression level of the proline biosynthesis
genes pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase (P5CR) in the
AaPEPC1-overexpressing tobacco plants. Values represent means ± SD (n = 3). * and ** indicate
significant difference from that of WT at p < 0.05 and p < 0.01, respectively, by one-way ANOVA
analysis with post-hoc Tukey HSD.

4. Discussion

The engineering of the water-conserving CO2-concentrating mechanism of CAM has
been proposed as a potential strategy for improving photosynthetic CO2 fixation and
abiotic stress tolerance in C3 plants [1,2,9]. In this study, we found that the overexpres-
sion of one single CAM gene AaPEPC1 enhanced the performance of transgenic plants
in multiple ways, including photosynthesis, biomass production, drought tolerance and
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salt tolerance, which yet not be reported. We determined the impacts of the ectopic ex-
pression of the AaPEPC1 on C3-toward-CAM progression. Specifically, we identified a
CAM-type PEPC (AaPEPC1) in A. americana and transformed the AaPEPC1 gene into C3
plant tobacco. Compared with the WT and EV controls, the transgenic plants expressing
AaPEPC1 showed several interesting traits: (1) a higher malate content at the onset of the
dark period, (2) higher leaf carbon isotope ratios (δ13C values), and (3) upregulated expres-
sion levels of the orthologs of several putative key CAM pathway genes (Figures 3 and 4).
These changes in photosynthetic carbon metabolism driven by AaPEPC1 improved pho-
tosynthetic CO2-fixation, biomass production and tolerance to drought and salt stresses
(Figure 9). These traits are not necessarily associated with CAM. Recently, Boxall, et al. [60]
silenced PEPC1 in a CAM plant species Kalanchoë laxiflora and found that the very low
level of PEPC activity in the RNAi transgenic line was associated with the refixation of
respiratory CO2 and malate accumulation. Daloso, et al. [61] reported that tobacco guard
cells fix CO2 by both Rubisco and PEPC. The photosynthetic carbon metabolism changes
in our study could be explained by PEPC-mediated CO2 fixation during the light period
or the refixation of respiratory CO2, or an enhanced anaplerotic role for PEPC as in C3
plants. A CO2 labeled assay and metabolites analysis could be used to test this hypothesis
and to identify the possible secondary products arising from PEPC overexpression in the
future. Metabolite (e.g., glucose) sensing and signaling play important roles in regulating
gene expression and controlling plant development [62,63]. We hypothesize that AaPEPC1
overexpression perturbated the expression levels of metabolite signaling genes which sub-
sequently caused the phenotypic changes (e.g., drought stress tolerance) in the transgenic
tobacco plants. We found that the glucose, malate and proline contents were increased,
and a few CAM-related genes were upregulated in the transgenic plants overexpressing
AaPEPC1. Glucose, as a reducing sugar, is only ever present in modest concentrations,
thus representing the partitioning of primary photosynthate or trafficking of reserves. A
full starch–glucan–sucrose digestion could be performed to comprehensively evaluate
the carbohydrate status in transgenic plants, and an integrative analysis of metabolomics,
transcriptomics and proteomics could help to test this hypothesis in the future. This initial
success provides a solid foundation for future effort to achieve a complete switch from
C3 to CAM photosynthesis by engineering additional CAM-related genes involved in
carboxylation, decarboxylation, stomatal movement, the glycolytic-gluconeogenic pathway
and carbohydrate turnover modules [1,2,9].

It is interesting that AaPEPC1 overexpression increased the transcript abundance of
several other CAM-related genes, including CA, MDH, ALMT, TDT and ME (Figure 4). As
a CO2-fixation enzyme, AaPEPC1 is not able to directly regulate the expression of other
genes at the transcription level. We hypothesize that the change in cellular metabolic status
caused by the AaPEPC1 overexpression resulted in a rewiring of the regulatory network.
This hypothesis can be tested through the transcriptomic and metabolomic analysis of gain-
of-function and loss-of-function AaPEPC1 mutants in the future. It was recently reported
that phosphorylation of PEPC is essential for core circadian clock operation in the obligate
CAM species Kalanchoë fedtschenkoi [20]. Therefore, it would be interesting to investigate the
impact of AaPEPC1 overexpression on the circadian rhythm in the transgenic plants in the
future. In addition, on the premise of the coordinated regulation of multiple CAM-related
genes by overexpressing one key gene such as AaPEPC1, we can argue that there is no
need to transfer all the CAM pathway genes into C3 species; consequently, we just need to
focus on the engineering of a small number of “master” genes like AaPEPC1, which can
upregulate the expression of multiple other CAM-related genes.
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Figure 9. Regulation of photosynthetic CO2-fixation and abiotic stress tolerance in the ‘turbocharging’
plants with the AaPEPC1. Overexpression of the AaPEPC1, a highly abundant enzyme catalyzing
the primary fixation of CO2 in CAM plants, increases photosynthetic CO2-fixation, and rewires the
diel accumulation-depletion pattern of malate and glucose. The re-programed malate-dependent
carboxylation leads to the feedback up-regulation of the orthologs of key CAM pathway genes,
i.e., nocturnal carboxylation and diurnal decarboxylation modules. The increased malate content
up-regulates pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase (P5CR),
which results in higher proline accumulation. Proline accumulation enhances the salt and drought
tolerance of the transgenic plants expressing AaPEPC1. Additionally, a higher glucose content
produced from the photosynthetic source is transported as sucrose or glucose to sink tissues and
organs to promote cell proliferation, elongation, and expansion, as well as to maintain energy and
metabolic homeostasis, resulting in improved biomass production [64,65]. The up arrows indicate
up-regulation of expression of genes coding these enzymes or content. CA: carbonic anhydrase;
OAA: oxaloacetate; MDH: malate dehydrogenase; ALMT: aluminum-activated malate transporter;
TDT: tonoplast dicarboxylate transporter; ME: malic enzyme; PEP: phosphoenolpyruvate; and CBB:
Calvin–Benson–Bassham.

Although PEPC is well-known as a key enzyme for CO2 fixation, its role in conferring
resistance to salt stress in plants is not well defined [66]. In this study, we demonstrated
that the overexpression of AaPEPC1 significantly increased the salt tolerance in transgenic
tobacco plants (Figure 6), likely a result of enhanced biosynthesis of proline (Figure 8),
which plays important roles in regulating osmotic balance, activating ROS scavenging
system, protecting membrane integrity and photosynthesis [11]. C4-type PEPC and C3-type
PEPC have also been reported to be involved in drought tolerance improvement [67,68], but
the mechanism is unclear. Thus far, the role of CAM-type PEPC in drought tolerance has not
been reported yet. In this study, we found that overexpression of the AaPEPC1 significantly
increased the drought tolerance in the transgenic tobacco plants (Figure 7). Our results
suggested that the improvement of photosynthetic carbon metabolism in the transgenic
AaPEPC1 plants enhanced proline metabolism pathway, which results in improved drought
tolerance (Figure 9). In addition, compared to the previously published work for C4-type
PEPC or C3-type PEPC overexpression in plants [67–70], this is the first time it has been
shown that overexpression of one single PEPC gene enables the simultaneous improvement
of photosynthesis and stress tolerance in plants.
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Recently, photosynthesis and plant growth were significantly improved in tobacco
plants by introducing a faster Rubisco of cyanobacterial origin [71], accelerating recovery
from photoprotection [72], or engineering synthetic glycolate metabolism pathways [5].
However, none of these approaches enhanced tolerance to drought or salt stresses. In addi-
tion, previous genetic engineering efforts have reported progress in creating genetically-
modified plants with enhanced tolerance to either drought stress [73,74] or salt stress [75–77],
with limited success in conferring tolerance to both drought stress and salt stress in a single
transgenic line. In this study, we created genetically modified tobacco plants that had en-
hanced performance in multiple aspects: photosynthesis, plant growth, drought tolerance,
and salt tolerance. As such, we have provided new insights into the concept that the coor-
dinated regulation of photosynthesis can increase biomass and stress tolerance [78]. These
pleiotropic effects of AaPEPC1-overexpression open a new door to genetic improvement
of crops for sustainable bioenergy and food production on marginal lands to alleviate the
challenge caused by human population growth, urbanization, and global climate change.

In conclusion, we report the first successful effort of the engineering of a CAM pathway
gene to improve photosynthetic CO2 fixation and abiotic stress tolerance in tobacco, the
model C3 plant species. These findings have important implications for ultimate aspirations
to engineer CAM into non-CAM crops as a means of improving productivity, and abiotic
stress tolerance.
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Abstract: Zinc constitutes the second most abundant transition metal in the human body, and it is
implicated in numerous cellular processes, including cell division, DNA and protein synthesis as
well as for the catalytic activity of many enzymes. Two major membrane protein families facilitate
zinc homeostasis in the animal kingdom, i.e., Zrt/Irt-like proteins (ZIPs aka solute carrier 39, SLC39,
family) and Zn transporters (ZnTs), essentially conducting zinc flux in the opposite directions. Hu-
man ZIPs (hZIPs) regulate import of extracellular zinc to the cytosol, being critical in preventing
overaccumulation of this potentially toxic metal, and crucial for diverse physiological and patho-
logical processes, including development of neurodegenerative disorders and several cancers. To
date, our understanding of structure–function relationships governing hZIP-mediated zinc transport
mechanism is scarce, mainly due to the notorious difficulty in overproduction of these proteins
for biophysical characterization. Here we describe employment of a Saccharomyces cerevisiae-based
platform for heterologous expression of hZIPs. We demonstrate that yeast is able to produce four
full-length hZIP members belonging to three different subfamilies. One target (hZIP1) is purified in
the high quantity and homogeneity required for the downstream biochemical analysis. Our work
demonstrates the potential of the described production system for future structural and functional
studies of hZIP transporters.

Keywords: membrane proteins; overproduction; production platform; protein purification; Saccha-
romyces cerevisiae; solute carrier 39; SLC39; family; yeast; zinc; zinc transporters; ZIPs

1. Introduction

Zinc is one of the most crucial minerals for both plants and animals, and constitutes
the second most abundant transition metal in humans. Up to 10% of the human proteome
associates with zinc, and this metal exerts essential structural and/or functional roles,
enabling correct activity of many proteins [1]. Notably, zinc is critical for many transcription
factors and serves as a cofactor in all enzyme classes. In addition, it acts as a signaling
molecule, and abnormalities of intracellular levels of zinc affect pathways controlling cell
development, growth, differentiation, and death [2].

Since zinc is essential and yet toxic in excess, both body and cellular concentrations
of this trace element have to be tightly regulated. In the animal kingdom, zinc transport
is primarily achieved by membrane proteins (MPs) belonging to two solute carrier (SLC)
families, i.e., SLC30 and SLC39. ZnT transporters (SLC30 family) reduce cytoplasmic zinc
levels by providing cellular efflux or uptake into intracellular compartments. Conversely,
Zrt-, Irt-like proteins (ZIPs) of the SLC39 family increase the intracellular concentration of
the metal by mediating cellular uptake or efflux from intracellular compartments [3–7].
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In humans, the ZIP family encompasses 14 members that, based on sequence similar-
ity, are divided into four subfamilies, i.e., hZIP I, hZIP II, GufA, and LIV-1 (Figure 1A) [8,9].
Human ZIPs (hZIPs) have been proposed to regulate zinc homeostasis in a tissue- and cell
type-specific manner, as reflected by their subcellular localization [10–13]. As examples,
hZIP1 mediates microglial activation by autocrine and paracrine signaling [14]; hZIP2 is
specifically expressed in the epidermis, responsible for differentiation of keratinocytes and
skin turnover [15]; hZIP4 is located to the apical membrane of enterocytes and regulates
dietary zinc absorption [16]; whereas hZIP10 plays an important role in maintenance of
the immune system, as it is key for early β-cell survival [17]. In addition, altered protein
expression or malfunction of hZIPs has been linked to a plethora of conditions, including
several cancers, dermatitis, and neurodegenerative autoimmune diseases [6]. For instance,
reduced levels of hZIP1, 2, and 3 were reported in the two types of prostate cancers [18,19],
and upregulation of hZIP4 and 6 was shown to stimulate proliferation of pancreas and
breast tumors, respectively [20,21]. Moreover, hZIP11 single nucleotide polymorphisms
correlate with the development of bladder cancer, having either protective or increased
risk of cancer progression [22]. Furthermore, loss-of-function mutations in hZIP4 lead to
acrodermatitis enteropathica, a rare genetic disorder leading to Zn2+ deficiency manifested
by skin lesions, growth retardation, immune system dysfunction, and neurological compli-
cations [23]. In addition, hZIP13 has been demonstrated to play a key role in development
of the connective tissue and its malfunction can result in spondylocheiro dysplastic form
of Ehlers-Danlos syndrome, a rare disorder of the connective tissue [24,25]. Consequently,
hZIPs represent attractive targets to discover novel compounds for therapeutic purposes.

Despite the crucial role of hZIPs in health and disease, the understanding of this family
of transporters remains sparse, as reflected by lack of structural and mechanistic informa-
tion. Based on sequence analyses, hZIPs are predicted to consist of eight transmembrane
segments (TMs), with N- and C-termini facing the noncytosolic space (Figure 1B) [13],
of which the N-termini vary considerably in length (Figure 2A). Moreover, ZIPs usually
form homodimers, but hZIP6/hZIP13 heterodimers have also been reported [10]. The only
available structures are the inward-open metal-bound state of a full-length ZIP originate
from a prokaryotic homologue, i.e., Bordetella bronchiseptica (BbZIP). These data indicate
suggested that TM2, 4, 5, and 7 form a central helical core containing a binuclear metal
binding center, while the remaining TMs (i.e., TM1, 3, 6, and 8) are located more peripher-
ally (Figure 1C) [26,27]. In addition, the BbZIP structure indicated that the eight TMs are
grouped into two units, one including TM1, 4, 5, and 6, while the second consists of the
other four TMs (Figure 1C), forming the binuclear metal binding center in-between [27].
For hZIPs the available structural information is limited to the structure of the extracellular
N-terminal domain of hZIP4 [28], a stretch that has been shown to play a critical role in
dimerization, based on a highly conserved PAL motif [28]. Nevertheless, the function and
transport mechanism of hZIPs remain largely elusive, and in addition, functional data
suggest that ZIP members can bind different metals with varying specificities, affinities,
and kinetics [29], implicating hitherto poorly understood protein-specific adaptations of
the zinc transport. Thus, complementary structural information of other ZIP members and
conformations are required to understand the molecular determinants governing the zinc
transfer.
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As for other MPs, structural investigation of ZIPs is obstructed by the difficulty in
obtaining protein samples of sufficient quantity and quality. This is highlighted by the fact
that ZIP transporters have been exceptionally difficult to overproduce and purify, perhaps
related to their Nout-Cout topology [30,31]. In fact, BbZIP is the only ZIP member that
has been successfully isolated to homogeneity in solution to date, although over 50 ZIP
homologs have been attempted [31,32]. Moreover, even BbZIP was reported to be stable
only in the presence of Cd2+, resulting in tightly bound ions in the binuclear metal binding
center [27]. Among the 14 hZIPs, only hZIP13 has been successfully overexpressed in
sufficient quantities to perform biochemical characterization, through implementation of
an insect Sf9 cell-based expression system, but no information on obtained protein yields is
available [24].

Traditionally, due to the availability of expression plasmids, its easy genetic manipu-
lation, high growth rate, and low cost, Escherichia coli has been the primary choice as an
expression system for delivery of MPs [33,34]. However, E. coli-based platforms display
major limitations when expressing proteins from higher organisms, where often expres-
sion systems of eukaryotic origin, such as yeast, insect, or mammalian cell-derived, are
required [35]. Compared to E. coli, establishment of insect- or mammalian-based heterolo-
gous expression platforms can be cumbersome, tedious, and expensive. In contrast, yeast
systems offer a cheap, easy, and robust large-scale production, combined with the ability
to perform some of the post-translational modifications required for proper protein fold-
ing [36–38]. Hence, yeast represents an attractive complementary host for high-quality MP
overproduction, permitting downstream structure–function characterization [39,40].

The Saccharomyces cerevisiae strain PAP1500 combined with a high copy number ex-
pression vector containing the CYC-GAL promoter (CG-P) has been successfully exploited
for production of diverse classes of human MPs [39,41–43]. In this tandem system, the
Galactose 4 (Gal4) transcription activator is overexpressed in the host upon galactose sup-
plementation to the media, and the activator is employed for induction of the CYC-GAL
(CG-P) promoter present in the expression plasmid [44]. The URA3 and leu2-d selection
markers are also included in the vector to enable easy selection of the transformants, and
to ensure high amounts of plasmid prior to induction in a uracil- and leucine-deficient
media [45].

Here we report development of a cost-effective and efficient method to express hZIPs,
employing the PAP1500-based MP production system. Briefly, we attempted expression
of four selected hZIPs, i.e., hZIP1, 2, 11, and 13, belonging to three different subfamilies,
and produced them as full-length versions with C-terminal green fluorescent protein (GFP)
fusions. Subsequently, utilizing GFP florescence, we screened to select the most promising
target for large-scale production, both by analyzing expression levels and by identifying
suitable detergent(s) for membrane extraction using florescence-detection size-exclusion
chromatography (F-SEC). For the most promising candidate, i.e., hZIP1, we proceeded
with affinity chromatography-based protein purification. We also refined the procedure
through investigation of how different tags and their localization affect hZIP1 production
and solubilization. Collectively, our results demonstrate that S. cerevisiae is capable of
producing hZIPs in large scale for downstream biophysical characterization.
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Figure 1. Overview of the Zrt-, Irt-like (ZIP) family of zinc transporters. (A) Phylogenetic distribution
of the 14 human ZIP transporters (hZIP1-14) classified into four subfamilies, i.e., hZIP I, hZIP
II, GufA, and LIV-1. The members investigated in this study are underlined. The phylogenetic
tree was constructed using the MEGAX software (https://www.megasoftware.net/) [46]. (B) The
predicted topology of hZIPs with selected characteristic features indicated. hZIPs likely form eight
transmembrane segments (TMs), and the conserved motifs in TM4 and 5 (i.e., HNNXXD and HEXXH,
respectively) establish a binuclear metal center. TM3 and 4 are linked by a variable loop containing
a histidine-(H)-rich domain. The human ZIPs harbor N-terminal tails of varying length (from ≈6
aa in hZIP2 to ≈407 aa in hZIP10) and a short C-terminus, both oriented towards the extracellular
side. (C) The only available structure of full-length ZIP from Bordetella bronchiseptica (BbZIP) (PDB
ID:5TSB) [26,27]. The structure reveals that the TMs arrange pseudo-symmetrically into two domains:
TM1, 4, 5, and 6 (dark shades) and TM2, 3, 7, and 8 (light shades). A central binuclear center has been
suggested to be involved in Zn2+ transfer (yellow spheres) [27]. Side and top views are shown (left
and right panels, respectively).

2. Materials and Methods

2.1. Engineering of Expression Plasmids

cDNAs encoding full-length hZIPs were commercially synthetized by GenScript (New
Jersey, NJ, USA). All genes were codon-optimized for Saccharomyces cerevisiae-based expres-
sion using OptimumGeneTM algorithm, including adjustment of parameters crucial for
transcription, translation, and protein folding. A panel of constructs was designed to screen
for the levels of expression and to enable protein purification (Figure 2A). For the initial
screening, engineered constructs included a C-terminally fused tag containing tobacco
etch virus (TEV) protease cleavage site (ENLYFQ↓SQF), GFP, and a His8 stretch (denoted
hZIP-TEV-GFP-His throughout). Subsequently, optimization of production of the selected
target, i.e., hZIP1, was performed with GFP-free constructs, including only either N- or
C-terminal TEV protease-detachable purification tag enabling affinity chromatography
step (His8- or StrepII-tag). These comprised the following two variants, i.e., His-TEV-hZIP1
and StrepII-TEV-hZIP1, respectively. All expression constructs were generated by PCR
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amplification of the respective hZIP cDNAs with or without GFP fragment using AccuPol
DNA polymerase (Amplicon, Odense, Denmark) and the primers listed in Table S1. Subse-
quently, each expression plasmid was assembled employing homologous recombination
directly in the S. cerevisiae strain PAP1500 (α ura3-52 trp1::GAL10-GAL4 lys2-801 leu2Δ1
his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL; Figure 2C) [47] with the corresponding hZIP/GFP
PCR fragments and a BamHI-, HindIII- and SalI-digested pEMBLyex4 vector [44]. Transfor-
mants were selected on minimal medium agar plates supplemented with glucose (2 g L−1),
leucine (60 mg L−1), and lysine (30 mg L−1). DNA sequencing was performed on isolated
plasmids to verify their identity.

2.2. Overproduction of hZIPs, Live-Cell Bioimaging and In-Gel GFP Fluorescence

All hZIPs were produced using the S. cerevisiae expression strain PAP1500 (Figure 2C)
essentially as previously reported [47]. For screening purposes, expression of hZIP-TEV-
GFP-His, His-TEV-hZIP1, and StrepII-TEV-hZIP1 constructs was performed in 2-L cell
culture scale using shaker flasks. Briefly, a single colony of each transformant was used
to inoculate 5 mL of minimal media containing glucose (2 g L−1), leucine (60 mg L−1),
and lysine (30 mg L−1), and grown overnight at 30 ◦C until OD450 ranged from 0.5 to 1.0.
Subsequently, 0.5 mL of the preculture was transferred to 5 mL of the minimal medium w/o
leucine and grown for another 24 h at 30 ◦C to increase plasmid copy number. The following
day, the culture was scaled up to 100 mL in the same media for an additional 24 h and used
to inoculate 2 L of media containing amino acids (alanine (20 mg L−1), arginine (20 mg L−1),
aspartic acid (100 mg L−1), cysteine (20 mg L−1), glutamic acid (100 mg L−1), histidine
(20 mg L−1), lysine (30 mg L−1), methionine (20 mg L−1), phenylalanine (50 mg L−1),
proline (20 mg L−1), serine (375 mg L−1), threonine (200 mg L−1), tryptophan (20 mg L−1),
tyrosine (30 mg L−1) and valine (150 mg L−1)), glucose (10 g L−1) and glycerol (3%, v/v).
Upon consumption of sugar, protein expression was induced by supplementing the culture
with galactose (final concentration of 2%) and allowed for 48–72 h at 15 ◦C. Subsequently,
cells were harvested (5800× g, 15 min, 4 ◦C) and stored at −80 ◦C. Obtained material
typically yielded ≈3–4 g of wet cell pellet per L of cell culture. For initial purification of
hZIP1-TEV-GFP-His, cell material obtained from 2-L yeast culture induced for expression
for 72 h was used. Overproduction of His-TEV-hZIP1 and StrepII-TEV-hZIP1 constructs for
large-scale purification was performed identically, but in 12-L scale with 68-h induction.

Localization of TEV-GFP-His hZIP fusions was performed by live-cell bioimaging
where GFP fluorescence was analyzed using the Nikon Eclipse E600 microscope (Nikon,
Tokyo, Japan) equipped with an Optronics MagnaFire S99802 camera (Optronics, Musko-
gee, OK, USA).

In-gel GFP fluorescence was detected on samples resolved by 4–20% SDS-PAGE
(Thermo Fisher Scientific, Waltham, MA, USA), where the signal was immediately visual-
ized with ImageQuant LAS 4000 imaging system and the corresponding control software
(both from GE Healthcare, Copenhagen, Denmark).

2.3. Preparation of Crude Membranes

For initial screening purposes of hZIP-TEV-GFP-His expression and purification, wet
cell pellets were resuspended in ice-cold lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl
and 30% glycerol) supplemented with 5 mM β-mercaptoethanol (BME), 1 mM PMSF, and
SigmaFASTTM protease inhibitor cocktail (Sigma-Aldrich, St. Louis Missouri, MO, USA).
Subsequently, cell suspension was mixed with glass beads and mechanically ruptured
using a bead beater (BioSpec, Bartlesville, OK, USA). Following cell disruption, the super-
natant was collected, and glass beads were washed in ice-cold lysis buffer. Unbroken cells
and cell debris were removed from the homogenate by centrifugation (1000 or 3000× g,
10 min, 4 ◦C). Crude membranes were then pelleted by ultracentrifugation (138,000× g, 3 h,
4 ◦C), resuspended in the above-mentioned buffer (see Table S2) using a Potter–Elvehjem
homogenizer and stored at −80 ◦C.
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In contrast, cells overexpressing both N-terminal hZIP1 fusions, i.e., His-TEV-hZIP1
and StrepII-TEV-hZIP1, were disrupted by manual bead beating. Briefly, for His-TEV-hZIP1,
the wet cell pellet obtained from 12-L culture (typically yielding ≈80 g) was resuspended
in ice-cold lysis buffer (25 mM Tris-HCl pH 7.0, 500 mM NaCl, and 20% glycerol) sup-
plemented with 250 μM EDTA, 250 μM EGTA, 5 mM BME, 1 mM PMSF, 1 μg mL−1

chymostatin, 1 μg mL−1 leupeptin, and 1 μg mL−1 pepstatin. Cells expressing StrepII-
TEV-hZIP1 were lysed identically, but in the buffer with pH of 8.0 (25 mM Tris-HCl).
Subsequently, 12.5 mL of the cell suspension was mixed with 15 mL of glass beads directly
in 50-mL conical tubes and the mixture was homogenized by high-speed vortexing (eight
cycles of 1 min with 1-min cooling in between). The resulting supernatant was collected
and treated identically as described above for the C-terminally fused constructs. Following
ultracentrifugation, crude membranes were resuspended in the respective solubilization
buffers containing all the supplements present in the lysis buffer mentioned above (see
Table S2).

2.4. Detergent Screening, Immunoblotting, and F-SEC Analysis

Following estimation of the total protein concentration using Bradford assay [48]
(Sigma-Aldrich), crude membranes were diluted in the corresponding solubilization buffers
to a final concentration of 2–5 mg L−1. Subsequently, small-scale solubilization screens
were performed using 0.5 mL of the respective membranes vigorously rotated (90–120 min,
4 ◦C) in the presence of the below-mentioned detergents. hZIP1-, hZIP2-, and hZIP13-TEV-
GFP-His-expressing membranes were solubilized with a final concentration of 1% (w/v) of
n-dodecylphosphocholine (FC-12), n-decyl-D-maltoside (DM), or n-dodecyl-D-maltoside
(DDM) with or without 0.34% (w/v) of cholesteryl hemisuccinate Tris salt (CHS); all from
Anatrace, Maumee, OH, USA. Solubilization efficacy of hZIP11-TEV-GFP-His was tested
with a double final concentration of the above-mentioned surfactants, i.e., 2% of detergent
±0.68% of CHS. Extraction of His-TEV-hZIP1 was performed only with DDM and CHS
tested at three ratios (1% + 0.1%, 2% + 0.2% and 5% + 0.5%, w/v, respectively). Subse-
quently, insoluble material was removed by ultracentrifugation (50,000× g, 20 min, 4 ◦C).
Supernatant originating from the respective TEV-GFP-His hZIP fusions was used directly
to measure GFP fluorescence (excitation 485 nm, emission 520 nm) to assess detergent
extraction efficacy and/or for SDS-PAGE analysis. Extracted fractions of His-TEV- and
StrepII-TEV-hZIP1 were evaluated by immunoblotting. Briefly, the respective samples were
resolved by 4–20% SDS-PAGE and transferred to PVDF membranes (0.45 μm; both from
Thermo Fisher Scientific). Following blocking, membranes were probed with 6×His mAb-
HRP conjugate (Takara Bio, Mountain View, CA, USA) or Strep-Tactin® HRP conjugate
(IBA GmbH, Göttingen, Germany) according to recommendations of the manufacturers.
Immunoblots were visualized by chemiluminescence with SuperSignalTM West Femto
Maximum Sensitivity substrate (Thermo Fisher Scientific) using AlphaImagerTM (Alpha
Innotech, San Leandro, CA, USA). Relative signal intensities of the bands were quantified
using ImageJ software (https://imagej.nih.gov/ij/).

In addition, extracted TEV-GFP-His hZIP fusions were analyzed using florescence-
detection size-exclusion chromatography (F-SEC). Briefly, solubilized material was ana-
lyzed on a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with
F-SEC buffer (20 mM Tris-HCl pH 8, 100 mM NaCl, 2 mM BME, 10% glycerol and 0.03%
DDM; Anatrace) attached to ÄKTA Pure system (GE Healthcare) equipped with a Promi-
nence RF-20A fluorescence detector (Shimadzu, Kyoto, Japan).
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2.5. Purification of hZIP1, TEV Protease Cleavage, and SEC Analysis

Purification of the two His-tagged hZIP1 variants, i.e., hZIP1-TEV-GFP-His and His-
TEV-hZIP1 was performed using immobilized metal ion affinity chromatography (IMAC),
whereas StrepII-TEV-hZIP1 was purified employing StrepII-tag affinity chromatography. In
all cases, the starting material included crude membranes isolated from flask-grown yeast
cells (for the corresponding culture conditions see Section 2.3). Details about solubilization
conditions and chromatography buffers are presented in Table S2. Following solubilization
at 4 ◦C, insoluble material was removed by ultracentrifugation (80,000× g, 3 h, 4 ◦C)
and subjected to IMAC-based purification. Briefly, solubilized His-tagged hZIP1 variants
were diluted in the corresponding solubilization buffers (Table S2) to reduce detergent
concentration and loaded onto a 5-mL HisTrap HP columns attached to an Äkta Pure system
(both from GE Healthcare). Following column wash, bound proteins were eluted in IMAC
buffers using a linear imidazole gradient (25/50–500 mM; Table S2). Subsequently, top
IMAC fractions were pooled, concentrated on Vivaspin concentrators (MWCO 30 or 50 kDa;
Sartorius, Göttingen, Germany) and obtained His-tagged hZIP1 samples were cleaved with
TEV-His10-tagged protease (home source; 16 h, 4 ◦C) used in TEV-to-hZIP1 ratio of 1:10
(w/w) in MWCO 10 kDa dialysis bags (Thermo Fisher Scientific) with concomitant dialysis
against IMAC buffer containing 20 mM imidazole. Subsequently, reverse (R)-IMAC was
performed to separate cleaved, i.e., TEV-GFP-His- or His-TEV-free hZIP1 from uncleaved
fraction, TEV protease and released fusion tags, all containing His-tag and rebinding to the
IMAC resin. TEV protease cleavage products were analyzed by SDS-PAGE and visualized
by in-gel GFP fluorescence or immunoblotting.

Solubilized StrepII-TEV-hZIP1 membranes were also diluted to reduce detergent
concentration and the pH of the solubilizate was adjusted to reach a final value of 8.0, prior
to loading onto a 5-mL Strep-Tactin®XT Superflow® high capacity column (IBA GmbH)
attached to an Äkta Pure system (GE Healthcare). Subsequently, the column was washed
until reaching stable A280 signal and the protein was eluted in StrepII buffer supplemented
with 50 mM biotin (Table S2).

R-IMAC- and StrepII affinity-pure hZIP1 samples were loaded onto a 24-mL Superdex
200 Increase 10/300 GL column (GE Healthcare) equilibrated with SEC buffer (20 mM
Tris-NaOH pH 6, 100 mM NaCl and 10% glycerol) supplemented with 2 mM BME, 0.03%
DDM, and 0.003% CHS. Fractions corresponding to the main elution peak were analyzed
using SDS-PAGE.

3. Results

3.1. Overproduction of hZIP-TEV-GFP-His Fusions in S. cerevisiae-Based System

ZIP transporters have proven to be extremely challenging to overproduce and purify
in a functional form [30,31]. As the selection of an adequate expression host is a bottleneck
in protein production, we decided to investigate whether our established S. cerevisiae-
based platform will be applicable in manufacturing hZIPs. Based on sequence analysis
of the 14 hZIPs, we selected four members possessing the shortest N-termini (Figure 2A),
i.e., hZIP1, 2, 11, and 13 with the assumption that the long tails may restrict overall protein
rigidity and introduce an additional level of disorder that could be detrimental for the pro-
duction, stability, and subsequent crystallization-based structure determination approaches.
Following the same strategy, we also included the two longest hZIPs, i.e., hZIP6 and 10,
as, upon successful production in a stable form, they may still represent the most suitable
ZIP family members for structure determination efforts using cryo-electron microscopy
(cryo-EM). Thus, this selection of targets widely covers the hZIP family, as these members
represent three out of four known subfamilies. Moreover, the selected proteins are related
to various pathologies, highlighting their importance as possible drug targets.
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The applied S. cerevisiae system exploits modified high-copy vectors encoding codon-
optimized full-length hZIPs C-terminally fused to tobacco etch virus (TEV) protease-
detachable GFP-His-tag, enabling localization, quantification, quality control, and affinity
purification (Figure 2B).

To be able to proceed with downstream studies, high protein yields are crucial. Thus, a
satisfactory overproduction level is one of the first milestones to achieve when synthesizing
proteins using heterologous systems. In order to assess the initial protein yields, we used
the GFP attached to our targets to easily localize and quantify the obtained amounts of
recombinant protein. As illustrated by the results from live-cell bioimaging fluorescent
micrographs of cells derived from 2-L shaker cultures induced for expression for 48–72 h
(Figure 2D), all four short constructs were expressed, and we were able to evaluate the
cellular localization of the different targets. However, only minimum traces of protein
were obtained for hZIP6 and 10 (data not shown), and hence further work with these
members was discontinued. While hZIP1-, hZIP2-, and hZIP11-TEV-GFP-His accumulated
mainly in the plasma membrane, hZIP13-TEV-GFP-His localized to intracellular membrane
enclosed compartments. This space-varying accumulation in yeast correlates with the
natural ability of hZIPs to localize in both plasma and intracellular membranes in human
cells. In addition, as reported by the fluorescence signal originating from C-terminally
fused GFP, the hZIPs are likely correctly folded and inserted into the yeast membranes.
Moreover, by taking advantage of the GFP fusion, we also estimated protein yields per L of
small-scale cell cultures (i.e., 2-L following 48–72 h induction). As determined from the
whole-cell GFP fluorescence [49] compared with a signal from the GFP standard [41], the
anticipated protein yields ranged from 3.3 to 5.7 mg protein per L of cell culture (Figure 2E),
as obtained for hZIP1- and hZIP13-TEV-GFP-His, respectively. Such yields are compatible
with biophysical, functional, and structural analysis, and thus, they set a promising starting
point for further evaluation of the constructs.

Exploiting the ability of correctly folded GFP to exhibit resistance to SDS, we visualized
expression of all targets by in-gel GFP fluorescence of whole-cell lysates resolved using
SDS-PAGE (Figure 2F). The results demonstrate that the short hZIPs expressed under the
above-mentioned conditions accumulated in the yeast membranes in a stable, full-length
form, as no apparent fluorescent degradation products were visible. Moreover, the four
targets migrated in SDS-PAGE according to their predicted molecular weight, with hZIP13-
TEV-GFP-His being the heaviest target (MW of the fusion of 68 kDa, with TEV-GFP-His
representing 28 kDa) and hZIP2-TEV-GFP-His being the lightest (62 kDa), respectively. In
addition, for all evaluated targets additional weak fluorescent bands of higher molecular
mass were observed, indicating presence of possible higher oligomeric states. Based on
both the promising production levels and sample quality, we decided to proceed with
solubilization screening of all the four short targets.
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Figure 2. Overproduction of hZIP-TEV-GFP-His fusions in Saccharomyces cerevisiae-based system.
(A) Generalized domain structure of the N-termini of human ZIP targets approached in this study,
including the four shortest and the two longest human ZIPs. N-terminal segments of hZIP1 (Q9NY26),
hZIP2 (Q9NP94), hZIP6 (Q13433), hZIP10 (Q9ULF5), hZIP11 (Q8N1S5), and hZIP13 (Q96H72)
were assigned using TOPCONS topology prediction tool (http://topcons.cbr.su.se) [50]. UniProt
(https://www.uniprot.org/) [51] accession numbers of full-length hZIPs protein sequences are
shown in brackets. The length of the N-termini, and the positions of histidine-(H)-rich regions (dark
boxes) and transmembrane segments TM1 are indicated. (B) Map of the S. cerevisiae expression
plasmid pPAP2259 encoding the different hZIP genes of interest (GOIs) used in the study shown
in order of their appearance. Expression constructs were designed to include the full-length forms
of the respective hZIPs and different combinations of the following elements: tobacco etch virus
(TEV) protease cleavage site, green fluorescent protein (GFP), an octa-histidine- (His) or a StrepII-tag
(StrepII). The arrangement of regions of the respective constructs are shown. The expression plasmid
also contains a hybrid promotor with the GAL10 upstream activation sequence in the 5′ nontranslated
leader of the cytochrome-1 gene (CG-P), a yeast origin of replication (2μ), a β-isopropylmalate
dehydrogenase gene with truncated promotor sequence resulting in poor expression of this gene
(leu2-d), a β-lactamase gene (bla), an origin of replication (pMB1), and a yeast orothidine-5-phosphate
decarboxylase gene (URA3). (C) The S. cerevisiae protein production strain PAP1500 used in the
study. Upon induction with galactose, the strain overexpresses the Gal4 transcriptional activator
that is the limiting factor for expression from galactose regulated promoter. GAL10p and UASgal
constitute a specific DNA binding site for GAL4 activator. (D) Live-cell bioimaging of S. cerevisiae
cells (derived from 2-L cultures) expressing hZIP1-, hZIP2-, and hZIP13-TEV-GFP-His (72-h induction
at 15 ◦C) or hZIP11-TEV-GFP-His (48-h induction at 15 ◦C). For each construct GFP fluorescence
(top) and differential interference contrast (bottom) micrographs are shown. Magnification: 1000×.
(E) Estimates of protein production levels of four selected hZIPs expressed as in (D). The intensity of
the whole-cell GFP fluorescence signal was transformed to the protein amount, by comparison against
a free-GFP standard curve fluorescence signal, and the predicted yield is expressed as mg per L of cell
culture. (F) In-gel GFP fluorescence of SDS-PAGE-resolved whole-cell lysates (i.e., supernatant from
centrifuged homogenates) expressing different hZIP-TEV-GFP-His fusions as in (D). The predicted
MWs of the respective fusions are 63.3 kDa (hZIP1), 61.8 kDa (hZIP2), 63.8 kDa (hZIP11), and 68 kDa
(hZIP13). M: marker.
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3.2. Detergent Screening and F-SEC Analysis of Solubilized hZIP-TEV-GFP-His Fusions

Prior to most biochemical and biophysical studies, MPs need to be extracted in their
native form from the surrounding membranes. Thus, successful purification relies on
the capacity of surfactant(s) to efficiently solubilize the membranes and maintain isolated
protein stable in solution [52]. To systematically assess and identify detergents that can
effectively extract each of the remaining hZIPs, we performed initial screening using a
panel of surfactants tested in the presence or absence of cholesteryl hemisuccinate Tris
salt (CHS) at a fixed pH value and ionic content (data not shown). In general, the four
tested hZIP-TEV-GFP-His fusions appeared difficult to extract in milder surfactants. High
solubilization efficacies were achieved only in harsh anionic or zwitterionic detergents
(e.g., N-lauroylsarcosine sodium salt or foscholines, respectively), compounds typically not
applicable for the downstream investigation of MPs. Three of the examined detergents, i.e.,
FC-12, a harsh zwitterionic compound, and two milder nonionic surfactants, i.e., DM and
DDM, representing the two most commonly used detergents in MP studies [53], displayed
favorable extraction efficiencies (Figure 3A). However, both DM and DDM performed only
moderately when extracting hZIP2-, hZIP11-, and hZIP13-TEV-GFP-His, yielding solubi-
lization efficacies >10%. Interestingly, for these three detergents, we observed an increase in
solubilization efficacy upon supplementation with CHS. However, target-specific variations
were observed, with hZIP1-TEV-GFP-His being the most prone and hZIP2-TEV-GFP-His
the most refractory to membrane solubilization, respectively. Combining both estimated
production levels and extraction efficacies, we decided to proceed with the three most
promising candidates, i.e., hZIP1, 2, and 13. In contrast, hZIP11 was excluded due to its low
expression levels and inefficient solubilization. Importantly, for the three selected targets,
SDS-PAGE analysis of membranes solubilized in all three applied detergents exhibited the
expected migration pattern and stability of TEV-GFP-His fusions (Figure 3B), without any
visible signs of protein degradation.

In addition to high extraction efficiency, an optimal detergent should preserve the
isolated MP in a stable, homogenous form. To assess stability of the extracted hZIP1, 2, and
13, we again took advantage of the TEV-GFP-His-tag and employed F-SEC to evaluate the
elution profiles of the detergent-exposed samples (Figure 3C). Thus, for each target, six
F-SEC runs were performed and the resulting F-SEC profiles of solubilized fusion proteins
were monitored using fluorescence spectroscopy [54]. Overall, the F-SEC data indicate
that although all tested hZIPs display some degree of aggregation (as reflected by the
peaks eluting at the void volume of the column), the presence of CHS during solubilization
significantly improved protein stability. In the case of FC-12, the resulting F-SEC profiles
for all three targets were sharp and symmetrical, suggesting monodispersity of all hZIPs
in this detergent. However, considering the harshness of this surfactant, as indicated by
the highest extraction efficiencies observed in FC-12 (Figure 3A) and large fractions of
aggregated protein present in the void, the use of this zwitterionic detergent entails the
risk of protein denaturation due to disruption of the protein fold [54,55]. Therefore, we
only considered DM and DDM when selecting a primary detergent to obtain hZIPs for
downstream applications. Out of three tested targets, hZIP1-TEV-GFP-His clearly displayed
the highest stability in both DM and DDM (Figure 3A, top panel), with only marginal
fractions of aggregated protein, greatly reduced by CHS. hZIP1 solubilized in DM/DDM
+ CHS eluted mainly as a sharp, symmetrical peak preceded by a peripheral shoulder
(Figure 3C, top panel), suggesting monodispersity of this target. F-SEC peak profiles
obtained for the two remaining proteins, i.e., hZIP2 and 13, solubilized in DM/DDM +
CHS were enriched in a significant fraction eluting in the void volume (Figure 3C, middle
and bottom panels), indicating that a large population of these targets tend to aggregate in
these detergents.
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Figure 3. Detergent screening and fluorescence-detection size-exclusion chromatography (F-SEC) analysis of solubilized
hZIP-TEV-GFP-His fusions. (A) Solubilization efficiency of crude membranes isolated from Saccharomyces cerevisiae cells
(derived from 2-L cultures) expressing hZIP1-, hZIP2-, and hZIP13-TEV-GFP-His (72-h induction at 15 ◦C) or hZIP11-TEV-
GFP-His (48-h induction at 15 ◦C). For hZIP1, 2, and 13 analyzed material was solubilized for 2 h at 4 ◦C with FC-12 (at
final concentration of 1%, w/v), DM (1%, w/v), and DDM (1%, w/v) with and without CHS (0.34%, w/v). For hZIP11, the
final concentrations were doubled. Following treatment with the respective detergents, GFP fluorescence was measured
in the supernatant after ultracentrifugation and percentage of solubilization efficiency was calculated. CHS: cholesteryl
hemisuccinate Tris salt. (B) In-gel GFP fluorescence of SDS-PAGE-separated detergent-solubilized crude S. cerevisiae
membranes overexpressing hZIP1, 2, and 13 C-terminally fused to TEV-GFP-His-tag. Extraction conditions are identical to
(A) and the analyzed material represents ultracentrifuged supernatant from the respective solubilization. The predicted
MWs of the respective fusions are 63.3 kDa (hZIP1), 61.8 kDa (hZIP2), 63.8 kDa (hZIP11), and 68 kDa (hZIP13). M: marker.
(C) F-SEC analysis of detergent-solubilized crude S. cerevisiae membranes overexpressing hZIP1, 2, and 13 C-terminally
fused to TEV-GFP-His-tag. Extraction conditions are identical to (A) and analyzed material includes ultracentrifuged
supernatant from the respective solubilization. Normalized F-SEC chromatograms were obtained after separation on
Superdex 200 Increase 10/300 GL column where GFP fluorescence of the eluate was monitored. Arrows indicate the
estimated elution positions of the void volume.

All-in-all, hZIP1-TEV-GFP-His exhibited the highest expression levels, extraction
efficacy in mild nonionic detergents and post-solubilization stability. Hence, we selected
this target for subsequent large-scale purifications in DDM + CHS, representing the most
promising surfactant condition for the overproduction of hZIP1.
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3.3. Purification of the hZIP1-TEV-GFP-His Fusion

hZIP1-TEV-GFP-His was purified from ≈7 g of flask-grown S. cerevisiae cells (material
obtained from ≈2 L of shaker culture induced for expression for 72 h). Following isolation,
crude yeast membranes were solubilized in DDM + CHS (for 2 h at 4 ◦C; Table S2) and
subjected to immobilized metal ion affinity chromatography (IMAC; Figure 4A). The
affinity purification yielded ≈1 mg of protein per L of the cell culture, overall, with
relatively high sample purity (Figure 4B). The significant proportion of monomeric form
visualized by the SDS-PAGE suggests that, in the applied conditions, hZIP1-TEV-GFP-
His was purified mainly as the monomer, but both dimer and high-order oligomers are
also visible. Importantly, the produced sample displayed high stability as no fluorescent
signal originating from degraded TEV-GFP-His-tag was detected (Figure 4B, left panel).
Subsequently, we attempted TEV-GFP-His-tag removal by treatment with TEV protease
(Figure S1). However, hZIP1-TEV-GFP-His fusion remained refractory to the enzymatic
cleavage, likely due to the single-amino acid length of the C-terminus that results in poor
accessibility to the TEV recognition sequence, preventing proteolytic activity.

Figure 4. Purification of the hZIP1-TEV-GFP-His fusion. (A) Representative purification of hZIP1
C-terminally fused to TEV-GFP-His-tag. Protein was purified from crude Saccharomyces cerevisiae
membranes isolated from ≈7 g of flask-grown cells and solubilized in 2% (w/v) DDM + 0.68% (w/v)
CHS for 2 h at 4 ◦C. Profile from immobilized metal affinity chromatography (IMAC) indicates
UV280 signal for protein (blue) and concentration of imidazole applied at each step of the affinity
purification (green). CHS: cholesteryl hemisuccinate Tris salt. (B) Coomassie staining (left) and
in-gel GFP fluorescence (right) of the corresponding SDS-PAGE-separated samples collected during
IMAC purification. M: marker; CM: crude membranes; SM: solubilized membranes; IM: insoluble
material; FT: IMAC flow-through; Eluate: IMAC peak nonconcentrated elution fractions eluted with
500 mM imidazole. Arrows indicate the monomeric (MM) and dimeric (DM) forms of purified
hZIP-TEV-GFP-His fusion, with the predicted MWs of the respective fusions of 63.3 kDa (MM) and
126.6 kDa (DM).
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3.4. Design and Purification of N-Terminal hZIP1 Fusions

Following fruitless TEV-GFP-His tag removal from the C-terminal fusion, we at-
tempted design of alternative hZIP1 constructs, omitting GFP and placing the His-tag in
either the N- or C-terminus. Initially, we engineered a hZIP1-TEV-His variant to resemble
the first studied TEV-GFP-His fusion. However, both low expression levels and extraction
efficiencies in nonionic detergents discouraged us from exploiting this construct (data not
shown). Therefore, we extended our production strategy with N-terminal hZIP1 fusions.
Two selected tags were applied, i.e., His-tag (delivering good expression levels and mod-
erate solubilization properties, as already demonstrated for hZIP1-TEV-GFP-His), and
StrepII-tag that has proven useful and convenient in production of other MPs [56], yield-
ing His-TEV-hZIP1 and StrepII-TEV-hZIP1, respectively. After confirming the expression
of the two new hZIP1 variants, we performed solubilization screening with increasing
concentrations of DDM supplemented with CHS (Figure S2). For His-TEV-hZIP1, the
highest solubilization efficacy (≈56%) was obtained for 2% DDM + 0.2% CHS (Figure S2A).
In contrast, the StrepII-TEV-hZIP1 construct could be completely extracted by all tested
concentrations, with the indication that 2% DDM + 0.2% CHS would perform the most effi-
ciently in the large-scale purification (Figure S2B). Overall, encouraged by results obtained
from this screening, yielding solubilization levels far beyond the C-terminal fusions, we
purified both N-terminal hZIP1 variants using single-step affinity chromatography.

Purification of both constructs was performed on crude membranes isolated from
≈40 g of flask-grown S. cerevisiae cells derived from ≈12 L of cultures induced for expres-
sion for 68 h. Following solubilization of the respective membranes in 2% DDM + 0.2% CHS
(Table S2), either IMAC or StrepII-tag affinity chromatography steps were run (Figure 5).
Single-step affinity purification (Figure 5A) yielded ≈0.5 mg of protein per L of the cell
culture, however, with moderate sample purity (Figure 5B). Moreover, the analysis of
IMAC-pure fractions revealed that His-TEV-hZIP1 was also purified in different oligomeric
forms, as reflected by the presence of both monomer and dimer (detectable mainly by
immunoblotting; Figure 5B, left panel). Importantly, in contrast to the hZIP1-TEV-GFP-His
construct, moving the TEV protease recognition sequence to the N-terminus resulted in
marked increase of cleavage efficiency of the His-TEV-hZIP1 variant (Figure S3). Thus,
following TEV protease treatment of this N-terminal fusion, tag-free sample of high purity
was obtained after reverse-IMAC (R-IMAC) purification step.

Affinity purification of the StrepII-TEV-hZIP1 construct yielded protein samples of
high purity (Figure 5C,D), however, obtained in low amounts (i.e., ≈0.3 mg of protein
per L of the cell culture). Thus, in case of both tested N-terminal hZIP1 variants, protein
yields were lower than for the hZIP1-TEV-GFP-His construct, perhaps indicative of a
stabilizing role of the GFP fusion. Moreover, the presence of an additional band of lower
molecular weight in the immunoblot analysis of the samples collected during StrepII-tag
affinity purification (Figure 5D, left panel) may suggest either the presence of a contaminant
recognized by the antibody or partial protein degradation, the latter supporting a stability
enhancing effect of the GFP. Nevertheless, the final purity of the sample can be increased
by an additional affinity chromatography step after TEV protease treatment, but this was
not attempted here. To assess the stability of produced N-terminal hZIP1 fusions, we
proceeded with SEC analysis.
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Figure 5. Purification of N-terminal hZIP1 fusions. Crude membranes isolated from Saccharomyces cerevisiae cells (derived
from 12-L cultures) expressing (A,B) His-TEV-hZIP1 and (C,D) StrepII-TEV-hZIP1 (68-h induction at 15 ◦C) were solubilized
in 2% (w/v) DDM + 0.2% (w/v) CHS for 2 h at 4 ◦C. Following solubilization, affinity-based purification was performed.
CHS: cholesteryl hemisuccinate Tris salt. (A) Immobilized metal affinity chromatography (IMAC) of His-TEV-hZIP1.
IMAC profile indicates UV280 signal for protein (blue) and concentration of imidazole applied at each step of the affinity
purification (green). (B) Coomassie staining (left) and immunoblot probed with 6×His mAb-HRP conjugate (right) of
SDS-PAGE-separated samples collected during IMAC purification. M: marker; CM: crude membranes; SM: solubilized
membranes; IM: insoluble material; FT: IMAC flow-through; Eluate: IMAC peak fractions eluted with imidazole gradient.
Arrows indicate the monomeric (MM) and dimeric (DM) forms of purified His-TEV-hZIP fusion, with the predicted MWs of
the respective forms of 32.5 kDa (MM) and 65 kDa (DM). (C) StrepII-tag affinity chromatography of StrepII-TEV-hZIP1.
The profile indicates UV280 signal for protein (blue). Green dashed line indicates the starting point of the elution phase
with 50 mM biotin. (D) Coomassie staining (left) and immunoblot probed with Strep-Tactin® HRP conjugate (right) of
SDS-PAGE-separated samples collected during StrepII-tag affinity purification. Letter code of the analyzed samples is to
identical to (B). Arrows indicate the monomeric (MM) and dimeric (DM) forms of purified StrepII-TEV-hZIP fusion, with
the predicted MWs of the respective fusions of 36.5 kDa (MM) and 73.0 kDa (DM). NS: nonspecific band/degradation
product.

3.5. Stability of Affinity-Pure N-Terminal hZIP1 Fusions

In order to assess the quality of the two N-terminal hZIP1 fusions, we analyzed the
samples originating from affinity purification by SEC performed in the primary detergent
environment, i.e., in the buffer systems containing DDM and CHS (Table S2). Initially,
protein homogeneity was monitored at different pH to enable selection of the most optimal
conditions for the subsequent SEC analysis (data not shown). Interestingly, pH scouting
revealed that higher sample stability was achieved at lower pH, similarly to what was
already reported for hZIP4 [23]. The two hZIP1 variants displayed maximal stability at
slightly different pH, i.e., highest homogeneity of His-TEV-free hZIP1 was achieved at
pH 6.0 (Figure 6A), whereas the most symmetric SEC profile for StrepII-TEV-hZIP1 was
obtained for pH 5.0 (Figure 6B). At the respective optimal pH both hZIP1 variants displayed
only marginal aggregation. Moreover, in elution profiles of both hZIP1 samples, the main
peak was preceded by a shoulder, hinting at the presence of higher oligomers or partial
aggregation in the sample. In addition, as apparent from the SDS-PAGE analysis, SEC
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enabled the removal of the possible contaminant/degradation product seen in affinity-
pure StrepII-TEV-hZIP1 sample. Overall, the generated SEC profiles for both detergent-
solubilized N-terminal hZIP1 fusions were symmetric, suggesting high homogeneity and
stability of the purified samples. Nevertheless, we observed a gradual decrease of protein
stability after repeated rounds of freeze-thawing, as reflected by reduction of the height of
the main SEC peak with concomitant increase of aggregated fraction eluting in the void
volume (data not shown). Thus, utilization of freshly prepared protein samples should
be considered for downstream applications. Finally, the SEC-pure samples exhibited a
tendency to precipitate when concentrated above 9 mg mL−1, indicating that further
optimization of buffer conditions may be required.

Figure 6. Size-exclusion chromatography (SEC) analysis of N-terminal hZIP1 fusions. (A) SEC
profile of reverse-immobilized metal ion affinity chromatography-pure hZIP1 (i.e., TEV protease-
digested His-TEV-hZIP1). (B) SEC profile of StrepII-tag affinity-pure StrepII-TEV-hZIP1. Normalized
SEC chromatograms were obtained after separation on Superdex 200 Increase 10/300 GL column
where A280 was monitored. Arrows indicate the estimated elution positions of the void volume.
Insets: Coomassie staining of the resulting SEC-pure SDS-PAGE-separated samples (SEC). M: marker.
Arrows indicate the monomeric (MM) and dimeric (DM) forms of the respective N-terminal hZIP1
fusions, with the predicted MWs of His-TEV-free hZIP1 of 32.5 kDa (MM) and 65 kDa (DM), and
StrepII-TEV-hZIP1 of 36.5 kDa (MM) and 73 kDa (DM).

4. Discussion

The present paper addresses one of the bottlenecks that significantly restricts MP
characterization, i.e., the production of prime-quality samples required for their biophysical
characterization. Although MPs represent approximately 30% of the human proteome and
constitute prominent drug targets [57–59], this class of proteins remains poorly understood
relative to their soluble counterparts and is highly underrepresented in protein structure
databases [60]. Therefore, there is a constant need for fine-tuning of existing heterologous
expression systems to deliver recombinant MPs in an economic, efficient, and reliable
manner. This dogma applies also to the ZIP family of transporters investigated here,
for which no structure of a eukaryotic member has been reported to date. Thus, the
overarching aim of this study was to develop an effective expression and purification
platform to produce hZIPs.

Prior to this work, the closest reported attempt of hZIP purification was that of hZIP13
expressed using insect Sf9 cells to investigate the oligomerization state of this target,
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however, no data on obtained protein yield are presented [24]. In the same publication,
the authors also utilized a human 293T cell-based platform, but protein purification was
not attempted, and expression was visualized by immunoblotting only. In agreement
with this notion, the usage of human cell-derived systems often results in low protein
yields and high costs associated with the production [34,61], although strategies to improve
expression levels have been proposed [62,63]. Conversely, the S. cerevisiae PAP1500 strain-
based overproduction system has been employed for isolation of diverse classes of human
MPs, and has delivered milligram quantities of samples in a cheap and easy-to-handle
manner [39,41–43,64]. Importantly, human targets overproduced using this platform
recently delivered both X-ray (human aquaporin 10) [39] and cryo-EM (human chloride
channel ClC-1) [40] structures. Thus, in this study we took advantage of this protein
production pipeline to attempt heterologous overproduction of hZIPs.

To ease downstream screening, all constructs were initially engineered to possess
C-terminal TEV protease-detachable GFP-His-tags, enabling detection and affinity purifica-
tion of the resulting fusions [49,65]. The first overproduction tests of these C-terminally-
tagged variants immediately indicated the power of our production strategy, as we were
able to recover the four short hZIP transporters selected for this study, all with promising
expected expression levels, exceeding 5 mg of protein per L of cell culture in two of the
cases, i.e., for hZIP1 and 2 (Figure 2E). On the contrary, both of the longest hZIPs attempted
here, i.e., hZIP6 and 10, were refractory to expression using applied strategy. As these
targets possess long N-termini (of more than 300 amino acids), it can be speculated that
these additional segments may reduce overall protein stability that cannot be rescued by
the yeast host. This is consistent with the previous study reporting that even production of
an isolated extracellular domain of hZIP4 (with length of 327 amino acids) attempted in
E. coli was fruitless, as the protein was severely aggregated [28]. Thus, assuming that the
full-length hZIP6 and 10 may be more prone to protein degradation than the short hZIP
counterparts, and combining it with the C-terminal location of the fusion tag, the detection
of any partially translated products would not be possible here. Hence, optimization of
the construct design and/or change of the expression host may be necessary for these two
targets, but none of these were further explored here.

All four short, C-terminally-tagged hZIPs were synthesized as membrane-embedded
full-length proteins. Interestingly, we observed differences in localization of the respective
targets in the yeast cells. While hZIP1, 2, and 11 localized largely to the plasma membrane,
hZIP13 accumulated intracellularly (Figure 2D), correlating with the hZIP-member specific
naturally occurring localization in human cells [10].

As the next step, we sought to identify suitable detergents enabling efficient extraction
and stabilizing solubilized hZIPs in their native form. We showed that, in general, the
hZIPs investigated here were difficult to extract from the yeast membranes (Figure 3A),
regardless of their cellular localization pattern. Based on data from the extensive detergent
screening, we can conclude that only harsh zwitterionic detergents of the foscholine family
displayed strong solubilization properties, whereas milder nonionic maltosides were rather
ineffective, providing extraction efficacy higher than 20% only in the case of hZIP1. This
finding agrees largely with the previously observed trend for other classes of MPs expressed
in the same host [42,43]. However, the use of zwitterionic detergents entails the risk of
protein denaturation leading to the loss of its structure [54,55]. Therefore, even though
foscholine-solubilized material exhibited higher symmetry and less void in the F-SEC
profiles, DDM was selected as a “safer option” solubilization detergent. Nevertheless, the
homogeneity of the DDM-extracted samples was also relatively high, indicating that milder
detergents are promising for isolation of hZIPs. Importantly, the presence of CHS increased
both the efficiency of solubilization and protein stability. This suggests that this additional
presence of cholesterol during solubilization may increase fluidity of the lipid environment
of the yeast membranes or the CHS even directly interacts with expressed hZIPs to enhance
their stability. The latter, i.e., stabilizing effect of cholesterol, is a well-known phenomenon
in the MP field [66].
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As the selected construct for initial characterization, i.e., hZIP1-TEV-GFP-His, was re-
fractory to the TEV treatment, likely reflecting poor accessibility of the C-terminus prevent-
ing proteolytic activity, design of new constructs was attempted. As the His-tag position is
known to contribute to the protein expression levels and stability [67,68], in our strategy we
moved the tag to the N-terminus and investigated whether such modification could have
beneficial or deleterious effects on the production. Remarkably, the construct comprising
an N-terminal His-tag, but devoid of GFP, proved to be TEV-cleavable (Figure S3), but
displayed significantly lower purification yields compared with the original C-terminal
GFP fusion, although we did not observe major differences in the solubilization efficacy
(Figure S2A). This observed decrease may suggest lowered levels of expression either as a
direct consequence of different location of the tag and/or it may reflect an auxiliary role
of the GFP fusion. Indeed, the latter has been reported to preserve the protein fold of
other MPs, e.g., G protein-coupled receptors [69]. Thus, extending the N-terminally-tagged
hZIP1 construct with GFP may provide more direct possibility of comparing such variant
with the C-terminal TEV-GFP-His fusion, but this was not attempted here. Moreover, it
cannot be excluded that production of hZIPs can be especially sensitive to the placement
of charged tags, such as the His-tag, near the transmembrane domain. Although still not
completely understood, it has been shown that cytoplasmic segments of MPs are typi-
cally enriched in positively charged residues (mostly lysine and arginine), the so-called
“positive-inside rule” [70]. Thus, introduction of an additional positively charged stretch,
here in a form of octa-histidine-tag, preceding the noncytoplasmic N-terminal segments
of hZIPs may violate the rule, resulting in a lower protein stability. To corroborate this
possible effect of the charged tag on production, we included a construct where the His-tag
was exchanged to StrepII-tag. StrepII-tag, an octa-amino acid polypeptide, typically does
not alter bioactivity of its fusion partner and can be used for affinity purification under
mild conditions, maintaining the functionality of produced protein [71]. Interestingly, the
production levels of the StrepII-TEV-hZIP1 variant were marginally decreased compared
to the His-TEV-hZIP1 construct, again without any detectable changes in detergent ex-
traction efficacy (Figure S2B). Collectively, this indicates that the expression of both the
N-terminal hZIP1 variants described here may require further optimization of the fusion
tag, possibly due to the predicted Nout-Cout topology. Similar conclusions were drawn
in a work describing development of purification strategies of bacterial ZIPs sharing the
same location of the N- and C-termini, where the insertion of a maltose-binding protein
and a signal sequence between the His-tag and the scare N-terminal domain was shown to
rescue protein production [32].

hZIPs have been shown to form homodimers in a native state, but hZIP6 and 10
can also heterodimerize [13]. Analysis of the in-gel GFP fluorescence of the SDS-PAGE-
separated IMAC-pure hZIP1-TEV-GFP-His samples implies that this construct preserves ho-
modimerization to some degree (Figure 4B). The proportion of dimeric versus monomeric
form decreases in the N-terminally-tagged GFP-free constructs (Figures 4 and 5), which may
correlate with lower stability and/or yields observed for these variants. Hence, while for
the StrepII-TEV-hZIP1 construct a small population of the dimeric form was detectable after
SEC, hZIP1 (TEV protease-digested His-TEV-hZIP1) eluted mostly as monomer (Figure 6).
This may indicate that the His-tag is directly assisting in dimerization, similarly to what
was observed for BbZIP, however with the opposing effect [31].

Affinity-based protein purification yielded milligram amounts of both N-terminal
hZIP1 fusions, although the relative purity of the samples marginally differed (Figure 5).
However, while a single chromatography round was sufficient to produce a highly pure
sample of StrepII-TEV-hZIP1, two additional steps were included for His-TEV-hZIP1, i.e.,
TEV protease cleavage and R-IMAC (Figure S3). Although both samples exhibited high
monodispersity, as assessed by SEC (Figure 6), the purified variants displayed limited
stability, tending to precipitate after freeze–thawing cycles. Moreover, freshly prepared,
nonfrozen samples precipitated also at concentrations exceeding 9 mg mL−1. However,
such concentrations are compatible with requirements for most of the biophysical experi-
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ments, including X-ray crystallography [72] and cryo-EM, where even low amounts of the
sample can be utilized [73].

In conclusion, we outlined a S. cerevisiae-based platform to approach milligram pro-
duction of hZIPs, with hZIP1 being an example target that was purified to monodispersity.
We believe that our strategy for protein expression and purification described here provides
a new encouraging option for sample preparation of hZIPs for more detailed biochemical
and structural analysis.
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Abstract: Pathogenic enveloped viruses are covered with a glycan shield that provides a dual
function: the glycan structures contribute to virus protection as well as host cell recognition. The
three classical types of N-glycans, in particular complex glycans, high-mannose glycans, and hybrid
glycans, together with some O-glycans, participate in the glycan shield of the Ebola virus, influenza
virus, human cytomegalovirus, herpes virus, human immunodeficiency virus, Lassa virus, and MERS-
CoV, SARS-CoV, and SARS-CoV-2, which are responsible for respiratory syndromes. The glycans are
linked to glycoproteins that occur as metastable prefusion glycoproteins on the surface of infectious
virions such as gp120 of HIV, hemagglutinin of influenza, or spike proteins of beta-coronaviruses.
Plant lectins with different carbohydrate-binding specificities and, especially, mannose-specific lectins
from the Vicieae tribe, such as pea lectin and lentil lectin, can be used as glycan probes for targeting the
glycan shield because of their specific interaction with the α1,6-fucosylated core Man3GlcNAc2, which
predominantly occurs in complex and hybrid glycans. Other plant lectins with Neu5Ac specificity or
GalNAc/T/Tn specificity can also serve as potential glycan probes for the often sialylated complex
glycans and truncated O-glycans, respectively, which are abundantly distributed in the glycan shield
of enveloped viruses. The biomedical and therapeutical potential of plant lectins as antiviral drugs
is discussed.

Keywords: enveloped virus; Ebola virus; HIV; herpes simplex virus; human cytomegalovirus;
influenza virus; MERS-CoV; SARS-CoV-2; N-glycosite; O-glycosite; high-mannose glycan; complex
N-glycans; Vicieae man-specific lectin; T/Tn-specific lectin; specific interaction

1. Introduction

Many pathogenic viruses for humans are so-called enveloped viruses with a lipid
bilayer that allows the infectious virions to fuse with the cell membrane, followed by
the entry and replication of the viral genetic material into the host cells. Ebola virus
(EBOV), influenza virus (IV), herpes simplex virus (HSV), human immunodeficiency virus
(HIV), human cytomegalovirus (HCMV), Lassa virus (LASV), and the beta-coronaviruses
responsible for the Middle East respiratory syndrome (MERS-CoV) and the severe acute
respiratory syndrome (i.e., SARS-CoV and SARS-CoV-2) belong to this group of pathogenic
enveloped viruses [1]. Among the surface glycoproteins that are embedded in the lipid
bilayer of enveloped viruses, so-called fusion glycoproteins play a key role in mediating the
recognition of infectious virions by the host cell membrane receptors and their subsequent
anchorage to the host cells [2]. Energetically driven conformational changes occurring in
the metastable fusion proteins, which usually occur in a prefusion state, are responsible for
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an enhanced exposure of the receptor-binding domain (RBD) of the fusion proteins that
favors their recognition by the host cell receptors [1]. Fusion proteins of enveloped viruses
usually consist of the non-covalent association of three monomers to build a homotrimeric
structure exposed on the surface of the virions. However, depending on the enveloped
viruses, the structure, shape, and size of the monomers building the homotrimers are
highly variable from one virus to another (Table 1). Other surface glycoproteins, such as
the so-called B glycoprotein from HSV [3], and E proteins from flaviviruses responsible for
some severe diseases, including chikungunya virus (CHIV), dengue virus (DENV), and
Zika virus (ZIV), also contribute to the glycan shield covering the infectious virions [4–6].

Table 1. Structural properties of fusion protein and E glycoprotein associations of enveloped viruses
as parts of the glycan shield covering infectious virions.

Enveloped Virus Homotrimer Monomer PDB Entry * Reference

Ebola virus (EBOV) Homotrimer 7JPH [7]

Influenza virus (IV) Hemagglutinin A
Homotrimer hemagglutinin A 6Y5G [8]

Human cytomegalovirus (HCMV) Homotrimer B glycoprotein 5CXF [9]

Herpes simplex virus (HSV) Homotrimer B glycoprotein 2GUM [3]

Human immunodeficiency virus (HIV) Homotrimer gp140 4TVP [10]

Lassa virus (LASV) Homotrimer GPC glycoprotein 5VK2 [11]

Middle east respiratory syndrome
coronavirus (MERS-CoV) Spike S protein 5W9H [12]

Severe acute respiratory syndrome
coronavirus-1 (SAR-CoV) Spike S protein 6ACD [13]

Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) Spike S protein 6VXX [14]

Chikungunya virus (CHIV) Homodimer E protein 3N40 [4]

Dengue virus (DENV) Homodimer E protein 1UZG [5]

Zika virus (ZIV) Homodimer E protein 57BUB [6]

* A single PDB code is indicated but several PDB entries are available at the PDB.

Although N- and O-glycans decorate the fusion glycoproteins, the three classical
types of N-glycans, including complex-type glycans, high-mannose-type glycans, and
hybrid-type glycans, are predominantly distributed along the fusion proteins of pathogenic
enveloped viruses. In addition, a high proportion of complex glycans are α1,6-fucosylated
on the first GlcNAc linked to the Asn residue and often sialylated on their terminal Gal
residues [15]. Moreover, the extreme diversity of complex glycans appears as a characteris-
tic of enveloped viruses. In addition to the N-glycans, O-glycans have been identified on the
envelope glycoproteins of infectious virions, especially in pathogenic coronaviruses such
as SARS-CoV-2 [16]. In fact, most of the Ser and Thr residues of unoccupied NXT/S glyco-
sylation sites of SARS-CoV-2 are O-glycosylated by short Gal/GalNAc/T/Tn-containing
O-glycan chains [17]. However, the O-glycan content of SARS-CoV-2 is much lower than
the level of N-glycans.

Lectins are known as a group of carbohydrate-binding proteins of non-immune origin
that are widely distributed in plants. Many lectins have been studied for their role in the
protection of plants against pathogens, aiming to resolve the function of the lectins inside
different plant tissues. In addition, these carbohydrate-binding proteins have been proven
to be important tools for glycobiology, allowing for the investigation of the importance
of protein–carbohydrate interactions. Several plant lectins have been reported as potent
molecules with anti-infectivity properties for RNA viruses including pathogenic enveloped
viruses. Depending on their carbohydrate-binding specificity, lectins can recognize and
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bind particular types of glycan structures present in the glycan shield of viruses. Over
the past decades, lectins from different legume species, referred to as legume lectins,
have been studied in great detail. Despite the fact that legume lectins represent a large
family of proteins with important similarity in their amino acid sequences, these lectins
show remarkable variability in their carbohydrate-binding properties. Many legume
lectins have been reported to recognize glycoconjugates on cells and viruses and can
discriminate between diverse glycan structures, making them interesting research tools for
glycomic research [18].

The primary purpose of this review was to give an overview of the types of glycans
present in the glycan shield of different pathogenic enveloped viruses and how legume
lectins with different specificities can act as carbohydrate-binding agents (CBAs) for these
viruses. Finally, biomedical perspectives for plant lectins with antiviral properties are
also discussed.

2. The Glycan Shield of Pathogenic Enveloped Viruses

Glycoproteins that are part of the glycan shield that covers the enveloped viruses are
modified with three types of N-glycans including complex glycans, high-mannose glycans,
and hybrid glycans (Figure 1):

• Complex-type N-glycans are most abundant on all the envelope proteins except for the
gp120 and hemagglutinin from HIV and IV, respectively, which predominantly contain
high-mannose-type N-glycans. Complex glycans exhibit a high diversity in their gly-
can structure, including bi-, tri-, and tetra-antennary glycans which are often sialylated
on their terminal Gal residues and fucosylated on sub-terminal GlcNAc residues. Most
of these complex N-glycans possess an α1,6-fucosylated Man3GlcNAc2 core;

• High-mannose N-glycans are less abundant and offer less diversity than complex
N-glycans because they consist exclusively of Man residues. High-mannose N-glycans
from enveloped viruses include oligomannosides containing 4–9 (Man4–9) Man residues,
and all of them possess a non-fucosylated Man3GlcNAc2 core;

• Hybrid N-glycans are least abundant on enveloped viruses.

A detailed study of the N-glycan structures occurring on the beta-coronaviruses, MERS-
CoV, SARS-CoV, and SARS-CoV-2, confirmed the high heterogeneity of the complex glycans
of the S glycoprotein forming the spikes and revealed important differences depending
on the type of beta-coronavirus [15]. In addition, although some of the N-glycosylation
sites, NXT/S, are often occupied with variable proportions of complex and high-mannose
N-glycans, the complex N-glycans are largely predominant [16,27–29].

Furthermore, a few O-glycans also occur, especially on the S protein from beta-
coronaviruses [16]. Interestingly, the Thr and Ser residues of N-glycosylation sites unoccu-
pied by N-glycans are modified with short O-glycan chains [17]. Usually, these O-glycans
are less exposed on the surface of S proteins, mainly due to the fact of their smaller size
compared to the large and highly exposed N-glycans [27].

Both the homotrimeric organization of the fusion proteins and the homodimeric
organization of E glycoproteins on the surface of pathogenic enveloped viruses favor the
exposure of their glycan shield (Figures 2 and 3). However, the distribution of N-glycans,
especially at the top of the fusion protein homotrimer, provides areas devoid of glycans
allowing for the recognition of pathogenic viruses by the corresponding DPP4 and ACE2
receptors located on the host cells. These glycan-free areas, which correspond to the so-
called RBDs of S proteins from MERS-CoV, SARS-CoV, and SARS-CoV-2, contribute to the
infectious potential developed by the pathogenic beta-coronaviruses [28–30].
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Figure 1. Diversity of the different types of N-glycans forming the glycan shield covering the
pathogenic enveloped viruses: Ebola virus (EBOV) [19], herpes simplex virus (HSV) [20], human
cytomegalovirus (HCMV) [21], human immunodeficiency virus (HIV) [22], influenza virus (IV) [23],
chikungunya virus (CHIV) [24], Lassa virus (LASV) [25], MERS-CoV (MERS-CoV) [15], SARS-CoV
(SARS-CoV) [15], SARS-CoV-2 (SARS-CoV-2) [15], and Zika virus (ZIV) [26]. Symbols representing
the glycan structures are as follows: GlcNAc (blue square), Gal (yellow circle), Man (green circle),
Fuc (red triangle), and Neu5Ac (purple diamond).
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Figure 2. Figure illustrating the extent of the glycan shield covering the envelope glycoproteins
of pathogenic enveloped viruses. The illustrations show the lateral face of the molecular surface
of the homotrimeric organization of the envelope glycoprotein of Ebola virus (EBOV) (PDB code
7JPH), influenza virus (IV) (PDB code 6Y5G), human cytomegalovirus (HCMV) (PDB code 5CXF),
herpes simplex virus (HSV) (PDB code 2GUM), human immunodeficiency virus HIV (PDB code
4TVP), Lassa virus (LASV) (PDB code 5VK2), Middle East respiratory syndrome virus (MERS-CoV)
(PDB code 5W9H), severe acute respiratory syndrome (SARS-CoV) (PDB code 6ACD), and severe
acute respiratory syndrome-2 (SARS-CoV-2) (PDB code 6VXX). Lateral face of the molecular surface
of the dimeric organization of the E glycoprotein of chikungunya virus CHIV (PDB code 3N40),
dengue virus DENV (PDB code 1UZG), and Zika virus ZIV (PDB code 7BUB). Monomers forming
the homotrimeric and homodimeric associations of envelope glycoproteins are colored differently,
and N-glycan chains forming the glycan shield are represented by cyan colored balls.
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Figure 3. Figure illustrating the extent of the glycan shield covering the envelope glycoproteins
of pathogenic enveloped viruses. Illustrations show the top face of the molecular surface of the
homotrimeric organization of the envelope glycoprotein of Ebola virus (EBOV) (PDB code), influenza
virus (IV) (PDB code), human cytomegalovirus (HCMV) (PDB code 5CXF), herpes simplex virus
(HSV) (PDB code 2GUM), human immunodeficiency virus (HIV) (PDB code 4TVP), Lassa virus
(LASV) (PDB code 5VK2), Middle East respiratory syndrome virus (MERS-CoV) (PDB code 5W9H),
severe acute respiratory syndrome (SARS-CoV) (PDB code 6ACD), and severe acute respiratory
syndrome-2 (SARS-CoV-2) (PDB code 6VXX). Monomers forming the homotrimeric associations of
envelope glycoproteins are colored differently, and N-glycan chains forming the glycan shield are
represented by cyan colored balls.

In spite of the glycan-free character of the RBDs, it should be noted that these areas
are surrounded by glycan chains that should be accessible to CBAs, such as lectins, which
could hamper the proper recognition of RBDs by their corresponding host cell receptors
(Figure 3) [14].

3. Plant Lectins with Different Specificities Are Potential CBAs for Pathogenic
Enveloped Viruses

Lectins from higher plants offer extreme diversity in terms of structural organization
and recognition of simple and complex glycans [31]. Owing to the high diversity that
characterizes the glycan shield of pathogenic enveloped viruses, the heterogeneous group
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of Man-specific lectins and, especially, the group of two-chain legume lectins, emerges as
a potential tool for specific targeting of the N-glycan shield of enveloped viruses. Two-
chain legume lectins form a particular group of Man-specific lectins that display an en-
hanced affinity for complex N-glycans possessing an α1,6-fucosylated trimannoside core
Man3GlcNAc2 [32,33]. Seed lectins from pea (Pisum sativum) (PsA), lentil (Lens culinaris)
(LcA), Cyprus-vetch (Lathyrus ochrus) (LoL-I/II), and faba bean (Vicia faba) (VfA) belong to
this group of two-chain lectins [34–37]. They are built from the non-covalent association
of two identical monomers built up from a heavy (β-chain) and a light (α-chain) subunit
and possess an overall jelly roll structure similar to that of Con A, the single-chain Man-
binding lectin from Jackbean (Canavalia ensiformis) [38]. A detailed crystallographic study
of the Lathyrus ochrus isolectin-II (LoL-II) in complex with an octasaccharide derived from
the human lactotransferrin (PDB code 1LGC) [39] revealed that the enhanced affinity of
Vicieae lectins towards the α1,6-fucosylated Man3GlcNAc2 core depends on the direct
interaction of the α1,6-linked Fuc residue with some of the amino acid residues forming
the carbohydrate-binding site (CBS) of the lectin via a few hydrogen bonds (Figure 4).

In addition, complexes of pea lectin and Lathyrus ochrus lectin with non-fucosylated
trisaccharides, indicated that Vicieae lectins also interact with one of the terminal Man
of the trimannosyl core from the non-fucosylated N-glycans [40]. In this respect, LoL-I
from L. ochrus seeds interacted with the trisaccharide Manα1,3Manβ1,4GlcNAc in such a
way that the terminal Man residue occupies the monosaccharide-binding site of the lectin
(Figure 5).

This binding pattern allows Vicieae lectins to readily interact with the trimannosyl
core from the three types of complex, high-mannose, and hybrid N-glycans, irrespective of
the possible α1,6-fucosylation on the first GlcNAc residue of the N-glycan chain.

A survey of the glycan array analyses performed by the Consortium for Functional
Glycomics (CFG) (http://www.functionalglycomics.org (accessed on 15 December 2021))
for PsA, LcA, and VfA, all members of the two-chain lectins from the Vicieae tribe, yielded
the best results with glycans possessing the a1,6-fucosylated Man3GlcNAc2 core. As an
example, most of the top five glycans displaying the best affinity for PsA, LcA, and VfA
occur in the glycan shield covering the pathogenic enveloped viruses (Figure 6).

Other Man-specific lectins, such as the GNA-related lectins from different families of
monocot plants, including Liliaceae, Amaryllidaceae, Polygonaceae, and Orchidaceae, pref-
erentially interact with high-mannose glycans that contain a non-fucosylated Man3GlcNAc2
core. As an example, the top five glycans interacting with GNA in glycan array experiments
mainly consist of high-mannose glycans (Figure 7). These high-mannose glycans were
present in all the investigated enveloped viruses.

In addition, the N-glycans of pathogenic enveloped viruses are often sialylated on
their terminal Gal antennae residues, which offers another potential recognition target
for lectins that specifically recognize terminal sialylated Gal residues. The black elder-
berry (Sambucus nigra) bark lectin I (SNA-I) specifically interacts with these sialylated
termini. In this respect, the top five glycans interacting with SNA-I in glycan array ex-
periments contained sialylated Gal residues that occur in the glycan shield of enveloped
viruses (Figure 8).

Finally, GalNAc/T/Tn lectins that recognize O-glycans, such as jacalin from Artocarpus
integer, PNA from peanut (Arachis hypogaea), and Morniga-G from Morus nigra, should
especially interact with the few O-glycans exposed at the surface of beta-coronaviruses [41].
The top five O-glycans interacting with Morniga-G in glycan array experiments are present
in the glycan shield of the SARS-CoV-2 particles (Figure 9).
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Figure 4. Figure illustrating the interaction of the Man-specific lectin LoL-II from Lathyrus ochrus with
an oligosaccharide chain. (A) Network of hydrogen bonds (black lines) anchoring N2 oligosaccharide
(colored purple) to LoL-II isolectin from Lathyrus ochrus (PDB code 1LGC). Hydrophilic residues R38,
N78, D81, G99, and N125 of the α-chain and E31 of the β-chain, which participate in hydrogen bonds,
are colored orange and green, respectively. Aromatic residues Y77, Y100, F123, Y124, and W128 of
the α-chain and F32 of the β-chain, involved in stacking interactions with the pyranose rings of the
oligosaccharide, are colored yellow. The α1,6-linked fucose (Fuc), which participates in the H-bond
network, is colored cyan. (B) Depiction of the N2 oligosaccharide using the symbol nomenclature
for glycans: Fuc (red triangle), Gal (yellow circle), GalNAc (yellow square), GlcNAc (blue square),
Man (green circle), and sialic acid/Neu5Ac (purple diamond). (C) Molecular surface of the N2
oligosaccharide–Lo-LII complex, showing how the isolectin accommodates the oligosaccharide via a
network of hydrogen bonds and stacking interactions. The groove harboring the N2 oligosaccharide
and the central monosaccharide-binding site of the lectin are delineated with yellow, dashed lines.
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Figure 5. Figure illustrating the interaction of the Man-specific lectin LoL-I from Lathyrus ochrus
with a trimannoside. (A) Network of hydrogen bonds (black lines) anchoring the trisaccharide
Manα1,3Manβ1,4GlcNAc (colored purple) to LoL-I isolectin from Lathyrus ochrus (PDB code 1LOG).
Hydrophilic residues D81, G99, and N125 of the α-chain and G29, A30, and E31 of the β-chain, which
participate in hydrogen bonds, are colored orange and green, respectively. Aromatic residues Y100,
Y124, and W128 of the α-chain, involved in stacking interactions with the pyranose rings of the
oligosaccharide, are colored yellow. (B) Illustration of the Man3GlcNAc2 oligosaccharide using the
symbol nomenclature for glycans: Fuc (red triangle), Gal (yellow circle), GalNAc (yellow square),
GlcNAc (blue square), Man (green circle), and sialic acid/Neu5Ac (purple diamond), showing the
sugar units that participate in the trisaccharide–LoL-I complex.

Figure 6. Structures of N-glycans recognized by PsA. Top 5 N-glycans are arranged in decreasing
order of affinity for PsA. The α1,6-fucosylated Man3GlcNAc2 core is delineated with a red square.
Glycans occurring in the glycan shield of pathogenic enveloped viruses are indicated by a red star.
Fuc (red triangle), Gal (yellow circle), GalNAc (yellow circle), GlcNAc (blue square), Man (green
circle), and sialic acid/Neu5Ac (purple diamond).
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Figure 7. Structures of N-glycans recognized by GNA. The top 5 N-glycans are arranged in decreasing
order of affinity for GNA. The Man3GlcNAc2 core is delineated by a blue square. High-mannose
glycans occurring in the glycan shield of pathogenic enveloped viruses are indicated by a red star.
Gal (yellow circle), GalNAc (yellow circle), GlcNAc (blue square), Man (green circle).

Figure 8. Structures of N-glycans recognized by SNA-I. The top five sialylated N-glycans are arranged
in decreasing order of affinity for SNA-I. The Man3GlcNAc2 core is delineated by a blue square.
The fucosylated Man3GlcNAc2 core is indicated with a red circled. Sialylated glycans occurring in
the glycan shield of pathogenic enveloped viruses are indicated by a red star. Fuc (red triangle),
Gal (yellow circle), GalNAc (yellow circle, GlcNAc (blue square), Man (green circle), and sialic
acid/Neu5Ac (purple diamond).

Figure 9. Structures of O-glycans recognized by Morniga-G. The top 5 O-glycans are arranged in
decreasing order of affinity for PNA. The O-glycans occurring in the glycan shield of SARS-CoV-2
spike protein are indicated by a red star. Gal (yellow circle), GalNAc (yellow square), GlcNAc (blue
square), and sialic acid/Neu5Ac (purple diamond).

4. Man-Specific and Neu5Ac-Specific Lectins as Potential CBAs for Pathogenic
Enveloped Viruses

Plant lectins with different carbohydrate-binding specificities have been identified as
CBAs for pathogenic enveloped virus including HIV, HCMV, the hepatitis C virus HCV,
HSV, IV, and the coronaviruses MERS-CoV, SARS-CoV, and SARS-CoV-2. Targets for these
CBAs are the glycan structures present on the envelope proteins of pathogenic enveloped
viruses (Table 2).

In addition to CBAs from higher plants, it should be noted that other lectins iso-
lated from algae and Cyanobacteria (formerly classified as blue algae), which essentially
recognize high-mannose glycans, have been identified as potential CBAs for pathogenic
enveloped viruses (Table 3). In this respect, griffithsin, the Man-specific lectin purified from
the red alga Griffithsia sp. [67], was investigated in detail as a relevant CBA for targeting
the envelope protein from pathogenic enveloped viruses [68] because of its high affinity for
oligomannosides [69] (Figure 10).
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Figure 10. Figure illustrating how the Man-specific lectin griffithsin interacts with an oligomannoside.
Network of hydrogen bonds (black, dashed lines) connecting the griffithsin monomer (colored violet)
to a linear Man8 chain (colored purple) (PDB code 3LL2). Amino acid D residues participating in
hydrogen bonds are labeled (i.e., D67, D109, and D112). Aromatic Y residues involved in stacking
interactions with the sugar rings are labeled and colored orange (i.e., Y28, Y68, and Y110).

Table 2. List of plant lectins identified as carbohydrate-binding agents (CBAs) for envelope proteins
from pathogenic enveloped viruses.

Lectin Plant Species
Carbohydrate-

Binding
Specificity

Targeted
Envelope
Protein

Virus Ref.

APA Allium porum Man S-protein SARS-CoV [41]
AUA Allium ursinum Man S-protein SARS-CoV [41]

BanLec Musa acuminata Man gp120 HIV [42–44]
hemagglutinin IV [45]
E-glycoprotein HCMV [46]
E-glycoprotein EBOV [46,47]
E-glycoprotein LASV [46]

Con A Canavalia ensiformis Man gp120 HIV [48]
S-protein SARS-CoV-2 [49]

Succinyl-Con A Canavalia ensiformis Man S-protein Mers-CoV [50]
S-protein SARS-CoV [50]
S-protein SARS-CoV-2 [50]

ConBr Canavalia
brasiliensis Man S-protein SARS-CoV-2 [51]

ConM Canavalia maritima Man S-protein SARS-CoV-2 [51]
CLA Cladastris lutea Man S-protein SARS-CoV [41]
CHA Cymbidium hybrid Man β-glycoprotein HCMV [52]

E-glycoprotein HCV [52]
gp120 HIV [52]

S-protein SARS-CoV [53]

DSL Datura stramonium Neu5Ac-
Gal/GalNAc S-protein MERS-CoV [50]

S-protein SARS-CoV [50]
S-protein SARS-CoV-2 [50]

DLasL Dioclea lasiocarpa Man S-protein SARS-CoV-2 [51]
DSclerL Dioclea sclerocarpa Man S-protein SARS-CoV-2 [51]

EHA Epipactis helleborine Man β-glycoprotein HCMV [52]
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Table 2. Cont.

Lectin Plant Species
Carbohydrate-

Binding
Specificity

Targeted
Envelope
Protein

Virus Ref.

gp120 HIV [52]
hemagglutinin IV [52]

GNA Galanthus nivalis Man β-glycoprotein HCMV [53]
E-glycoprotein HCV [54,55]

gp120 HIV [53]
S-protein SARS-CoV [41]
S-protein SARS-CoV-2 [56]

hemagglutinin IV [57]

HHA Hyppeastrum
hybrid Man β-glycoprotein HCMV [53]

E-glycoprotein HCV [52]
gp120 HIV [52]

S-protein SARS-CoV [41]
hemagglutinin IV [57]

Horcolin Hordeum vulgare Man gp120 HIV [58]
IRA Iris hybrid GalNAc/Gal S-protein SARS-CoV [41]
FRIL Lablab purpureus Man S-protein SARS-CoV [59]

hemagglutinin IV [59]
LcA Lens culinaris Man S-protein MERS-CoV [50]

S-protein SARS-CoV [50]
S-protein SARS-CoV-2 [50]

LOA Listera ovata Man β-glycoprotein HCMV [53]
gp120 HIV [53]

MAL Maackia amurensis Neu5Ac S-protein SARS-CoV-2 [60]
Morniga-G Morus nigra Gal S-protein SARS-CoV [41]
Morniga-M Morus nigra Man S-protein SARS-CoV [41]

NPA Narcissus
pseudonarcissus Man β-glycoprotein HCMV [53]

gp120 HIV [53]
Nictaba Nicotiana tabacum (GlcNAc)n S-protein SARS-CoV [41,61]
Orysata Oryza sativa Man gp120 HIV [62]

S-protein SARS-CoV [62]
PHA Phaseolus vulgaris Complex glycans S-protein MERS-CoV [50]

S-protein SARS-CoV [50]
S-protein SARS-CoV-2 [50]

PCA Polygonatum
cyrtonema Man gp120 HIV [63]

SSL Sambucus
sieboldiana

Neu5Ac-
Gal/GalNAc S-protein SARS-CoV [50]

S-protein SARS-CoV-2 [50]
TLC II Tulipa hybrid Man S-protein SARS-CoV [41]

TDL Typhonium
divaricatum Man E-glycoprotein HSV [64]

UDA Urtica dioica (GlcNAc)n β-glycoprotein HCMV [52]
E-glycoprotein HCV [51]

gp120 HIV [52]
S-protein SARS-CoV [41]

hemagglutinin IV [57]
ML II Vicum album Gal/GalNAc S-protein SARS-CoV [41]
ML III Viscum album Gal/GalNAc S-protein SARS-CoV [41]
WGA Triticum aestivum GlcNAc/Neu5Ac S-protein MERS-CoV [50]

S-protein SARS-CoV [41,50]
S-protein SARS-CoV-2 [50,65]

GNAmaize Zea mays Man S-protein SARS-CoV [66]
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Table 3. List of algal and cyanobacterial lectins identified as carbohydrate-binding agents (CBAs) for
envelope proteins from pathogenic enveloped viruses.

Lectin Algal Species
Carbohydrate-

Binding
Specificity

Targeted
Envelope
Protein

Virus Ref.

AML Amantia multifida Fetuin, mannan hemagglutinin IV [52]
E-glycoprotein HSV [52]

gp120 HIV [52]

BSL Bryothamnion
seaforthii Fetuin, mucin gp120 HIV [52]

E-glycoprotein HSV [52]
hemagglutinin IV [52]

ESA-2 Eucheuma serra Man hemagglutinin IV [70]
GCL Grateloupia chiangii Man hemagglutinin IV [71]

E-glycoprotein HSV [71]
Griffithsin Griffithsia sp. Man gp120 HIV [72]

E-glycoprotein HCV [73]
S-protein MERS-CoV [74]
S-protein SARS-CoV [68]
S-protein SARS-CoV-2 [75]

HML Hypnea musciformis Thyroglobulin,
mucin gp120 HIV [52]

hemagglutinin IV [52]
E-glycoprotein HSV [51]

HTL-40 Halimeda renschii Man hemagglutinin IV [76]

KAA-2 Kappaphycus
alvarezii Man hemagglutinin IV [77]

gp120 HIV [78]

MEL Meristiella
echinocarpa Mannan hemagglutinin IV [52]

hemagglutinin IV [52]
SfL Solieria filiformis Mannan E-glycoprotein HSV [52]

gp120 HIV [52]
hemagglutinin IV [52]

BCA Boodlea coacta Man E-glycoprotein HSV [79]
hemagglutinin IV [79]

Lectin
Cyanobacterial

Species

Carbohydrate-
Binding

Specificity

Targeted
Envelope
Protein

Virus Ref.

MVN Microcystis
aeruginosa Man gp120 HIV [80,81]

E-glycoprotein HSV [81]
MVL Microcystis viridis Man gp120 HIV [82]

E-glycoprotein HCV [83]

Cyanovirin-N Nostoc
ellipsosporum Man gp120 HIV [49,84]

(CV-N) E-glycoprotein 1,2 EBOV [85,86]
hemagglutinin IV [86]
E-glycoprotein HCV [87]
E-glycoprotein HSV [88]

S-protein SARS-CoV-2 [89]
Oscillatoria agardhii Man gp120 HIV [90]

OAA Scytonema varium Man gp120 HIV [91]
SVN Scytonema varium E-glycoprotein DENV [92]

E-glycoprotein EBOV [93]

Although cyanobacterial lectins exhibit similar antiviral activities against pathogenic
enveloped viruses, compared to other lectins from higher plants, they readily differ by
the different fold and the smaller size of their structural scaffolds [93,94]. Moreover,

175



Cells 2022, 11, 339

cyanobacteria contain other small metabolites that could be used as valuable tools for
combating enveloped viruses and, especially SARS-CoV-2 responsible for the COVID-19
pandemic [95].

5. How Can the Infectivity of Pathogenic Enveloped Viruses Be Affected by Lectins?

The glycan-mediated interaction of lectins with pathogenic enveloped viruses has
a direct effect on virus infectivity, essentially by interfering with the recognition of their
corresponding host cell receptors via different mechanisms. However, a dichotomy must
be introduced between experiments performed in vitro on cultured cells and experiments
achieved in vivo on animals.

Experimental studies performed in vitro, especially on HIV-infected cultured cells,
have focused on higher plant lectins and cyanobacterial lectins [96]. Mannose-specific
lectins have been recognized as the most efficient inhibitors of the HIV entry into the target
cells by interacting with the glycan shield of gp120 and gp41, preventing their recognition
by the CD4 receptors present on CD4+ T cells. Mannose-specific lectins of monocot plant
species, such as Cymbidium hybrid (CHA), Epipactis helleborine (EHA), Hippeastrum hybrid
(HHA), Galanthus nivalis (GNA), Listera ovata (LOA), and Narcissus pseudonarcissus (NPA),
have been widely investigated in this respect by Balzarini and co-workers [53,54]. Other
lectins with similar Man-binding specificity like BanLec from Musa acuminata [43] and Con
A from Canavalia ensiformis [97] or different carbohydrate-binding specificities, such as the
(GlcNAc)n-specific lectins Nictaba from Nicotiana tabacum [62], UDA from Urtica dioica [53],
and WGA from Triticum aestivum [98], were also identified as potential inhibitors of the
HIV entry into target cells in vitro and the syncytium formation resulting from the fusion
of HIV-infected and HIV-uninfected CD4+ T lymphocytes [99,100].

A rather different situation can occur under in vivo conditions due to the multiplicity
of cells susceptible to interacting with the virus. In addition, to block the entry of HIV
particles into the cells and syncytium formation, plant lectins interfere with other mecha-
nisms of virus infection and transmission, for example, by preventing the recognition of
high-mannose glycans of gp120 by the DC-SIGN receptor of dendritic cells [101–103] or by
blocking the transmission of DC-SIGN-captured virions to the CD4+ T lymphocytes [102].
In addition, as reported in [96], interaction with lectins of different carbohydrate-binding
specificities can result in cytotoxic side effects on host cells, e.g., caspase-dependent apop-
totic responses, due to the activation of different signaling pathways leading to apoptotic
and necrotic responses that result from the recognition of surface-exposed N- and O-glycans
by lectins.

The effects of plant lectins on other pathogenic enveloped viruses have been more
scarcely investigated. Plant lectins were identified as blocking agents for the entry of
IV [45,52,57], HSV [57], HCMV [47,53,54], EBOV [47,48], LASV [47], and the coronaviruses
MERS-CoV [51], SARS-CoV [42,51,54,62,63,104], and SARS-CoV-2 [50–52,58,60,61,66] in
their corresponding host cells. However, depending on the viruses, the envelope gly-
coprotein(s) targeted by plant lectins are extremely diverse as mentioned in Table 2. In
this respect, an engineered banana lectin, BanLec, which has lost its mitogenic potential
but retained its mannose-binding property, interacted with the envelope E-glycoprotein
and inhibited both the entry and replication of Ebola virus in cell cultures [47,48]. The
cyanobacterial lectin, cyanovirin-N (CV-N), also displayed similar inhibition towards Ebola
virus [85]. Similarly, lentil lectin, LcA, inhibited the early steps of the host cell infection
by SARS-CoV-2 and variants B.1.1.7 (α variant), B.1.351 (β variant), and P1 (γ variant), by
blocking the recognition of their spike S protein by the ACE2 receptor [51].

The effects resulting from the binding of plant lectins on the different enveloped
viruses also depend on the mechanisms of infection and transmission of these viruses,
which may differ from those developed by HIV. In addition to preventing the entry and
replication of Ebola viruses into the host cells in cell cultures, the engineered BanLec
lectin, pre-administered to virus-infected mice, were highly protective against a lethal
EBOV infection in vivo (~80% of mice protected) [48]. The engineered BanLec lectin was
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similarly efficient for protecting influenza virus-infected mice, by inhibiting the virus-
endosome fusion occurring after the exogenous lectin has been internalized in the late
endosomal/lysosomal compartment of the host cells [46]. Both plant lectins and griffithsin,
the Man-specific lectin from the red alga Griffithsia sp., also inhibited the entry of SARS-CoV
and MERS-CoV, respectively, in virus-infected cultured cells [42,74]. The Neu5Ac-specific
Maackia amurensis lectin, MAL, inhibited the interaction of the SARS-CoV-2 S protein with
the ACE2 receptor in cell cultures and decreased the expression of inflammatory mediators
associated with COVID-19 disease progression [61].

The effects of plant lectins on coronaviruses were also investigated in virus-infected
mice models. The (GlcNAc)n-specific lectin from the stinging nettle (Urtica dioica) (UDA),
was shown to prevent virus entry and replication in a dose-dependent manner and reduced
the virus infectivity significantly in a lethal SARS-CoV BALB/c mouse model [105]. Under
in vivo conditions, the lectin from the hyacinth bean (Lallab purpureus), FRIL, neutralized
H1N1 influenza by aggregating and trapping virions in the late endosomes of the host
cells, thus preventing their nuclear internalization [60]. The lectin similarly neutralized
SARS-CoV-2 by preventing viral protein production and cytotoxic effects on the host cells.

Algal and cyanobacterial Man-specific lectins, such as griffithsin and cyanovirin-N,
also inhibited the entry of HIV and other enveloped viruses in the host cells in vitro and
exerted in vivo cytotoxic effects very similar to those of plant lectins [74–103,105–107].

6. Biomedical Perspectives for Antiviral Lectins

Depending on their affinity towards surface-exposed glycans of enveloped viruses, plant
lectins are considered as potential CBAs useful for combating viral infections, even though lit-
tle evidence exists to date for their efficacy as relevant therapeutic tools [97,108–112]. Beyond
their possible use as well-adapted tools for the diagnosis of viral infection, the therapeu-
tic use of plant lectins as virus blockers faces practical and functional challenges which
mainly concern (1) their large-scale production and (2) their unwanted immunomodulatory
properties.

In most higher plants, lectins of different specificities that could be used as virus
blockers occur as storage proteins in seeds and other vegetative organs such as tubers and
rhizomes [113]. Man-specific two-chain (LcA, PsA, VfA, and LoL-I/II) and single-chain
lectins (Con A, PHA, and SBA) from the Fabaceae are sequestered in the protein bodies
of the cotyledonary cells in rather low amounts [114]. Accordingly, the extraction yield
of legume seed lectins is rather low, in the range 50–80 mg/100 g (dry weight) seed [115].
However, the degree of purity of the extracted lectins is excellent since the introduction of
affinity chromatography techniques using carbohydrate-immobilized columns. Different
strategies have been developed recently to improve the extraction yield of griffithsin, the
Man-specific lectin from the red alga Griffithsia sp., for the purpose of obtaining a large-
scale production of the lectin able to supply the quantities of lectins needed for therapeutic
applications [116–121]. These strategies are based on the continuous improvement of yields
obtained from the high-level expression and extraction of griffithsin from transformed to-
bacco (Nicotiana benthamiana) leaves. In addition, griffithsin is easily purified and recovered
from ensiled dried tobacco leaves, which allows for a low-cost production of lectin quickly
adaptable to demand.

Most plant lectins consist of oligomeric structures built up from the non-covalent
association of 15–20 kDa monomers in dimers and tetramers, more rarely in hexamers or
octamers [31]. Depending on their structural organization, plant lectins usually exhibit
a high degree of resistance to the degradation by trypsin-like proteases together with a
pronounced capacity to trigger the synthesis of specific anti-lectin IgG. In this respect,
IgG-binding epitopes have been identified on the molecular surface of Man-specific two-
chain lectins from the Vicieae tribe [122,123], and monoclonal antibodies that specifically
recognize lentil and Lathyrus ochrus lectins, were easily prepared [124,125]. Even Man-
specific dietary lectins, such as BanLec from banana and ASA from garlic, have been
reported to induce an immune response since specific anti-lectin IgG have been identified
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in the serum of banana and garlic consumers [126,127]. Through a specific interaction with
the plant lectins associated to the enveloped viruses, these IgG could eventually neutralize
the effects of lectins in the host cells. The Man-specific algal griffithsin and cyanobacterial
lectins, such as cyanovirin-N and scytovirin, could overcome this challenge because of the
small size of their composing monomers [128,129]. In addition to griffithsin, grifonin-1
(GRFN-1), an even smaller peptide of eighteen amino acids derived from griffithsin, has
proven its efficacy as a blocking agent against HIV [130].

Initially recognized as potent mitogenic proteins [131–133], plant lectins have been
known for a long time as non-specific immune-modulatory proteins that are susceptible to
interaction with various cell surface glycoproteins/glycolipids and for interfering with var-
ious signaling pathways triggering cytotopathologic effects on the targeted cells. Although
most plant lectins with antiviral activity activate different sets of T lymphocytes and, more
scarcely, B lymphocytes, they also activate both the apoptotic and necrotic pathways in
many other types of healthy and cancer cells [134–143]. The cellular activation mediated
by plant lectins on healthy and transformed cells elicits the release of various chemokines
and/or cytokines that are, in turn, susceptible to interfere with the cytokine stimulation
associated with the viral infection, e.g., HIV infection [59]. However, plant lectins readily
differ from each other by their capacity to elicit a cytokine production, some of them, such
as PHA, Con A, and cyanovirin-N, being more active to induce the synthesis and release of
activation markers [144,145], while Man-specific GNA-like lectins, such as GNA and HHA,
were virtually incapable of triggering a relevant cytokine production [145,146]. Recently,
a single-point mutation performed on an engineered banana lectin, BanLec, and an engi-
neered Malaysian banana lectin, Malay BanLec, allowed to produce an active Man-binding
lectin significantly devoid of mitogenic/cytotoxic activity [46,47]. If applicable for other
Man-specific lectins, this point mutation approach would be an elegant way to attenuate or
suppress the unwanted mitogenic/cytotoxic effects of lectins on target cells.

In spite of these limitations hampering the use of plant lectins as CBAs for combat-
ing pathogenic enveloped viruses, some ex vivo applications of plant lectins have been
successfully developed. An important decrease in the plasma load with Ebola virus was
achieved by extracorporeal affinity plasmapheresis of the contaminated blood through
a GNA-immobilized matrix [147]. Recently, ex-vivo plasmapheresis on a Man-specific
lectin-immobilized column of blood spoiled by the MERS-CoV and the Marburg viruses
has proven its efficacity to purge the blood samples from virus particles [148]. Although
essentially theoretical, the risk of a possible transfusion transmission of SARS-CoV-2 with
spoiled blood samples should be avoided by a simple lectin plasmapheresis step of the
suspected blood samples [149,150]. Another ex vivo application of plant lectins has been
proposed on the web (Pittsburgh University, 2020) in the form of a nasal spray of griffithsin
that could be used to prevent the infection by SARS-CoV-2 and other pathogenic enveloped
viruses, e.g., in immune-compromised people. A lectin spray could also be used to detect
the enveloped viruses on various domestic surfaces, such as doorknobs, handrails, com-
puters, and cooking tools, under UV illumination after labeling with specific anti-lectin
antibodies coupled to a fluorochrome.

7. Bioinformatics

Atomic coordinates of fusion proteins, B glycoproteins, and E glycoproteins were
taken from the Protein Data Bank (PDB): 7JPH (EBOV) [5], 6Y5G (IV) [6], 5CXF (HCMV) [7],
2GUM (HSV) [8], 4TVP (HIV) [9], 5VK2 (LASV) [10], 5W9H (MERS-CoV) [11], 6ACD
(SARS-CoV) [12], 6VXX (SARS-CoV-2) [13], 3N40 (CHIV) [14], 1UZG (DENV) [15], and
7BUB (ZIV) [16].

The molecular surface of the lectins and envelope glycoproteins from pathogenic
enveloped viruses were calculated and displayed with Chimera [151] and Chimera-X [152].
Assuming that putative N-glycosylation sites, NXT/S, of envelope glycoproteins are ac-
tually glycosylated, a classic N-glycan chain corresponding to the trimannoside core
Man3GlcNAc2, was modeled using the GlyProt server (http://www.glycosciences.de/
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modeling/glyprot/php/main.php) (accessed on 22 December 2021) [153] and represented
in CPK on the molecular surface of the envelope glycoproteins.

The illustrations of the high-mannose N-glycans, complex N-glycans, hybrid N-
glycans, and O-glycans were built and represented with the DrawGlycan SNFG package for
Mac [154]. Colored symbols were used to represent Fuc (red triangle), Gal (yellow circle),
Glc (blue circle), GalNAc (yellow square), GlcNAc (blue square), Man (green circle), and
sialic acid/Neu5Ac (purple diamond).

8. Discussion

The glycan shield covering pathogenic enveloped viruses plays a role not only in the
protection of viruses but also in various important mechanisms insuring the entry and repli-
cation of viruses in the host cells [30]. Thus, the recognition of the glycan shield by plant
lectins provides a way to fight viral infection and, especially, the SARS-CoV-2 infection, by
competing with the spike-mediated attachment of viral particles to the host cell virus recep-
tors. However, due to the extreme diversity of N-glycan types covering enveloped viruses,
especially beta-coronaviruses [15], plant lectins with different carbohydrate-binding speci-
ficities should be tested for this purpose. From experiments performed under in vitro and
in vivo conditions, it follows that plant, algal, and cyanobacterial lectins with different
carbohydrate-binding specificities represent well-adapted CBAs for blocking the entry of
pathogenic enveloped viruses into the host cells. In this respect, Man-specific lectins of
the Vicieae tribe, which specifically recognize the α1,6-fucosylated Man3GlcNAc2 core
of N-glycans of the complex- and hybrid-type, are particularly relevant as glycan probes
for the beta-coronaviruses MERS-CoV, SARS-CoV, and SARS-CoV-2 [51,106]. However,
Man-specific lectins are not considered as replication blockers for coronaviruses, since they
do not interfere with the coronavirus replication within the cell.

Despite the accumulating evidences that plant lectins and, especially, Man-specific
plant lectins, could be used as tools for preventing infection by pathogenic enveloped virus,
in particular SARS-CoV-2 responsible for the COVID-19 pandemic, some unwanted charac-
teristics of plant lectins make these molecules difficult to use for a therapeutic purpose. Due
to the fact of their high molecular size, which favors the synthesis of anti-lectin antibodies,
and their mitogenic/cytotoxic properties, which interfere with the cytokine response of
infected individuals, their use is limited to external treatments. However, the promising
results obtained with a single-mutated engineered banana lectin, BanLec, which retains
its carbohydrate-binding ability but loses its mitogenic property [46,47], could pave the
way for the forthcoming production of innocuous mutated plant lectins available for a
therapeutic use.

In addition to lectins, other small molecules could be used as blockers for the SARS-
CoV-2/ACE2 interaction. Recently, some small molecular drugs, including dyes, glycosides,
tannins, and immunosuppressors, were characterized as either spike or ACE2 binders
susceptible to blocking the attachment of the SARS-CoV-2 spikes to ACE2 by interfering
with the ligand and/or the receptor surface [155]. Depending on the N-glycan types that
are linked to the receptor DPP4 for MERS-CoV and SARS-CoV viruses [156] and ACE2 for
SARS-CoV-2 virus [157], plant lectins with Man-binding activity could interfere with the
capture of the beta-coronavirus spikes by their corresponding host cell receptors. This dual
activity of plant lectins towards the glycans of spikes and their receptors is of paramount
importance for reinforcing the antiviral properties of plant lectins against pathogenic
beta-coronaviruses.
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Abstract: Plants and insect herbivores are in a relentless battle to outwit each other. Plants have
evolved various strategies to detect herbivores and mount an effective defense system against
them. These defenses include physical and structural barriers such as spines, trichomes, cuticle,
or chemical compounds, including secondary metabolites such as phenolics and terpenes. Plants
perceive herbivory by both mechanical and chemical means. Mechanical sensing can occur through
the perception of insect biting, piercing, or chewing, while chemical signaling occurs through the
perception of various herbivore-derived compounds such as oral secretions (OS) or regurgitant, insect
excreta (frass), or oviposition fluids. Interestingly, ion channels or transporters are the first responders
for the perception of these mechanical and chemical cues. These transmembrane pore proteins can
play an important role in plant defense through the induction of early signaling components such
as plasma transmembrane potential (Vm) fluctuation, intracellular calcium (Ca2+), and reactive
oxygen species (ROS) generation, followed by defense gene expression, and, ultimately, plant defense
responses. In recent years, studies on early plant defense signaling in response to herbivory have
been gaining momentum with the application of genetically encoded GFP-based sensors for real-
time monitoring of early signaling events and genetic tools to manipulate ion channels involved
in plant-herbivore interactions. In this review, we provide an update on recent developments and
advances on early signaling events in plant-herbivore interactions, with an emphasis on the role of
ion channels in early plant defense signaling.

Keywords: reactive oxygen species; herbivory; membrane potential; ion channel

1. Introduction

Plants regularly encounter a wide range of abiotic and biotic stresses in nature. Abiotic
stress includes drought, salinity, extreme temperatures, radiation, floods, and heavy metals,
whereas biotic stressors include insect, animal herbivores, and microbial pathogens. Plant
and insect-herbivore interactions are among the most significant species interactions found
in nature [1,2], and it is estimated that, annually, herbivory causes a 20% loss in the total
productivity of agricultural crops [3]. However, plants are not totally defenseless against
herbivory and are able to perceive and respond to this onslaught. They can perceive the
insect attack through both mechanical and chemical cues. Mechanical signals are elicited
through the damage caused by herbivores by piercing, chewing, or biting of plant tissues,
and chemical signals are relayed via herbivore-associated elicitors (HAEs) such as oral
secretions (OS) or regurgitant, insect excreta (frass), or oviposition fluids, to name a few [4,5].
Plants not only actively respond to herbivory, but also initiate a series of biochemical
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responses following the perception of herbivory. These biochemical cascades are initiated
through ion channels that control the changes in the plasma membrane potential (Vm),
generation of reactive oxygen species (ROS), cytosolic calcium fluxes, and ultimately induce
plant defense genes to mount a multi-layered defense response that can act at both local
and systemic levels [4,6–10]. In recent years, there have been several reviews on plant-
herbivore interactions [4,5,7,11–26]. Here we complement these existing reviews with
current research and recent discoveries on plant-herbivore interactions, focusing on early
plant defense signaling, with a particular emphasis on ion channels involved in early plant
defense signaling.

2. Long-Distance Communication in Plant Defense

During herbivory, the damaged areas of the plant need to inform the rest of the plant
to keep them ready for the imminent herbivory threat. Therefore, plants need to alert their
unaffected parts by sending long-distance signals from the site of damage to various parts
of the plant to appraise the threat. Plants respond to diverse stimuli by communicating
amongst cells from distinct tissues or organs, a process called systemic signaling [27].
Studies have revealed the existence of complex regulatory mechanisms that allow the
plant to activate resistance in systemic tissues, commonly referred to as systemic acquired
resistance (SAR) [28]. SAR is characterized by a more potent and faster response to future
encounters with microbes, insects, or abiotic stress.

Considerable progress has been made in understanding this intricate relationship be-
tween plants and herbivores with a plethora of field and lab studies. These include studies
that have dissected pairwise interactions between a specific herbivore and its host; inter-
actions at species, genus, and community levels with multiple hosts and herbivores; and
studies examining plant defense signaling networks through molecular genetics genomics,
to name a few [29,30]. However, our knowledge of how plants perceive these cues and how
that leads to specific and tightly regulated defense responses is still in its infancy. It has
been proposed that following the insect attack, the foremost event is the recognition of the
cue and its perception by specific membrane receptors and the transduction of these signals
into the plant cell. These cues are termed as “early defense signaling molecules” such as the
depolarization of plasma membrane along with the generation of secondary messengers
such as cytosolic Ca2+ [31], reactive oxygen species (ROS), and reactive nitrogen species
(RNS) [32–35] that contribute to plant defense signal transduction events.

Long-distance communication in plants has been linked with ion channels or mem-
brane transporters. These are transmembrane pore proteins involved in the movement of
ions across the cell membrane. In recent years, with electrophysiological tools, the research
on ion channels in plants has been gaining momentum. Studies have reported that ion
channels facilitate long-distance communication via Vm, Ca2+, and ROS (Figure 1). Ion
channels have been shown to mediate systemic signaling by modulating the influx of
ions into different plant tissues [36]. They sense signals from the functional cells at the
site of herbivory to activate other cells, which in turn relay this signal to induce defense
responses. For example, a recent study [37] identified glutamate receptor-like channels
(GLRs) in Arabidopsis thaliana that are related to mammalian ionotropic glutamate recep-
tors, play a role in Ca2+ signaling during herbivory, nutrient transport, root gravitropism,
and plant defense [38,39]. However, in mammals, these channels are involved in neuro-
transmission, and their openings are stimulated by glutamate binding to the postsynaptic
neuron, resulting in Ca2+ and other cations influx. The signal is transmitted because of
voltage changes caused by ion flux [40]. Remarkably, these GLRs are also responsible for
long-distance Ca2+ transmission in plants in response to herbivory or mechanical injury,
efficiently communicating herbivore attacks to surrounding cells.
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Figure 1. Initiation of early defense signaling mechanisms in response to insect herbivore attack.
Schematic diagram showing herbivore M. sexta feeding induced signaling events, which include
the perception of HAEs such as OS, frass, and oviposition by specialized receptors on the outer
plasma membrane, which trigger modulation of Vm via H+-ATPase and Ca2+ ion influx into the
cell via Ca2+ channels, GLR3.3/3.6 and/or CNGC19. The increase in cytosolic Ca2+ may trigger the
further release of vacuolar Ca2+ via the TPC1 channel. The subsequent release of Ca2+ may activate
nicotinamide adenine dinucleotide phosphate (NADPH oxidase) and respiratory burst oxidase
homologues (RBOHDs), leading to ROS generation, and induction of plant defense responses.
Illustration by Annette Diaz.

There has been considerable research on identifying the factors that are involved in
long-distance signaling. Plants can appraise their unaffected parts by extensive network
of intracellular regulators, Vm, Ca2+, and ROS [18,41]. The transmission rate of all these
waves ranges from ~100 to >1000 μm/sec [41,42]. The process starts with the propagation
of long-distance electrical signals as a result of variation in membrane potential due to
potassium (K+) and Ca2+ flux. Variation in Vm is critical for plant wounding responses [43].
Finally, Ca2+ and ROS, versatile secondary messenger, were generated that plants use to
sense and transform environmental stimuli into an adaptive intracellular response [44].
Insect feeding and OS can lead to changes to the cytosolic Ca2+ concentration, and these
spatiotemporal variations have been shown to yield Ca2+ signatures [45–48]. On the
other hand, ROS are extremely reactive and hazardous chemicals formed from oxygen.
Among them are O2, H2O2, and OH−. ROS which has been demonstrated to act as a
self-propagating long-distance and fast wound signal [49]. Throughout this review, we
will focus on the role of ion channels, Vm, Ca2+, and ROS in plant response to herbivory
and provide an overview of what is currently known about the role of ion channels in
plant-herbivore interactions.

3. Membrane Potential (Vm)

The Vm is an electrical potential of the cell membrane that is maintained via the
balance of ion fluxes across the plasma membrane. Vm indicates whether a cell is excited
or not. It is responsible for generating action potentials in tissues, muscles, and nerves in
animals and plays a crucial role in diverse biological functions such as biological sensing,
hearing, cell cycle, proliferation, contractility, and circadian rhythm, to name a few [50].
Unlike animals, plants use Vm to regulate plant cellular functions such as maintaining
turgor pressure, osmotic balance, and stomatal closure. There is no net flux of ions through
the membrane when in equilibrium, called the resting membrane potential. Changes
in the resting membrane potential will occur due to an unbalanced movement of ions,
thus leading to Vm being more positive (depolarization) or more negative (hyperpolar-
ization). In general, plants maintain a negative resting membrane potential in the order
of −110 to −150 mV [51,52]. It has been reported that the signal transduction mechanism
of plants to respond to minor changes in Vm leads to plant defense responses. The way
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plants sense insect cues and initiate defense responses has been a point of interest for
many years. One hypothesis that has evolved by studying cellular responses following
herbivory suggests that the first event following herbivory generates the fluctuation in
Vm [53]. Maffei et al. [43] has also demonstrated that both mechanical wounding and
OS of cotton leafworm (Spodoptera littoralis) alter Vm in lima bean (Phaseolus lunatus L.)
at increasing distances of 5, 30, and 60 mm from the bite zone. Vm depolarization was
observed within the first 15 min of feeding by S. littoralis in the palisade cells. The effect
of S. littoralis regurgitant and its components were also tested on Vm in P. lunatus leaf and
the results showed that Vm alterations were independent of regurgitate concentration. In
addition, they also examined changes in Vm in response to the application of various H2O2
concentrations to mechanically damaged and herbivore-wounded P. lunatus leaves. H2O2
treatment induced a robust Vm that was significantly greater in herbivory-wounded plants
than in mechanically injured leaves [54].

Bricchi et al. [55] studied Vm alterations in wild-type and plasmodesmata mutated
A. thaliana pdko3 lines; plasmodesmata are channels within the plant cell that allow chemi-
cals to pass through, establishing a pathway for cell-to-cell communication. A strong Vm
depolarization occurred in wild-type A. thaliana plants within 7 to 8 min after herbivory, but
the pdko3 mutant did not exhibit Vm depolarization in response to herbivory or application
of OS from S. littoralis. However, Ca2+ elevation was observed in both wild types as well as
in pdko3 mutant. This observation ruled out the possibility of Ca2+ channels being involved
in Vm depolarization. To dissect the dependence of Vm depolarization on potassium (K+)
channels, the K+ channel activity was measured using fluorescent indicator FluxORTM.
A significant increase in K+ channel activity was observed in wild-type plants, whereas
a complete loss of K+ channel activity was observed in pdko3 plants. This finding also
suggests that K+ channels are involved in Vm depolarization and supports the hypothesis
that plant cells respond to OS by a Vm-mediated signal transduction pathway.

The fluctuation in Vm has been known to be induced by the binding of specific
components from herbivore OS with the receptors present at the plasma membrane [56].
These components can alter ion channel activities, causing an imbalance in ion movement,
which influences the membrane potential of the plasma membrane [43]. A study by
Mohanta et al. [57] showed that Kew tree (Ginkgo biloba), a living fossil plant, responds
to S. littoralis herbivory by inducing Vm depolarization, which was evident up to 6 h.
Another study using A. thaliana also showed that the extent of Vm depolarization was the
same for S. littoralis, green peach aphid (Myzus persicae), and the plant pathogenic bacteria
Pseudomonas syringe, but the timing of the occurrence of Vm depolarization was different
for each of these biotrophs. Moreover, the magnitude of early defense response depends
upon the amount of tissue damage by the biotroph. Vm depolarization was rapid upon
the attack of chewing herbivore, S. littoralis (30 min to 2 h), as it caused substantial tissue
loss, since it consumed large amounts of leaf tissue. On the other hand, less damage was
observed by a phloem feeder, M. persicae (4 to 6 h), that delayed the plant defense response
since phloem feeders with sucking mouthparts feed on vascular tissues without visible
tissue damage as observed with chewing herbivores [58]. It is apparent that Ca2+ and ROS
generation are directly tied to Vm when herbivores interact with plants, and Vm is essential
for plant defense responses.

4. Calcium (Ca2+)

Ca2+ is a ubiquitous signaling molecule in plants. It functions as a secondary mes-
senger in cellular pathways that regulate plant growth and development, cell polarity,
cytoskeleton organization, ion transport across membranes, stomatal regulation, root
growth, fertilization, nutrient signaling, and plant immunity [59]. Consequently, each
of these processes has its own “Ca2+ signature,” linked with distinct fluctuations in Ca2+

concentration in the cytosol and sometimes in a particular intracellular compartment.
Therefore, Ca2+ fluxes, especially oscillations between calcium stores and the cytosol, are
important for cell signaling [60–62].
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In plants, the cytosolic Ca2+ concentration is maintained at or below 100 nM; however,
the majority of Ca2+ is stored in the apoplast, vacuole, endoplasmic reticulum (ER), and
Golgi apparatus. The apoplast serves as the first Ca2+ reservoir of a cell that can store 0.33
mM free resting Ca2+ and the first area that responds to stimuli, while the vacuole serves
as the largest Ca2+ pool of a cell that can store up to 0.2–5 mM free resting Ca2+ [60,63].

The Ca2+ signature plays an important role in long-distance signal transduction during
herbivore attack through which HAEs such as OS, oviposition, and frass is sensed by the
cell membrane, and then, a Ca2+ is rapidly propagated in the cytosol and travels throughout
the plant to induce defense responses. The shaping of this “Ca2+ signature” during plant-
herbivore interactions is achieved through the amplification and integration of Ca2+ signals.
The amplification step is mediated via specific ion channels or transporter proteins and
enhances Ca2+ fluxes at sites of herbivore attack, whereas the integration step is mediated
via Ca2+ sensor proteins, which allow efficient transmission of Ca2+ signals from one cell
to another in a tissue or organ. Herbivory induces Ca2+ entry from the apoplast to the
cytosol via plasma membrane Ca2+ channels which stimulates Ca2+ signals in the cytosol
leading to the amplification of Ca2+ signals. The localized Ca2+ signals from the cytosol
are distributed throughout the whole plant. In this way, amplification, and integration of
Ca2+ signals constitute two important ways by which “Ca2+ signature” contributes as a
signaling molecule during plant-herbivore interactions [64].

The amplification of intracellular Ca2+ signal requires selective Ca2+ sensor proteins
that respond to changes in cytosolic Ca2+ levels and encipher the frequency, amplitude,
and signal localization of Ca2+ signatures. It is estimated that A. thaliana contains around
250 Ca2+ sensor proteins [65]. These can be classified into three main categories: (1) the
calcineurin B-like proteins (CBLs) [66]; (2) the calmodulin (CaM), and calmodulin-like
proteins (CMLs) [67]; and (3) the Ca2+ dependent protein kinases (CPKs) and the Ca2+ and
calmodulin-dependent protein kinase (CCPK) [68]. All of these sensors contain EF-hand
motifs, which enable Ca2+ binding and cause conformational changes in their structure [69].

CaM functions as a sensor relay protein since it lacks an enzymatic function. The
Arabidopsis genome has seven calmodulin genes encoding four different isoforms (CaM1/4;
CaM2/3/5; CaM6; and CaM7) [70]. CaM/CaM-like proteins (CML) regulate a variety of
transcription factors, protein kinases, phosphatases, metabolic enzymes, ion pumps, and
ion exchangers [71]. A. thaliana signal responsive (AtSR1) proteins [67], also known as
CaM-binding transcription activators (AtCAMTAs) [72], have been shown to participate in
wound-mediated defense responses. Atsr1 mutants of A. thaliana were sensitive to attack by
dark winged fungus gnats (Bradysia impatiens), suggesting the role of CaM as an important
sensor in the early stages of the insect-plant attack [73]. Along with CaM, the plant has
CML that undergo secondary structural changes in response to Ca2+ binding and act as
Ca2+ relays/sensors [74]. CML and CAM share a 16% amino acid sequence similarity and
include two to six EF-hand motif [70]. CML42 gene expression was shown to be increased
in A. thaliana upon S. littoralis OS treatment, implying a function in early defense plant
signaling [75]. CPKs have been classified as sensor responders because they combine a Ca2+

binding domain and a serine/threonine kinase domain into a single protein that performs
the fundamental function of converting Ca2+ signals to phosphorylation events [76,77].
A. thaliana contains 34 CPK family genes that play a role in plant defense responses. CPK 3
and CPK 13 both participate in signaling after Ca2+ influx upon S. littoralis attack through
regulation of plant defensin gene (PDF1.2) by phosphorylation of the transcription factor,
HsfB2a [78]. The cpk3 and cpk13 mutants had much lower transcript levels of the plant
defensin gene PDF1.2 in comparison to wild-type plants.

Tools Used to Monitor Ca2+ Signaling in Plant-Herbivore Interactions

In recent years, the research on Ca2+ signaling has gained momentum with the advance
in Ca2+ imaging techniques. Therefore, it is important to discuss different plant Ca2+

imaging methods, which are widely used in the context of plant-herbivore interactions
to observe and record cytosolic Ca2+ concentration in herbivore-infested plants. These
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techniques include the use of Ca2+ sensing fluorescent dyes and genetically encoded Ca2+

indicators. Various fluorescent Ca2+ sensing dyes, such as Fluo-3, Calcium Orange, etc.,
have been used to investigate the dynamics of cytosolic Ca2+ signals in plant- herbivore
interaction [33,43,55,57,58,79–81]. For example, the Ca2+ indicator Ca2+ orange was utilized
to identify changes in cytosolic Ca2+ concentrations in P. lunatus following S. littoralis
herbivory. The changes in Ca2+ concentration were compared in response to a single
wounding (MD) event, continual mechanical damage caused by a robotic worm (MecWorm,
MW), and herbivory. After 30 min, a considerable increase in Ca2+ fluorescence was
observed due to herbivory in the wounding zone, which persisted for 4 h, but in MD
and MW plants, just a faint fluorescence was noticed [33]. Even though these dye-based
markers have been demonstrated to be quite effective, these Ca2+ sensing dyes have some
limitations, including toxicity, fragility, low fluorescence signals, and they cannot be imaged
in living plants without permeabilization. To overcome these limitations, researchers have
initiated research on the use of genetically encoded Ca2+ indicators. The most widely
used Ca2+ imaging method includes genetically encoded Ca2+ indicators, such as GCaMP,
Yellow Cameleon (YC) Ca2+-sensors. The Ca2+ sensors were developed from GFP by
combining them with calmodulin. These Ca2+ sensors can be expressed in the whole
plant and are functional throughout the entire plant. Therefore, it can be used to monitor
cytosolic Ca2+ in plants subjected to various herbivore attack conditions [37,42,82–84].
For example, Toyota et al. [37] showed that the P. rapae caterpillars induced cytosolic
Ca2+ responses in the leaves of A. thaliana can be monitored with GCaMP3. This study
reported that the increases in cytosolic Ca2+ concentration were associated with ion influx
through plasma membrane Ca2+ channels such as GLR3.3/GLR3.6. Another example is
Verrillo et al. [83], who showed that Ca2+ induction could be monitored with YC3.60, a
YC-based Ca2+ sensor, following application of S. littoralis OS on mechanically damaged
A. thaliana leaves. By using these tools, it is now possible to study the dynamics of Ca2+

signaling in plant-herbivore interactions at single-leaf, whole-plant, and whole-plant-insect
herbivore attack conditions.

Intracellular Ca2+ level is controlled by the influx of Ca2+ ions from extracellular
through apoplastic and vacuolar membranes. Therefore, plant ion channels play an
important role in regulating plant development and the perception of many stimuli,
including herbivory.

5. Plant Ion Channels

Ion channels are macromolecular pores in the membrane that regulate the influx and
efflux of ions across the membrane at a rate of 106 ions per second. Ion channels can control
ion fluxes in their target compartment and, thus, modify cellular homeostasis, and are
vital in osmoregulation, development, signaling, mobility, and uptake of nutrients by the
root and long-distance communication [85,86]. The first plant ion channel discovered,
in 1984, is a K+ channel, Stelar K+ outward rectifier (SKOR) [87]. The last two to three
decades have seen a dramatic increase in the number of ion channel subfamilies and their
diverse functions. A large proportion of plant ion channel families have an analogous
expression in animals. Ion channels are arranged into large families and are generally
classified as cation, anion, or ligand-gated channels. Cation channels include voltage-
gated K+ channels such as the shaker family (AKT1, AKT2, AKT6, KAT1, KAT2, KAT3,
GORK, and SKOR; K+ transport), tandem pore, and two-pore K+ channels (TPK1, TPK4;
K+ transport and TPC1; Ca2+ and other cation transport), are responsible for permeation of
K+ ion across the plasma membrane and tonoplast membrane. Anion channels include
slowly activating anion channels (SLAC1, SLAH1, SLAH2, SLAH3; Cl−/NO3

− transport),
aluminum-activated malate transporters (ALMT1, ALMT6, ALMT9, ALMT12; Malate,
Cl− transport), chloride channels/transporters (CLCc, CLCg, CLCe; Cl− transport), and
detoxification efflux carrier (DTX33, DTX35; Cl− transport). Ligand-gated channels include
cyclic nucleotide-gated channel (CNGC2, CNGC4, CNGC5, CNGC14, CNGC15, CNGC18,
CNGC19, CNGC20; Ca2+/Ba2+ transport) and glutamate receptor-like channels (GLR3.1,
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GLR3.3, GLR3.4, GLR3.5, GLR3.6; Ca2+ and other cations transport) [88] (Figure 2). These
channels are responsible for setting up membrane potential, signal transduction, water,
and solute transport [89], stomatal opening and closure [90,91], pollination [92], salt tol-
erance [93], and plant defense [94], to name a few. However, four distinct families of
Ca2+-transporting ion channels have been shown to play a role in plant-herbivore interac-
tions, including cyclic nucleotide-gated channels (CNGC19) [95,96], glutamate receptor-like
channels (GLR3.3, GLR3.6) [37,42,97], two-pore channel 1 (TPC1) [59,84,98], and annexins
(ANNEXIN 1) [99,100].

Figure 2. Phylogeny of plant ion channels. Representation of the phylogenetic tree of plant ion
channels listed in Pantoja, 2020 [88], based on the analysis of protein homologs extracted from
Uniprot.org. Progressive alignment and BLOSUM30 scoring method were used for multiple sequence
alignment. The distance between the aligned sequences was calculated using Jukes-Cantor method.
The phylogenetic tree was created by using the distance matrix. Unweighted pair group method
average (UPGMA) was used to calculate group distance in the tree. Different colors represent
different families of ion channels.

5.1. Cyclic Nucleotide Gated Channels (CNGC)

The cyclic nucleotide-gated channels (CNGCs) are ligand-gated Ca2+ channels, first
discovered in retinal photoreceptors and olfactory neurons [101]. They play a role in signal
transduction in animals and are also present in other non-neuronal tissues [102]. These ion
transport proteins have also been identified in plants [74,103,104] and have been known to
be involved in a variety of biological processes, ranging from plant development and stress
tolerance, disease resistance [105,106], thermal tolerance [107], and salt stress [108]. These
channels are typically localized at the plasma membrane and in the model plant A. thaliana,
which consists of 20 family members [109].

193



Cells 2021, 10, 2219

CNGC channel is composed of four subunits, and each of these subunits consists
of six membrane-spanning regions and a pore domain [110]. There is a cyclic-nucleotide
binding (CNB) and a calmodulin-binding domain (CaMB) present at the C-termini of
the channel (Figure 3) [111]. In contrast, the animal system has a CaMB domain at the
N-termini [112,113]. The plant and the animal CNGC differ in their pore amino acid
sequence as well as the selectivity for various cations [105,114]. The amino acids that
form the CaM binding domain overlap with the polypeptide region that includes the
CNBD [115]. This overlapping affects the channel activation as the binding of CaM at the
C termini hinders cyclic nucleotide-binding, suggesting variability in plant and animal
CNGC channel regulation [116,117]. These channels are activated by the binding of cyclic
nucleotides such as cAMP (cyclic adenosine monophosphate) and cGMP (cyclic guanosine
monophosphate) [118–120], and inhibited by calmodulin binding [121]. These channels
also show similarity with shaker-like K+ channels [105]. Patch-clamp recordings on plant
cell protoplasts membrane directly show that CNGC activation can be achieved by the
application of hyperpolarizing potentials (more negative than −120 MV), which allow Ca2+

entry into the cell [111,121].

Figure 3. Putative structure of CNGC19 channel. (Top) Schematic cartoon representation of CNGC19
channel subunit showing six membrane-spanning regions (S1–S6) and a large pore domain (S5–S6).
Functionally relevant sites in the C-terminus consist of a CNB, cyclic nucleotide-binding domain
which can bind cAMP/cGMP, and a CaMBD, calmodulin-binding domain which can bind calmodulin.
The functional channel is formed by four subunits. (Bottom) The structure of CNGC19 has not been
solved to date but is likely to show similarities with the animal CNG family of channels. Therefore,
the structure shown in the figure is an approximation based on homology to other channels. The
predicted CNGC19 secondary 3D structure model, showing four subunits in transparent surface
view, was developed from the closest homolog PDB structure, 5VA1 (human ether-a-go-go related K+

channel) using PHYRE 2.0 program. The image was prepared using Chimera software [122]. Created
with BioRender.com (accessed on 30 August 2021).
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It has been demonstrated that CNGC channels are important in modulating biotic
stress responses such as Ca2+ influx in plant responses mediated by insect herbivore
feeding [95]. A recent study by Meena et al. [96] has shown that the A. thaliana CNGC19
is responsible for generating and transmitting Ca2+ signals in local and systemic leaves
mediated by the herbivore S. litura. A loss-of-function CNGC19 mutant in which the
Ca2+ signals were attenuated was found to be more susceptible to attack by S. litura. In
addition, jasmonic acid, a key signaling molecule in plant defense, was also observed in
lower amounts in the CNGC19 mutant. These results suggest that CNGCs are involved in
modulating plant resistance to insect herbivores, thus playing a role in the modulation of
plant-herbivore interactions.

5.2. Glutamate Receptor-Like Channels

Glutamate receptor-like (GLR) is a non-selective ion channel responsible for perme-
ating Ca2+ ions across the plasma membrane of animals and plants. Plant glutamate
receptor-like (GLR) channels are ionotropic glutamate receptor homologs in mammals
(iGluRs). The iGluRs have been extensively studied for their central nervous system
and have been known to play a vital role in synaptic transmission, learning, and mem-
ory [123,124]. It is intriguing that GLRs also exist in plants despite the absence of the
central nervous system [125]. In plants, GLRs play a crucial role in carbon and nitrogen
metabolism [126], gravitropism [127], pollen tube growth [128,129], immune defense reac-
tions [38,130–133], and wound-induced intracellular signaling [97]. Arabidopsis consists of
20 GLR genes; each subunit hosts a N-terminal domain, two extracellular ligand-binding
sites (L1, L2), and transmembrane domains (S1–S4), including a pore region (P) and the
C-terminal domain [134] (Figure 4). In mammals, iGluRs are divided into three groups
according to their sequence diversity and ligand specificities [124]. These include N-methyl-
D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
and Kainate receptors. Plant GluRs share a high degree of similarity with the NMDA
receptors that range from 16 to 63% in the ligand-binding domains and the transmembrane
domains [135]. These channels are not only present at the plasma membrane but can also
be found in chloroplasts, mitochondria [136], and vacuolar membranes [129]. Unlike their
mammalian counterparts, the plant GLRs have much broader ligand selectivity. The major
difference in plant and animal iGLR is the pore region. These non-selective cation channels
are activated by amino acid glutamate, which acts as a metabolite, energy source, and
neurotransmitter in animals [137,138].

Electrophysiological studies have shown the involvement of GLRs in inducing a
Ca2+ influx in plants that leads to the modulation of plant defense signaling to insect
herbivores [139,140]. A study by Vasta et al. [140] showed that the application of GLR
agonists such as glutamate induced a strong and rapid cytosolic Ca2+ increase in tobacco
(Nicotiana tabacum) var xanthi while the application of lanthanum and Ca2+ chelator, BAPTA,
inhibited glutamate-induced Ca2+ increase. This observation suggests that the plant GLR
has a role in the modulation of Ca2+ influx that ensures plant defense responses against
insect herbivores.

GLR3.3 has been implicated in the transmission of signals in the form of Ca2+ waves
from wounded to unwounded sections of the plant. When S. littoralis larvae were allowed
to feed on A. thaliana wild-type plants, wound-induced surface potential alterations were
detected. However, wounding reduced the surface potential alterations in the four GLR
mutants GLR3.1, GLR3.2, GLR3.3, and GLR 3.6. [97]. This suggests that GLR3.3 plays an
important role in the modulation of plant defense signaling to insect herbivores. Recently,
Toyota et al. [37] showed that GLRs are activated by wounding and upon herbivory
by cabbage butterfly (Pieris rapae) caterpillars in A. thaliana leaf expressing genetically
encoded Ca2+ sensor GCaMP3. The cytosolic Ca2+ elevation and subsequent defense
gene expression were observed after the application of glutamate and not with other
amino acids such as sorbitol. Furthermore, the Ca2+ signals were completely abolished in
the GLR3.3/GLR3.6 double mutant in A. thaliana, suggesting that GLR3.3 and GLR3.6 are
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essential for transmitting Ca2+ signals induced by wounding and herbivory. Another recent
study by Shao et al. [42] demonstrated that wounding of the main root at a distance of
2 cm from the root-shoot junction increased the Ca2+ elevation and surface wave potential
(SWP) in A. thaliana expressing calcium sensor GCaMP6. Additionally, the application of
glutamate to the wound site in the root induced an increase in Ca2+ and SWP in all leaves.
Interestingly, in the GLR3.3/GLR3.6 double mutant, this wound and glutamate-induced
rise in root to shoot Ca2+ was attenuated. This finding suggests that GLR3.3 and GLR3.6 are
involved in propagating systemic Ca2+ signaling from leaf to leaf and root to shoot. These
results provide evidence for the role of plant GLRs in the modulation of Ca2+ signaling
during plant defense responses against insect herbivores.

Figure 4. Putative structure of GLR3.3/3.6 channel. (Top) Schematic cartoon representation of
GLR3.3/3.6 channel subunit showing extracellular N-terminus, four membrane-spanning regions
(S1–S4), 2 extracellular ligand-binding sites (L1, L2), and intracellular C-terminus. (Bottom) The
structure of GLR3.3/3.6 has not been solved to date but is likely to show similarities with the
animal NMDA receptor family of channels. Therefore, the structure shown in the figure is an
approximation based on homology to other channels. The predicted GLR3.3/3.6 secondary 3D
structure model showing four subunits in transparent surface view was developed from closest
homolog PDB structure 4TLL (Xenopus laevis GluN1/GluN2B NMDA receptor), using PHYRE 2.0
program. The image was prepared using PyMol software (PyMOL Molecular Graphics System,
Version 2.4, Schrödinger, LLC, New York, NY, USA). Created with BioRender.com (accessed on
30 August 2021).

5.3. ANNEXIN1

Annexins are the phospholipid-binding proteins and are considered novel mechanosen-
sitive Ca2+ channels [141,142]. In animal cells, annexins are present in the cytoplasm and
cellular membranes [143]. They are involved in vital cellular processes such as membrane
trafficking, ion flux, mitotic signaling, and cytoskeleton rearrangement [143,144]. Eight
annexin genes have been identified in A. thaliana by genome sequencing [145]. Plant annex-
ins are structurally different from their animal homologs but have a conserved primary
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sequence. These 32–42 kDa proteins have two major domains: a N-terminal head and a
C-terminal annexin core [143] (Figure 5). The annexin core is composed of four annexin
domains (I–IV), each of which is 70 amino acids in length and contains five short helices and
a conserved endonexin fold (G-X-G-T-{38-40}-D/E). Ca2+ binding activity occurs in type II
and III binding sites of annexin proteins [141,143]. Plant annexins have a shorter N-terminal
region than their animal counterparts [146] and are crucial for actin binding, inhibition
of callose synthase, and oxidative stress responses [147–150]. The functional diversity of
annexins is due to the variable N-terminal region that interacts with other proteins.

Figure 5. Putative structure of ANNEXIN1 channel. ANNEXIN1 secondary 3D structure model
showing two subunits (homodimer) in transparent surface view was developed from PDB structure
1YCN (Arabidopsis thaliana ANNEXIN). The presence of Ca2+ or H2O2 appears to be required for
homodimerization. The image was prepared using Chimera software [122].

A recent study by Malabarba et al. [100] reported the role of ANNEXIN1 (ANN-1)
in initiating systemic defense in A. thaliana in response to Egyptian cotton leafworm
(S. littoralis) herbivory. The study found that annexin 1 was responsible for inducing
cytosolic free Ca2+ elevation upon wounding and simulated herbivory in A. thaliana. ANN-
1 knock-out and ANN-1 overexpressing lines were employed in this work to evaluate
their role in herbivory-mediated Ca2+ signaling. The result showed that in the ANN-1
deletion line, the increase in cytosolic Ca2+ upon herbivory by S. littoralis was impaired,
and the larvae gained more weight than those fed on wild-type plants. On the other hand,
weight increase was significantly lower in larvae that fed on the ANN-1 overexpressed line
compared to the wild type. Additionally, jasmonate accumulation and defense responses
were diminished in ANN-1 systemic leaves, demonstrating that ANN-1 is involved in
systemic cytosolic Ca2+-dependent jasmonate induction. This finding suggests that ANN-1
modulates plant defenses against herbivore damage through the Ca2+-dependent jasmonate
signaling pathway and is required for systemic rather than local defense activation in plants
attacked by herbivorous insects.

5.4. Two Pore Channel 1 (TPC1)

Two pore channels (TPCs) are organellar cation channels that are widely expressed in
animals and plants. In animals, they are localized in the endolysosomal membrane, while
in plants they reside in the tonoplast of plant vacuoles [151–154]. They are members of
the voltage-gated ion channel superfamily. The vacuolar TPC1 channel, also known as
the slowly activating vacuole (SV) channel, has been implicated in a variety of processes
in plants, including nutrient sensing, pH homeostasis, and modulation of the membrane
potential. The first plant TPC1 gene was cloned in A. thaliana (AtTPC1), with 733 amino
acids identical to the rat TPC1 sequence [152].

Plant and animal TPCs are similar in sequence to voltage-gated Ca2+ and Na+ channels
and feature two shaker-like units with six transmembrane domains (S1–S6), each joined
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by a cytosolic linker containing two Ca2+-binding EF-hands (EF1 and EF2). (Figure 6).
Voltage and an increase in the cytosolic Ca2+ level both influence the activity of plant TPCs.
Ca2+ binding to the cytosolic EF-hand domain induces conformational changes in the pair
of pore-lining inner helices from the first 6-TM domains, whereas membrane potential
activates the second voltage-sensing domain, which undergoes conformational changes
and facilitates pore opening [155]. The SV channel transports Ca2+ in addition to Na+ and
K+ and has a permeability ratio of 3:1 for Ca2+ to K+ [156,157]. Ca2+ release is substantially
dependent on the concentration of cytosolic free Ca2+, indicating that this channel is
involved in Ca2+-induced Ca2+ release [156,158]. The plant TPC1 has been implicated in
insect-plant interactions. A study by Kiep et al. [98] has shown that an increase in local
cytosolic Ca2+ and systemic Ca2+ response was induced in response to S. littoralis feeding
on A. thaliana. By using real-time imaging in A. thaliana expressing the Ca2+ reporter
aequorin to monitor the induction of local and systemic cytosolic Ca2+ signals, this study
showed that simulated herbivory by wounding inhibited the systemic Ca2+ signal in the
tpc1 knockout mutant. These results indicated that the TPC1 channel plays a key role in
the systemic [Ca2+] cyt signal induced by insect herbivory in A. thaliana. Another study
by Vincent et al. [84] employed A. thaliana plants expressing the GFP-based Ca2+ indicator
GCaMP3 to visualize Ca2+ accumulation in response to aphid M. persicae feeding. Within
95 s of the aphids settling, a robust fluorescence burst was seen, indicating cytosolic Ca2+

elvation. The rise in cytosolic Ca2+ was strongly dependent on Brassinosteroid Insensitive
Associated Kinase I (BAK1), the plasma membrane Ca2+ permeable ion channels glutamate
receptor-like 3.3 and 3.6 (GLR3.3 and GLR3.6), which are critical regulators of extracellular
Ca2+ import into the cytoplasm of plant cells. In addition, this study also revealed that the
increase in cytosolic Ca2+ induced TPC1 mediated vacuolar Ca2+ release in response to
aphid feeding, suggesting that the TPC1 channel operates in conjunction with the plasma
membrane Ca2+ permeable ion channels GLR3.3 and GLR3.6 in mediating cytosolic Ca2+

increase during insect herbivory [84].

Figure 6. Putative structure of TPC1 channel. (Top) Schematic cartoon representation of individual
plant TPC1 channel subunit comprising two repeated domains showing six membrane-spanning
regions (S1–S6), two pore loops (P), and joined via a cytosolic linker containing two Ca2+ binding
EF-hands (EF1 and EF2). (Bottom) TPC1 secondary 3D structure model showing two subunits in
transparent surface view was developed from PDB structure 5DQQ (Arabidopsis thaliana TPC1).
The image was prepared using Chimera software [122]. Created with BioRender.com (accessed on
30 August 2021).
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5.5. H+-ATPase

The proton-pumping ATPases (H+-ATPases) are the primary pumps responsible for
the generation of a proton gradient across cellular membranes. This electrogenic trans-
porter uses energy from ATP hydrolysis to drive the translocation of protons against their
concentration gradient from the cytosol to the external aqueous environment [159]. The
H+-ATPase is located in the plasma membrane (PM) of plant cells. It has been demon-
strated that the activation and suppression of the H+-ATPase activity in the plant plasma
membrane modulate Vm, resulting in the alteration of PM ion channels and transporters
functions [160]. The PM H+-ATPase is a single 100 kDa polypeptide and a member of the
large family of phosphorylation (P)-type ATPases. It is composed of six transmembrane
helices (M1–M6) and a cytoplasmic domain containing phosphorylation (P), nucleotide-
binding (N), and actuator (A) domains involved in ATP hydrolysis. The PM H+-ATPase
has been implicated in various physiological processes, including cell development, in-
tracellular pH regulation, food uptake, stomatal opening, salt tolerance, and cellular
expansion [161–165].

Plant PM H+-ATPase has been shown to contribute in the propagation of the intracel-
lular defense signaling cascade by modifying Vm in response to herbivore feeding [166].
A study by Camoni et al. [167] demonstrated that S. littoralis oral secretions effectively
inhibited Phaseolus lunatus PM H+-ATPase, resulting in decreased H+ extrusion from the
cytosol and modification of the Vm. This observation implied that H+ extrusion by the
plant H+-ATPase was involved in Vm regulation and might initiate a plant defensive
response to herbivory. Another recent study by Kumari et al. [168] has revealed that
Arabidopsis H+-ATPase 1 (AHA1) is involved in the formation of slow wave potentials
(SWPs), which are required for long-distance electrical transmission during herbivore-
induced plant defense. Fusicoccin, a PM H+-ATPase activator, prolonged the SWP repo-
larization phase in leaves distal to wounds. The repolarization phase was significantly
prolonged in reduced function aha1 mutants, whereas the duration of SWP repolarization
was reduced in the presence of a gain-of-function mutant ost2-2D. Additionally, S littoralis
larvae performed better on aha1-7 mutants than on wild-type plants. Overall, these ob-
servations suggest that the PM H+-ATPase is required for the regulation of the Vm and
electrical signal propagation between different parts of a plant during insect herbivory.

6. Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are highly reactive molecules generated by redox re-
actions. They are part of several biological processes, such as photorespiration, oxidative
phosphorylation, the electron transport chain (ETC), as well as a plant defense against
pathogens and herbivores. ROS is produced in the mitochondria, chloroplast, and peroxi-
somes. There are several forms of ROS like superoxide anion (O2−•−), hydrogen peroxide
(H2O2

•), hydroxyl radical (HO•), peroxynitrite (ONOO), and singlet oxygen (1O2) [169].
ROS is typically produced by the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex, which catalyzes the reduction of molecular oxygen to superoxide anion,
which is then converted to H2O2. In plants, respiratory burst oxidase homologs (RBOHs)
were found to be the key enzymes that catalyze the formation of ROS, which is a key step
in plant protection against herbivores [170–172]. The respiratory burst oxidase homolog
D (RBOHD) has been found to be essential for the propagation of ROS waves [173]. The
significance of RBOHs in organizing responses against chewing insect herbivores was
verified in N. attenuate where tobacco hornworm (Manduca sexta) OS enhanced NaRBOHD
(N. attenuata NADPH oxidase homolog) on damaged leaves. ROS accumulation was di-
minished in M. sexta OS treated NaRBOHD-silenced N. attenuata plants without affecting
OS-induced gene expression of defense-related genes [174].

The production of ROS is an inevitable by-product of metabolism in many cell types.
Previously, it was assumed that ROS are toxic molecules that cause cellular damage to
macromolecules [175]. Still, the role of ROS in plant defense has only recently emerged.
It is well established that ROS can act as early defense signaling molecules that promote
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plant defense responses against a variety of pathogens and herbivores [54,176]. ROS act
as secondary messengers that can penetrate up to 8.4 cm/min in A. thaliana [177]. Plants
use ROS to alert the non-injured tissue about a plant attack by either releasing small
quantities, which activates certain defense responses or prevent cell death by limiting
the production of ROS [178]. ROS production has also been suggested to be involved in
plant-microbe interactions as ROS can activate or repress the expression of defense-related
genes [179,180]. The role of ROS in plant resistance to herbivores has been demonstrated
in resistant and near-isogenic susceptible wheat after the attack of Russian wheat aphid
(Diuraphis noxia). A strong burst of H2O2, as well as NADPH oxidase activity, was observed
in resistant plants 3 h after infestation in comparison to susceptible plants. Treatments of
plants with diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase, suppressed the
H2O2 production. Elevation in H2O2 levels (47%) was observed by treating resistant wheat
plants with a mixture of glucose and glucose oxidase [181], suggesting that H2O2 plays a
role in the defense response against D. noxia infestation.

Studies have shown that ROS serve as early defense signaling molecules in response to
herbivore-induced wounding and secretions such as OS and oviposition. Imbiscuso et al. [182]
investigated the effect of brake fern (Pteris vittata) response to herbivory by S. littoralis.
The P. vittata plants responded to the attack of S. littoralis by activating peroxidases which
produced H2O2. The concentration of H2O2 in leaves was lower in mechanically wounded
young leaves than herbivory wounded leaves, suggesting that P. vittata can distinguish
between mechanical and herbivory wounding by modulating the amount of ROS produc-
tion. A study by Shinya et al. [183] demonstrated that the application of OS isolated from
generalist herbivore, nightfeeding rice armyworm, (Mythimna loreyi), caused a strong intra-
cellular ROS generation on rice cells, and a similar effect was obtained upon application
of synthetically prepared N-linolenoyl-L-Glu, the most abundant FAC present in OS of
M. loreyi, indicating that FAC from M. loreyi OS promoted ROS production in rice cells.

Recently, our group Gandhi et al. [184] demonstrated that M. sexta oral secretions (OS)
induced ROS generation in isolated tomato protoplasts. Interestingly, our study showed
that the application of tomato plant-fed (PF) M. sexta OS enhanced ROS generation while
artificial diet-fed (DF) OS could not induce ROS in tomato protoplasts, suggesting that
the oral secretions of M. sexta play an indispensable role in inducing ROS generation in
tomato protoplasts. Our study also showed that the M. sexta PF-OS induced ROS increase
was diminished in the presence of a Ca2+ chelator, BAPTA-AM, suggesting that there
is a link between Ca2+ and ROS signaling. Several lines of evidence have indicated the
existence of a positive feedback mechanism between ROS and Ca2+ production. In a
heterologous expression system, treatment with ionomycin, an ionophore that leads to Ca2+

influx into cells, resulting in activation of RHD2 NADPH oxidase (root hair defective 2
reduced nicotinamide adenine dinucleotide phosphate) in root tips of A. thaliana confirming
Ca2+ triggered RHD2 NADPH oxidase activity. These observations suggest that Ca2+ acts
upstream of ROS production [185].

Compelling evidence indicates that ROS production by RBOHD is dependent on the
Ca2+ binding [186,187]. RBOHD carries 2 EF-hands which are known to participate in
Ca2+ dependent modulation [188]. Abscisic acid (ABA) signaling in guard cells involves
both Ca2+ and ROS. A. thaliana mutants lacking certain NADPH oxidases (AtRBOHD and
AtRBOHF) do not close their stomata and produce ROS, Ca2+, and Ca2+ channel activation
when they are exposed to ABA. Supplementation of H2O2 to guard cells rescues the mutant
phenotype, implying that Ca2+ entry proceeds downstream of ROS generation in ABA
signaling [189,190].

In A. thaliana, the production of H2O2 was observed in leaves 72 h after oviposition by
cabbage moth (Pieris brassicae) and was recognized by the formation of a reddish-brown
precipitate. This result indicates that oviposition can trigger a localized response that
resembles the hypersensitive response induced by pathogens [191]. A recent study by Stahl
et al. [192] showed that eggs of P. brassicae induced generation of H2O2, salicylic acid and
defense gene expression in A. thaliana. This study also revealed phosphatidylcholines (PCs)
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released from eggs is the key signaling molecule that activates gene expression and triggers
various defenses in the plants.

Tools Used to Monitor ROS Signaling in Plant-Herbivore Interactions

While ROS relevance in plant-herbivore interaction is gaining momentum, the de-
tection and characterization of ROS are still a significant bottleneck in this field. The
early detection and quantification of ROS can be carried out by either utilizing geneti-
cally encoded fluorescent ROS sensors such as redox-sensitive green fluorescence protein
(Ro-GFP), or synthetic fluorescent probes, such as 3,3′-diaminobenzidine (DAB) and 2′,7′-
dichlorofluorescein diacetate (H2DCFDA). Genetically encoded ROS sensors “Ro-GFP”
can monitor the cellular redox status at a high spatiotemporal resolution [193–199]. A
recent study by Hipsch et al. [200] measured the whole plant ROS generation in response
to high light, cold, and drought by using a chloroplast-targeted redox-sensitive green
fluorescence protein 2 (RoGFP2). This finding suggests that whole-plant redox imaging
using genetically encoded ROS sensors can be applied in a wide range of abiotic and biotic
stress conditions, including plant-herbivore interaction. Despite the promising findings,
the application of genetically encoded ROS sensors in plant-herbivore interactions is still
limited due to the laborious and time-consuming method of its application. In contrast,
synthetic fluorescent probes such as DAB and H2DCFDA are easier to use and can mea-
sure ROS in real-time with high sensitivity [201]. DAB has been used in many studies
on plants as a reliable biomarker for reactive oxygen species (ROS) production [202–204].
However, in recent years, H2DCFDA has gained attention for its potential to measure
the ROS levels in real-time on whole plants and as well as plant protoplasts [184,205,206].
Fichman et al. [205] measured the effect of light stress, injury, and pathogen, P. syringae pv.
tomato DC 3000 on ROS signaling in H2DCFDA dye sprayed A. thaliana by using whole
plant-live imaging. This study suggests that the combination of live-cell imaging and the
use of H2DCFDA enables real-time monitoring of ROS in plants in response to various
stress and pathogen treatments. This study also utilized an RBOHD (rbohD) knockout,
and upon treatment with different stimuli, less ROS generation was observed. In contrast,
another cytosolic ascorbate peroxidase 1 (apx) knockout produced more local as well as
systemic ROS upon wounding or light stress treatments implying that this mutant had less
ROS quenching capacity.

7. Conclusions

Recent years have witnessed immense progress in identifying the early defense sig-
naling components in plant defense against herbivores, but studies on the molecular
identification and characterization of these components are still a work in progress. How-
ever, with the advent of state-of-the-art imaging techniques, physiological and biochemical
assays, and genomics may help us to understand the early defense signaling events by
coordinating the plasma membrane potential changes, ion channels modulation, intracel-
lular Ca2+ and ROS generation, gene expression, and, ultimately, the host plant defense
response against herbivores. Transforming plants with biosensors such as GCaMP-Ca2+

and Ro-GFP-ROS sensors can help in the early identification of the plant defense responses.
HAEs such as OS, frass, and oviposition could be used to develop strategies for early
detection of the impending herbivory. So far, only a handful of Ca2+ permeable channels
have been identified that plays a role in plant-herbivore interactions. Further studies are
needed to unravel other ion channels that may be contributing to the modulation of Vm,
Ca2+, and ROS, the downstream signaling cascade, and, more importantly, the role of these
ion channels in triggering a rapid defense response. A deeper understanding of these
early signaling events will eventually help us to minimize herbivory by developing pest
management strategies based on plant-herbivore monitoring systems. Such knowledge
can be instrumental in the design of plants with improved resistance against herbivores.
As such, in the future, it will be important to develop effective small-molecule modulators
that can inhibit or enhance the early signaling events in plant-herbivore interactions. Such
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an approach would not only facilitate research on early plant signaling events but also help
in developing novel strategies for the development of herbivore-resistant crops.
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Abstract: Salinity is a growing problem affecting soils and agriculture in many parts of the world.
The presence of salt in plant cells disrupts many basic metabolic processes, contributing to severe
negative effects on plant development and growth. This review focuses on the effects of salinity on
chloroplasts, including the structures and function of these organelles. Chloroplasts house various
important biochemical reactions, including photosynthesis, most of which are considered essential
for plant survival. Salinity can affect these reactions in a number of ways, for example, by changing
the chloroplast size, number, lamellar organization, lipid and starch accumulation, and interfering
with cross-membrane transportation. Research has shown that maintenance of the normal chloroplast
physiology is necessary for the survival of the entire plant. Many plant species have evolved different
mechanisms to withstand the harmful effects of salt-induced toxicity on their chloroplasts and
its machinery. The differences depend on the plant species and growth stage and can be quite
different between salt-sensitive (glycophyte) and salt-tolerant (halophyte) plants. Salt stress tolerance
is a complex trait, and many aspects of salt tolerance in plants are not entirely clear yet. In this
review, we discuss the different mechanisms of salt stress tolerance in plants with a special focus on
chloroplast structure and its functions, including the underlying differences between glycophytes
and halophytes.

Keywords: salinity stress; photosynthesis; chloroplast; plastid; osmolytes; osmotic adjustment

1. Introduction

Soil quality in many parts of the U.S. and worldwide is susceptible to a variety of
stresses, including drought, temperature, deterioration due to erosion and other factors,
and increasing salinity due to evaporation and/or irrigation practices. At the same time
the human population is growing and in many regions high-quality agricultural land is
decreasing due to the expansion of urban areas [1].

Salinity is inhibitory to the growth and development of many plants, including most
crops [2–5]. It affects all cellular processes, including disruption of cellular homeostasis,
impairment of photosynthesis, mRNA processing, transcription, protein synthesis, disrup-
tion of energy metabolisms, amino acid biosynthesis as well as lipid metabolism [6–10].
In response to increasing salt, plant cells activate specific Na+ and Cl− ion transporters
and adjust the accumulation of cytosolic K+ [10–12]. Plant cells must also undergo osmotic
adjustment, which is accomplished in many ways, including the production of organic
osmolytes such as glycine betaine, proline, some sugars, and polyamines, of which most
are synthesized in the chloroplast [3,10].
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Chloroplasts belong to a family of cellular organelles commonly found in plant and
algal cells known as plastids. Green plastids—chloroplasts—are the site where atmospheric
CO2 fixation occurs through a series of biochemical reactions called the Calvin–Benson
cycle by utilizing the energy produced by the light reactions of photosynthesis [13]. Ele-
vated salinity levels affect many cellular processes, including photosynthesis, the major
function of chloroplasts. The presence of salt in the soil may cause both osmotic and
ionic stresses [14], which may hinder photosynthesis through the diffusional (stomatal,
mesophyll and boundary layer resistance to CO2) and/or non-diffusional (photochemical
and biochemical) limitations of carbon fixation [6,15–20]. Salinity exposure is also known
to decrease the chlorophyll content in many plants [21,22]. However, salt-resistant plants,
particularly those with a C4 mechanism, may overcome the inhibitory effect of salinity on
CO2 fixation more effectively [6,23].

In general, when plants are exposed to salt stress, the very first response is osmotic
shock followed by induction of stomatal closure. Stomatal closure, in turn, limits photo-
synthetic capacity by the restriction of CO2 supply. However, research has shown that
increasing the external CO2 concentration under salt stress did not lead to an increase in
photosynthesis rates in many cases. This observation suggests the involvement of some
non-stomatal components in photosynthesis reduction under salinity, such as overpro-
duction of reactive oxygen species (ROS) and the depletion of K+ inside plant cells due
to the accumulation of Na+ [24,25]. This results in the disruption of ionic homeostasis
in chloroplasts.

Besides CO2 fixation, thylakoid reactions are also affected by salinity [6,18,26]. The
most commonly studied parameters in this context are the maximum quantum efficiency
of the PSII reaction centers (Fv/Fm), quantum efficiency of PSII (ΦPSII), non-photochemical
quenching (NPQ), photochemical quenching (qP) and electron transport rate (ETR), which
defines the overall performance of plants under different stresses [27]. Salt-resistant plants
are known to possess resilient thylakoid reactions to overcome salinity effects such as
photodamage [28] and protection of the reaction centers [29]. This may include protective
mechanisms such as cyclic electron flow, photorespiration in C3 plants and regulation
of NPQ [18,30]. CO2 fixation and thylakoid reactions of photosynthesis take place in
thylakoids and the stroma of the chloroplast, providing the essential carbon skeleton for
growth, energy for driving various metabolic reactions as well as the biosynthesis of dif-
ferent metabolites. Salt-induced toxicity negatively affects all these processes, resulting
in poor plant growth and reduction in yield. Chloroplasts are also major reactive oxygen
species (ROS) production sites at the reaction centers of PSII and PSI, where charge separa-
tion occurs, and the electron transport chain (ETC) from PSII to PSI are highly sensitive
to salt-induced toxicity under which ROS production is further increased [31]. Higher
concentrations of ROS cause oxidative damage to membranes, lipids, nucleic acids, pro-
teins and some photosynthetic enzymes, resulting in reduced CO2 fixation, slower plant
growth and consequently low crop yields. The ROS-scavenging system includes both
enzymatic and non-enzymatic antioxidants that prevent oxidative damage. Therefore,
manipulation of the components of this system holds great implications for improving
the photosynthetic rates under salt stress in crop plants. This has been tested by over-
expression of Cu/Zn superoxide dismutase (SOD) in the chloroplasts of tobacco [32,33]
and Chinese cabbage [34]. Since chloroplasts are largely under the control of nuclear gene
expression for growth and metabolic activities, chloroplasts have evolved a sophisticated
signaling network to coordinate with the nucleus to control gene expression and maintain
the balanced expression of genes in the two compartments. Chloroplasts also act as global
sensors relaying changes in their own developmental status as well as in the environmental
conditions, including light intensity and stresses to the nucleus. As a result, the nucleus
adjusts the expression of its genes to ensure optimal plant performance under changing
environmental conditions [35]. Until recently, this chloroplast–nucleus communication has
been largely viewed as bilateral, ignoring the pivotal role of chloroplasts in adjusting gene
expression and metabolic processes that affect photosynthesis and ultimately crop yields.
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In this review, we discuss the effect of salt stress on chloroplasts, their structures, and
various biochemical reactions occurring in them. We also compare the differences in how
chloroplasts of glycophytes and halophytes respond to salinity stress.

2. Effects of Salinity on Chloroplast Ultrastructure

2.1. Changes in Chloroplast Structure in Plants

Chloroplasts are roughly 1–2 μm thick and 5–7 μm in diameter. They are enclosed
in a chloroplast envelope, which consists of a double membrane with outer and inner
layers; the space in between is called the intermembrane space. A third, internal membrane,
extensively folded and characterized by the presence of closed disks (or thylakoids), is
known as the thylakoid membrane. In higher plants, the thylakoids are arranged in tight
stacks called grana. Grana are connected by stromal lamellae extended from one granum
through the stroma into a neighboring granum. The thylakoid membrane envelops a central
aqueous region known as the thylakoid lumen. The space between the inner membrane
and the thylakoid membrane is filled with stroma, a matrix containing dissolved enzymes,
starch granules and copies of the chloroplast genome [36].

Several changes have been associated with chloroplast structure in response to environ-
mental factors and the availability of water and minerals [37]. These include modifications
in the lamellar organization, resulting in chloroplast shrinkage [37], swelling of chloroplast
lamellae and an unrecognizable grana structure under highly saline conditions [38]. Some
plants, such as Atriplex spp., may undergo lipid deposition to counter the harmful effects of
salt-induced toxicity [39,40]. In some instances, starch accumulation under high salinity has
also been reported, such as in chloroplasts of wheat cultivars, which was related to damage
to the sucrose-phosphate synthase in the cytosol, triggering the triose-phosphate pathway
towards starch synthesis [41]. Changes in the ionic composition of starch-degrading en-
zymes may also be linked with excessive starch deposition [42]. Under saline conditions,
reactions involving starch and sucrose biosynthesis are also known to be regulated by
changes in the orthophosphate concentration [43,44]. Stress-induced destruction of the
chloroplast envelope and an increase in the numbers of plastoglobuli in thylakoid mem-
branes have also been reported in cucumber leaves [45]. Accumulation of starch grains in
the chloroplasts of Thellungiella and tobacco plants is known to play an important role as
osmotica in maintaining the structural integrity of the chloroplasts [46].

2.2. Changes in Ultrastructure of Chloroplasts in Glycophytes and Halophytes

Salt stress-induced alterations in the structure of chloroplasts or thylakoid membranes
have been extensively examined in various salt-sensitive plants [47,48] as well as in fac-
ultative halophytes [49]. Swelling of thylakoids under salt stress (~200 mM NaCl) was
reported in rice [50]. However, recent 3D analysis confirmed that rice chloroplasts became
spherical under salt stress without any changes in the overall chloroplast volume [51]. Con-
trasting observations regarding chloroplast volume have been reported among different
species. For example, chloroplasts of salt-sensitive cultivars of wheat exhibited an increase
in volume possibly due to changes in the ionic composition of the stroma [42]. Spinach
chloroplasts showed a decrease in volume with concomitant changes in light-scattering
during electron transport [47]. Arabidopsis seedlings grown in the presence of salt also
exhibited swollen chloroplasts with less developed granum structures [41]. Changes in the
thylakoid ultrastructure of potato [52] and maize [53] under salinity have been previously
related to perturbed ion homeostasis in chloroplasts.

In the case of halophytes, salt entry into the chloroplast stroma may be critical for
grana formation and photosystem II activity, as halophytes have been reported to accumu-
late more chloride (Cl−) than glycophytes and use sodium (Na+) in different functions [54].
Chloroplast swelling of Atriplex leaf cells at 345 mM NaCl appeared to be a likely result
of the osmotic effect of salinity while few changes were reported in the chloroplasts of
hair cells [40]. Similarly, distinct thylakoid swelling in Thellungiella under saline condi-
tions (400 mM NaCl) was attributed to the disturbance in osmotic equilibrium [54]. Other
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notable changes in halophyte chloroplasts include the formation of ‘slim spindle-shaped’
grana with a clear stromal matrix in the halophyte Kandelia candel at 400 mM and in-
creases in the plastoglobuli numbers at 600 mM NaCl with intact grana thylakoids [49]. In
Bruguiera parviflora, no major alterations in the structural integrity or absorption character-
istics of the thylakoid membranes were noted at 400 mM NaCl; however, a reduction in
antenna size, as well as cytochrome (Cyt) f and Cyt b6 were observed [55].

2.3. Changes in the Chloroplast Ultrastructure of C4 Plants

Plants with C4 photosynthesis possess chloroplasts both in the bundle sheath cell
(BSC) and the mesophyll cell (MC). Both of these chloroplast types, BSC and MC, have
been reported to respond differently to salt stress. C4 plants are further divided into three
subtypes, namely, NADP-malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME) and
phosphoenolpyruvate carboxykinase (PCK) types, with peculiar leaf anatomical charac-
teristics [56]. The NADP-ME type 4 species showed little damage to BSC chloroplasts
compared to MC chloroplasts [57]. The BSC chloroplasts showed the development of grana
when exposed to salt stress [53,58]. On the other hand, thylakoid swelling and disruption
of envelopes in MC chloroplasts of both the NAD-ME and PCK types were observed
under saline conditions [57]. It has also been reported that exposure to salinity enhanced
granal development in BSC chloroplasts and appressed thylakoid density [57]. However,
granal development in the NAD-ME and PCK type species is not as pronounced as in
the NADP-ME type species. It is believed that granal development in BSC chloroplasts
could compensate for the loss of PSII activity in MC chloroplasts under salt stress [53]. In
glycophyte plants of the NADP-ME and NAD-ME subtypes, salt stress causes grana un-
stacking in MC chloroplasts but induces grana formation in BSC chloroplasts. Interestingly,
in halophytes of the same subtypes, the grana are constitutively present in BSC chloroplasts
and the unstacking of grana is absent in MC chloroplasts [53,58].

2.4. Effects of Salinity on Chloroplast Multiplication

Although the number of chloroplasts per leaf cell varies from a few to hundreds [59],
they may occupy more than half of the cytoplasm volume in mesophyll cells [60]. Salinity
may increase the number of chloroplasts per cell, e.g., in spinach, sugar beet [61], wheat [62],
Arabidopsis [63] and Thellungiella halophila [46]. Bose et al. [29] proposed that halophytes
have a greater capacity to increase chloroplast number than glycophytes under salinity,
which may help in storing Na+ and Cl− without compromising photosynthesis [63]. In-
creases in succulence help in cell expansion and thus enable housing more chloroplasts [29].
Halophytes can accumulate over 20-fold higher Na+ levels in chloroplasts compared to
glycophytes [63–68]. In addition to compensating for reduced photosynthesis, increases
in chloroplast number may also contribute to increased energy demands for osmotic ad-
justment and ion homeostasis under salinity [29]. Although information about the genes
involved in binary fission of chloroplasts is plentiful [68–70], the detailed effects of salinity
on the mechanism/regulation of chloroplast multiplication, particularly among halophytes
and glycophytes, are limited.

3. Effects of Salinity on Transport across Chloroplast Membranes

Most of the nuclear-encoded proteins destined for chloroplasts are synthesized as
‘cytosolic preproteins’ and imported by a major pathway consisting of transmembrane
protein complexes or channels, ‘Toc’ (translocons on outer chloroplast) and ‘Tic’ (translocons
on inner chloroplast). The ‘Toc’ transmembrane channels import larger molecules (including
nuclear-encoded proteins) while the ‘Tic’ complexes are more restrictive, with transport
limited to targeted proteins [71]. Located at the interface between the stroma and the
cytosol, the envelope is also the site for the transport and exchange of ions and metabolites
required for the integration of the plastid metabolism within the plant cell. In general,
chloroplasts harbor three types of membranes and each of them is equipped with a unique
set of ion channels and transporters enabling the transport of nutrients, solutes, and
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metabolites in and out of it. This is achieved by coordinated regulation of a variety of
transport systems located in chloroplast membranes, such as porins, solute channels,
ion-specific cation/anion channels and various primary and secondary active transport
systems [29].

3.1. Protein Transport across Chloroplast Membranes

The chloroplast proteome comprises 3000 different proteins, including components
of the photosynthetic apparatus, which are highly abundant [72]. Most chloroplast pro-
teins are nuclear-encoded, synthesized in the cytosol, and their import is mediated by
multiprotein complexes in the envelope membranes that surround each organelle. The
Toc complex mediates client protein recognition and early stages of the import. The Toc
apparatus is regulated by the ubiquitin-proteasome system (UPS) in a process controlled
by the envelope-localized ubiquitin E3 ligase SUPPRESSOR OF PPI1 LOCUS1 (SP1) [73].
Salinity stress depletes the Toc apparatus by enhancing the expression of SP1, which in
turn may result in the suppression of photosynthesis activity [74].

3.2. Ion Transport across Chloroplast Membranes

The proper ionic (K+, Na+, Cl−) balance is essential to control chloroplast volume [73].
For example, Cl− influx from stroma to the lumen is required for thylakoid swelling,
while lumen shrinkage is due to K+ (or Na+) efflux from the lumen to the stroma [75].
The outer membrane is not freely permeable to ions as some porins (OEP23, OEP37)
are reported to have high cation selectivity [76], although information regarding their
role in plant salt tolerance is lacking. The literature reports several nucleus-encoded
candidate ion channels and transporters that regulate Na+, K+ and Cl− transport through
the chloroplast envelope and thylakoid membranes [75–79]. A several-fold increased
Na+ and Cl− concentration in barley chloroplasts under salt stress has been reported [76].
Slabu et al. [79] reported that salt-induced damage in broad bean chloroplasts is due to
the accumulation of Na+ and not of Cl− or K+. In contrast, salt toxicity and inhibition of
photosynthesis in soybean were found associated with the hyperaccumulation of Cl− but
not that of Na+ in chloroplasts [80,81].

3.3. Chloroplast Trafficking of Ions in Glycophytes vs. Halophytes

Halophytes preferentially accumulate ~20-fold higher Na+ levels than glycophytes [64,65,67].
This high ion level is known to have some effect on chloroplast functions [63,64,67], es-
pecially in the case of CAM and C4 plants [81]. The Na+ contribution in the transport of
pyruvate [82,83], ascorbate [84] and phosphate [85] into chloroplasts has been reported but
the effect of salt stress on transport requires further elaboration. Salt stress induces K+ loss
from chloroplasts in both glycophytes and halophytes. Chloroplasts isolated from halo-
phytes revealed better tolerance to high Na+ (100 mmol L−1 Na+) and low K+ (50 mmol L−1

K+) in the cytosol than chloroplasts of glycophytes [86]. Likewise, halophytes accumulate
more Cl− than glycophytes under low salt conditions (≤1 mmol L−1 Cl−), while at higher
salinities some halophytes maintain steady Cl− concentrations, and others show a slight
increase within the chloroplasts [63,65]. These findings indicate that halophytes have
mechanisms to regulate the Cl− concentrations; however, the candidate transporters for
Cl− regulation during salt stress remain uncharacterized.

3.3.1. Aquaporins and Non-Selective ion Channels

Aquaporins (PIP2;1, PIP2.3, PIP2;7, PIP1;3 and PIP1;2) are reported on the chloroplast
membrane [77,78]. Expression of both PIP2;1 and PIP2;7 is altered by salinity [87]. Some
aquaporins also have the ability to transport ions [88], but little is known about their
function/regulation.

Non-selective ion channels include mechanosensitive channels (MSL2 and MSL3) that
help reduce chloroplast swelling during hypo-osmotic conditions by releasing ions from
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the stroma [89]. In general, the ion selectivity of MSLs varies from non-selective to Cl−, K+,
Na+ or Ca2+ selective channels [75].

3.3.2. Na+, K+ and Cl− Transporters

Sodium ions (Na+) can be transported into chloroplasts through an inner envelope
membrane-localized Na+-dependent pyruvate transporter (BASS2) that is abundantly
found in halophyte species compared to glycophytes [82]. Introduction of a halophyte
BASS2 gene into glycophyte chloroplasts resulted in improved salt tolerance [83]. The inor-
ganic phosphate transporters (thylakoid membrane-localized PHT4;1 and inner envelope
localized PHT4;4 and PHT4;5) can use Na+ or H+ as a co-transporting ion [79], thereby
changing the Na+ concentration inside the chloroplasts. The existence of the Na+/H+ an-
tiporter (NhaD; hereafter NHD)-type transporters at the chloroplast membrane mediating
Na+ efflux from the stroma was also reported in a halophytic tree, Populus euphratica [82].
In Arabidopsis, salt stress did not alter the expression of NHD1 but silencing NHD1 re-
sulted in high chloroplast Na+ and poor growth and photosynthetic performance [67]. In
contrast, analysis of Mesembryanthemum crystallinum (a halophyte) under salt stress showed
an increase in NHD1 expression that resulted in higher Na+ accumulation, indicating the
involvement of NHD1 in Na+ import into the chloroplasts instead of Na+ export [41]. Such
opposite regulation of ion transport mechanisms requires further investigation for a more
complete understanding of the salt tolerance mechanisms.

Two K+ efflux antiporters (KEA1 and KEA2) located at the membrane of Arabidopsis
have been suggested to function as K+/H+ exchangers mediating K+ export out of the
stroma [90]. The Arabidopsis double loss-of-function kea1kea2 mutant showed better
growth under salt stress as compared to the wild type, due to low K+ efflux in the mutant
resulting in increased K+ retention as well as maintenance of pH in the stroma leading
to improved photosynthetic performance and growth [91]. Arabidopsis KEA3, located in
the thylakoid membrane, has been suggested to import K+ into the lumen in exchange
for H+ [91,92] and support in PSII quantum efficiency and CO2 assimilation under low
light [93]; however, no information is available regarding KEA3 function during salt stress.

Electrophysiological studies have shown the existence of Cl− permeable channels in
the chloroplast envelope and thylakoid membranes [75]. A bestrophin-like protein from
Arabidopsis has been discovered and shown to alter PMF portioning by functioning as a
voltage-dependent Cl− channel (AtVCCN1) on the thylakoid membrane [93]. The effects of
salinity on chloroplasts are summarized in the model in Figure 1.

Figure 1. A model that summarizes the effects of salinity stress on chloroplasts in salt-sensitive
(glycophyte) and salt-tolerant (halophyte) plants.
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4. Effect of Salinity on Osmotic Adjustment in Chloroplasts

4.1. What Is Osmotic Adjustment and How Is It Achieved?

Hyper-osmotic stress due to salinity is well-known in plants and bacteria and may
cause disrupted cell metabolism, turgor loss and growth arrest. However, an adaptive
mechanism for water retention exists among organisms under stressed environments
whereby they increase their osmolality, a phenomenon commonly termed as ‘osmotic
adjustment’ [94]. Increases in osmolality are achieved by either of the following three
mechanisms: (1) micro-organisms, such as bacteria or yeast, accumulate a range of os-
molytes or compatible solutes available from the external medium; (2) plants activate
genes for de novo synthesis of organic osmolytes (so-called ‘compatible solutes’), such as
glycine betaine, proline, sugars, polyols, etc.; and (3) plants regulate ion flux across cellular
membranes [20,95].

4.2. Localization, Trafficking and Functions of Organic Osmolytes in Membrane-Bound Organelles

Among the organic osmolytes, glycine betaine (GB), sugars (mannitol, sorbitol and tre-
halose), polyamines and proline are the most important and are accumulated under abiotic
stresses and confer tolerance to cells without interfering with the cellular machinery of the
plant [96]. Of these osmolytes metabolism of proline (PRO) depends upon two important
enzymes, catalyzing its synthesis from glutamate in the cytoplasm or chloroplast and two
enzymes catalyzing proline catabolism back to glutamate in the mitochondria along with an
alternative pathway of its synthesis via ornithine [97]. During water deficit or physiological
drought under salinity PRO is known to protect the photosynthetic apparatus as well as in
cytokinin-dependent photorespiration [98]. Studies on other osmolytes suggest that sugar
alcohols, such as sorbitol and mannitol, and quaternary ammonium compounds, such as
GB and their precursors, are highly localized in chloroplasts [99,100] and are somehow
involved in protecting the photosystem (PSII) and membrane proteins against ROS un-
der stress conditions [95,101,102]. The impairment of thylakoid membranes that results
from salt stress may be alleviated by GB probably via protection and stabilization of the
protein complexes as well as changes in lipid composition of the thylakoid membrane,
thereby improving photosynthesis [102]. The accumulation of GB in higher concentrations
in the chloroplasts of young leaves suggests that these are the main sites of its biosyn-
thesis [98,103] from where it is translocated to other plant parts via phloem [104]. Sugar
alcohols and polyols, such as mannitol, sorbitol, etc., regulate osmotic balance by sequester-
ing Na+ in the vacuole or apoplast, thus protecting membranes against drought [105] and
salt stress [106]. These osmolytes also scavenge ROS, particularly hydroxyl radicals that do
not require high concentrations of osmolytes as needed for osmotic adjustment [97]. This
leads to the conclusion that such compounds may be more important in ‘osmoprotection’
rather than ‘osmotic adjustment’.

4.3. Are Osmolytes Compatible for Osmotic Adjustment in Planta?

The classical concept of osmotic adjustment via accumulation of organic solutes in
non-halophilic organisms still prevails [107,108] though it has been challenged by many
physiologists [97,109,110]. A major shift in energy balance usually causes severe losses in
growth yields of crop plants at the expense of other metabolic processes, raising the serious
question of whether osmolytes are compatible in a real sense. Physiologists argue that
conventional water retention under saline stress is not directly related to the contribution of
organic solutes for many reasons. The first reason is the concentration of organic osmolytes,
which seems to be too low compared to the inorganic solutes in cells. For instance, 3–10 mM
in plants contributes less than 3% [111,112], while ~120–150 mM glycine betaine (GB) in
plants contributes <50%, often ranging between 10 and 30% of the total cell solutes [112].
Even if it is assumed that most of the osmolytes are contained in the cytosol and chloroplasts
(collectively constituting 10–15% of the cell volume) compared to a larger vacuolar fraction
(~85%), this seems low given that 500–600 mM concentrations of Na+ alone exist within the
vacuole [99]. Osmolyte concentrations (GB in particular) between 200 and 300 mM may
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be sufficient to prevent cytoplasmic dehydration, thereby achieving osmotic adjustment.
In some of the succulent halophytes (which accumulates up to 1000 mM Na+ and Cl−),
~200 mM plant water GB was reported in Suaeda fruticosa and about 600 mM in Haloxylon
stocksii (sensu lato recurvum) under extreme saline conditions, which are exceptional as in
other plants, including Halopyrum mucronatum and Atriplex stocksii (sensu lato griffithii),
GB ranged between 100 and 150 mM [113]. The second reason for not considering organic
osmolytes as ‘compatible’ is the cost of their synthesis, which is too high. For instance,
30–109 molecules of ATP may be required for osmolyte synthesis compared to one molecule
of ATP for one K+ and two Cl− in bacteria [114], while plants require approximately 41
molecules of ATP for proline, 50 for glycine betaine and 52 for sucrose [115]. Thirdly, the
synthesis of such organic solutes is very slow, often ranging from hours to many days
while plants growing in water-stressed environments require rapid turgor recovery [102].
Moreover, salt-sensitive genotypes of many crop plants, e.g., rice, wheat, barley, etc.,
accumulate comparatively higher amounts of osmolytes than salt-tolerant varieties, which
also creates ambiguity in the role of osmolytes in achieving osmotic adjustment [81,109,116].

4.4. Effects of Osmolytes on Organelles

Although the osmotic adjustment is based on the notion that osmolytes should not in-
terfere with other metabolic processes, some studies on exogenous application of osmolytes
suggest their toxic effects on plant growth as well as cell organelles [116,117]. Application
of some L-amino acids (L-proline, L-alanine, etc.) in millimolar concentrations caused
growth inhibition in suspension cultures of Nicotiana silvestris [116]. In another instance, a
disruptive effect of PRO on the ultrastructure of chloroplasts in Arabidopsis thaliana was
linked to feedback inhibition of its synthesis due to over-reduction of the photosynthetic
electron acceptor pools [117]. In the same plant, exogenously supplied PRO was thought
to have increased the rates of mitochondrial electron transport, resulting in elevated levels
of ROS causing subcellular damage [117]. On the contrary, endogenous PRO did not
seem to have a negative impact on the ultrastructure of chloroplasts and mitochondria in
transgenic tobacco, indicating that this level of PRO had no toxic effects [118]. Though
the assumption of osmolyte toxicity is largely inconclusive, it seems that plants treated
with exogenous application of osmotica may suffer from an ‘overdose’ compared to their
endogenous levels. In fact, in certain cases, exogenous application (both foliar as well as
through the rooting medium) of osmolytes such as GB, PRO, inositol, and mannitol have
indicated stress alleviation in many plants [29,119]. Exogenous application of osmotica,
such as GB, may also enhance the membrane integrity of chloroplasts and also increase
PS II efficiency [97,98], suggesting an osmoprotective role. Experiments on exogenous
application of osmolytes have intrigued geneticists to manipulate the biosynthetic pathway
of compatible solutes to enhance salt tolerance as osmolyte accumulation is often controlled
by only one gene [102].

4.5. Possible Role of Osmolytes in Ion Regulation

Although the published literature has contradicting reports on the role of osmotic
adjustment via osmolytes for maintaining turgor, recent patch-clamp studies suggest
that osmolytes may have a significant contribution in regulating ion transporters such as
K+ outward rectifying channels (KORs), though this requires further investigation [120].
Thus, ion regulation via osmolytes may prove to be an important aspect in conferring salt
tolerance. In plants, K+ appears to be the most abundant cation in the cytosol (100–150 mM),
which may account for osmotic adjustment [121], though under stressed conditions, the
electrochemical gradients may lead to the loss of K+. In halophytes, Na+ and Cl− seem to
play a major role in osmotic adjustment [105]. Of these, Na+ may enter the cell passively
and could be used as a cheap osmoticum for maintaining cell turgor. Since Na+ is toxic and
may cause an imbalance in the cytosolic K+/Na+ ratio and interferes with cell metabolism,
its efficient sequestration in the vacuole is thus essential. Pumping of one mole of Na+

against the electrochemical gradient requires only 3.5 mol of ATP compared with 30–50 mol
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of ATP for one mole of organic osmolyte [115]. As mentioned above, some of the sugar
alcohols and polyols regulate osmotic balance by sequestering Na+ in the vacuole or
apoplast. It appears that osmotic adjustment is collectively achieved by maintaining a
balance between ion regulation, synthesis and accumulation of organic solutes, as well as
maintenance of K+ in the cytosol [122].

5. Effects of Salinity on Function and Protection of Photosystems

Under saline conditions, decreases in CO2 assimilation via the Calvin cycle accom-
pany a decrease in photochemical electron sink, which in the presence of light impacts
the functioning/efficiency of photosystems [31]. In some sensitive plants such as olives,
decreases in the Fv/Fm ratios indicate the incidence of photodamage under saline con-
ditions [35]. Likewise, increases in salinity resulted in a gradual decrease in activities
of PSI and PSII in four rice cultivars [123]. However, unchanged Fv/Fm hints towards
sustained PSII under saline conditions [124], such as in the Mangalamahsuri variety of
rice [125]. PSII-mediated electron transport increased in low salinity followed by a decrease
at high salinity in the halophyte Bruguiera parviflora [55]. In other instances, inhibition
of de novo protein synthesis, especially of the D1 protein, indicated a lack of efficient
PS II repair under saline conditions [2,126,127]. A compensation mechanism of PsbO
protein induction has been observed in some studies to stabilize the PSII structure un-
der salinity [128]. Among C3 plants, salinity reportedly resulted in poor PSII function
in glycophytes such as rice and Arabidopsis [41,129] but not in the halophyte Arthroc-
nemum macrostachyum [130,131]. Several tolerant species, including halophytes such as
Sarcocornia fruticosa [132] and Atriplex centralasiatica [133], also employ the xanthophyll
cycle for non-photochemical quenching that dissipates excess excitation energy of PSII in
the form of heat as a ‘first line of defense’ [31,133], thus preventing the formation of po-
tentially cytotoxic reactive ROS. The xanthophyll cycle enzyme violaxanthin de-epoxidase
consumes NADPH, which if accumulated may cause the over-reduction of reaction centers,
and thereby enhance ROS (especially superoxide) formation [134]. Hence, the timely induc-
tion of the xanthophyll cycle may protect plants under stressful conditions in multiple ways.
Many halophytes are reported to exhibit reversible midday photoinhibition of PSII activity
to limit excitation of the PSII reaction centers [130,134]. This mechanism also minimizes
the possibility of ROS formation in salt-stressed plants under high light and is considered
an important ecophysiological adaptation to salinity [31]. A decrease in the antennae size
due to decreased chlorophyll content was also observed in Arthrocnemum macrostachyum to
limit PSII excitation [132].

PSI is reportedly more stress-resistant than PSII and seems to impart salt tolerance by
increasing cyclic electron flow to generate ATP while avoiding the accumulation of toxic-
reducing species [135–137]. Information about PSI in halophytes is scarce. PSI reaction
center subunit IV protein (PsaE) was upregulated under salinity in wild halophytic rice
Porteresia coarctata but not in conventional sensitive rice [137]. Similarly, salinity treatment
caused an increase in PSI transcripts in M. crystallinum [138]. Formation of ATP via cyclic
electron flow around PSI helped to prevent overaccumulation of Na+ in chloroplasts of
soybean [139].

Cultured plant cell lines have also been utilized to study salt-adapted tobacco cells [140,141].
Heterotrophic tobacco cells adapted to grow at 428 mM NaCl showed elevated levels of
chlorophyll and lower levels of starch along with increased CO2 fixation, oxygen evolution
and photorespiration, compared to unadapted cells [140]. This was coupled with higher
levels of PS-I- and PS-II-associated proteins, including Rubisco. These cells were found to
have acquired a significant level of salt-tolerant photosynthetic competence [140]. Further
analysis showed that oxygen evolution and CO2 fixation were more resistant to inhibition
by NaCl in the salt-adapted cells [141].
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6. Effects of Salinity on CO2 Assimilation Enzymes

Information on the effects of salinity on chloroplast CO2 assimilation enzymes is
limited among halophytes. Generally, CO2 assimilation reactions are considered more sen-
sitive to salinity than photochemical reactions of photosynthesis [31]. Several studies have
reported that salinity generally inhibits many enzymes of the Calvin cycle [137,142,143].

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the key photosynthetic
enzyme that catalyzes the fixation of atmospheric CO2 in plants during the Calvin cy-
cle [144]. It is the most abundant protein in leaves that accounts for 30% (C4 plants) to
50% (C3 plants) of total soluble protein in leaves [145]. In C3 plants, it is localized in all
chloroplasts while in C4 plants with Kranz anatomy, Rubisco is localized specifically in the
bundle sheath but not mesophyll chloroplasts [65]. In single-cell C4 species, Rubisco mRNA
could be targeted to the proximal or central compartment of chloroplasts [146]. The activity
of Rubisco was mostly examined by direct measurement of the enzyme activity or protein
levels and measurement of its carboxylase activity (Vcmax) [12]. Salinity exposure causes a
decrease in Rubisco activity in most plant species regardless of C3 or C4 type [19,146–148].
In addition, the Rubisco levels also decreased under saline conditions in both halophytes
and glycophytes. For example, salinity caused an inhibition (~50%) of Rubisco activity in
maize, a glycophyte, and in Atriplex spongiosa, a halophyte [149]. In some other instances,
Rubisco activity was improved both in either low [13,20] or high salinity [150]. Rubisco
activity also depends on the function of a supporting enzyme, Rubisco activase, which revi-
talizes the active sites of Rubisco by removing inhibitory sugar phosphates [151,152]. The
enhanced activity of Rubisco activase was found in rice as well as in many halophytes, such
as S. salsa [143] and Thellungiella salsuginea, under saline conditions [153]. More efficient
Rubisco activation was found in T. salsuginea compared to Arabidopsis thaliana [153].

Chloroplastic fructose-1,6-bisphosphatase is considered a metabolic control point
of the Calvin cycle [44,154]. In vitro salt sensitivity of this enzyme was higher in salt-
sensitive rice (Oryza sativa cv. IR26) than its wild halophytic relative Porteresia coarctata [142].
However, the inhibitory effects of salinity could be reversed by preincubation of the enzyme
with osmolytes (effectiveness order: polyol>sugars) [142], suggesting a lower level of
in vivo inhibition of chloroplastic fructose 1,6-bisphosphatase under salinity in halophytes
with higher amounts of osmolytes compared to glycophytes.

Phosphoenolpyruvate carboxylase (PEPC) is the key enzyme of C4 photosynthetic
metabolism that catalyzes the β-carboxylation of phosphoenolpyruvate to form four-carbon
acid oxaloacetate in the mesophyll cells [144,155]. It is considered more sensitive to salinity
than Rubisco [149]. Furthermore, PEPC isolated from the halophyte Atriplex spongiosa
was found more salt-sensitive in the in vitro studies than the one from the glycophyte
maize [149]. Contrary to these observations, an increase in PEPC activity was reported
in the halophyte Mesembryanthemum crystallinum [156] and in the C4 species Bienertia si-
nuspersici under salinity [157]. Increased PEPC activity helps concentrate CO2 around
Rubisco and substantially reduces the incidence of photorespiration, a major cause for
growth reduction and ROS formation under environmental stresses in plants.

Pyruvate orthophosphate dikinase is the rate-limiting enzyme of the C4 cycle that
catalyzes a reversible reaction to regenerate the primary CO2 acceptor phosphoenolpyru-
vate (PEP) [158]. However, its role in C3 plants is not fully understood [159]. Pyruvate
orthophosphate dikinase is found in both chloroplasts and the cytoplasm irrespective of
C3 or C4 types [160]. In C4 plants, it can comprise up to 10% of the total protein pool [161].
Interestingly, both isoforms are encoded by a single nuclear gene [162]. The labeling of the
pyruvate orthophosphate dikinase protein was observed both in mesophyll and bundle
sheath chloroplasts of kranz type C4 plant maize, albeit with higher levels in the latter
rather than the earlier-mentioned chloroplasts [163]. In single-cell C4 species, pyruvate
orthophosphate dikinase mRNA could be targeted to the peripheral or distal compartment
chloroplasts [146]. Information about the impacts of salinity on the abundance and activity
of this enzyme is scant. Salinity caused an increase in pyruvate orthophosphate dikinase
levels in both types of chloroplasts in maize [163]. These enzymes are widely studied and
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are important for the biochemical reactions of photosynthesis [17,164,165]. Induction of
PEP activity would also help maintain C4 functionality under salinity stress and facilitate
CO2 assimilation for biomass buildup and reduce photorespiration, as mentioned above.

Effects on Salinity on the Gas Exchange Ecophysiology of Photosynthesis

The effects of salinity on photosynthetic synthetic gas exchange, which eventually
supports CO2 assimilation at the chloroplast level, varies not only among species but also
depends on the magnitude of the salinity. For instance, the net CO2 assimilation rate (PN or
A) and stomatal conductance (Gs) in sugar beet improved under low (75 mM NaCl) salinity
while high (250 mM NaCl) was inhibitory [166]. An increase in PN but not in transpiration
(E) under low salinity resulted in improved water-use efficiency (WUE) in sugar beet
plants [166]. Salinity stress decreased the PN and Gs in wild-type wheat plants [24]. PN and
Gs increased transiently at 200 mM NaCl in comparison to controls and 400 mM NaCl in
the halophyte Sesuvium portulacastrum [167]. Similarly, in many other halophyte species,
such as Arthrocnemum macrostachyum (in up to 510 mM NaCl) [133] and Atriplex portula-
coides (200 mM NaCl) [168], low to moderate salinity improved PN. In contrast, salinity
exposure resulted in decreased PN and Gs in the halophytes Panicum antidotale [20] and
Aster tripolium [169]. Hence, impacts of salinity not only vary among glycophytes but
also halophyte species. In many cases, decreased Gs improves the WUE of plants under
stress conditions as a trade-off at the expense of PN. For instance, in Sarcocornia fruticosa,
increased WUE accompanied a decline in PN [170]. Similarly, many halophytes exhibit C4
and CAM modes of photosynthetic CO2 assimilation, which not only reduce wastage of
photosynthetic energy through photorespiration but also decrease the consequent H2O2 (a
common ROS) production at the peroxisome level [31,171].

7. Effects of Salinity on Chloroplast ROS Homeostasis

Exposure of plants to salinity results in a reduction in CO2 assimilation rates, which
in turn leads to the overreduction of PSII along with diversion of electrons to molec-
ular oxygen, which generates reactive oxygen species (ROS), particularly singlet oxy-
gen [31,172,173]. In photosynthesizing leaves, chloroplasts are the major site for ROS
production during the daytime [174]. In C3 plants, photorespiration resulting from the
oxygenase activity of Rubisco in chloroplasts is another source of ROS generation in per-
oxisomes [31]. Salinity-induced stimulation of electron flow to molecular oxygen has
been reported in several plant species [31,175,176]. Major ROS produced in chloroplasts
include singlet oxygen (1O2), superoxide radical (O2

•−), hydrogen peroxide (H2O2) and
hydroxyl radical (•OH) [31,173]. Since detection of radicle-type ROS is difficult, most
studies examine H2O2 (non-radicle ROS) formation following salinity exposure [31]. In
addition, studies on ROS formation in isolated chloroplasts, particularly of halophytes,
are very limited. Wiciarz et al. [153] reported that isolated thylakoids from a halophyte
Thellungiella salsuginea produced higher H2O2 levels than the model glycophyte Arabidopsis
thaliana. However, when both plant types were exposed to salt stress, even at the low
level of 100 mM NaCl, Arabidopsis produced a higher H2O2 than T. salsuginea and at a
300 mM NaCl concentration. Similarly, a substantially higher H2O2 level was observed
in chloroplasts of wild salt-tolerant tomato Lycopersicon pennellii compared to chloroplasts
of sensitive tomato L. esculentum under stress-free growth conditions. However, under
NaCl stress, a decrease in H2O2 level was noted for wild tomato while the levels were
increased in the sensitive species [171]. This indicates that halophyte species have efficient
mechanisms to control the production of ROS or detoxify them compared to glycophytes,
either through the dissipation of excess excitation energy to alternative electron sinks, such
as the plastid terminal oxidase [29,172–180] (PTOX) or ROS-scavenging system [31,174].
Alternative electron sinks not only provide ‘safety valves’ for the efficient functioning of the
photosynthetic machinery but also act as an ‘avoidance’ tool for control of ROS formation.
Tightly regulated levels of ROS are now acknowledged as ‘signals’ for the regulation of
different plant processes, including the defense/tolerance response of plants [3,99]. For
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instance, ROS modulate the function of some plasma membrane ion transporters, such as
those regulating cytosolic Na+ and K+ [177,181–185]. Similarly, a ROS ‘surge’ in response
to salinity exposure may also activate chloroplast retrograde signaling pathways [180].

In order to prevent oxidative damage due to ROS accumulation, chloroplasts pos-
sess many enzymatic and nonenzymatic antioxidants [29,138,182,185]. Key enzymatic
antioxidants are superoxide dismutases (SOD), enzymes of the Foyer–Halliwell–Asada
pathway (also known as the ascorbate–glutathione cycle), and glutathione peroxidase
(GPX), whereas ascorbate and glutathione are common nonenzymatic antioxidants of
chloroplasts (Figure 2) [138,182,186]. Antioxidants in various combinations play an impor-
tant role to keep the levels of ROS in ‘functionally useful’ ranges for signaling various plant
processes and stress responses [31]. The water–water cycle is among the key processes
responsible for ROS homeostasis in chloroplasts and is essential for salinity tolerance
(Figure 2) [31,187]. Ground state molecular oxygen (O2) produced during photolysis of
water in chloroplasts can accept electrons from excited photosystems, particularly the thy-
lakoid membrane-bound primary electron acceptor of PSI to form O2

•− through a reaction
called the Mehler reaction [188]. The acceptor side of the electron transport chain in PSII
may also contribute to electron leakage to O2 to generate O2

•−. Thylakoid membrane-
bound copper/zinc superoxide dismutase (Cu/Zn SOD) converts O2

•− into H2O2, which
is finally reduced into the water by the action of thylakoid membrane-bound ascorbate per-
oxidase (tAPX), thus completing the ‘water–water cycle’ [189]. The Foyer–Halliwell–Asada
pathway (also known as the ascorbate–glutathione cycle) in chloroplasts is an extension
of the water–water cycle and involves quenching of ROS in chloroplasts by consuming
NADPH, which also contributes to relaxing the ‘overreduction of photosystems’ by pro-
viding NADP (the final electron acceptor of PSI), and thereby minimizing the chances of
further ROS generation (Figure 2) [167,190]. In this pathway, the H2O2 generated from
dismutation of O2

•− by SOD is neutralized into water by the action of stromal ascorbate
peroxidase (APX) using ascorbate (AsA) as the electron donor. Oxidized ascorbate is recy-
cled by monodehydroascorbate reductase (MDHAR) and/or dehydroascorbate reductase
(DHAR). The latter consumes glutathione (GSH), which is finally recycled by the action of
glutathione reductase (GR) that uses NADPH as an electron donor [167,190,191]. Often,
an upregulation of enzymes involved in antioxidant processes is reported in chloroplasts
under environmental stresses, with a higher magnitude of tolerance compared to sensitive
species [31,181]. For instance, salinity exposure resulted in enhanced activities of SOD, APX
and MDHAR in chloroplasts of halophytic wild tomato Lycopersicon pennellii compared to
conventional sensitive tomato L. esculentum [172]. In addition, thioredoxin/peroxiredoxin
(Trx/Prx) and glutathione peroxidase (GPX) also reportedly quenched salinity-induced
excess H2O2 in chloroplasts [187]. Lipophilic tocopherol can protect chloroplast thylakoid
membranes from oxidative damage [189]. The 1O2 produced by PSII is mainly detoxified
by carotenoids and tocopherols found in the chloroplast membranes [192]. Carotenoids
detoxify 1O2 not only through the xanthophyll cycle (NPQ) but also by direct quenching of
1O2 [193]. However, some C4 plants, especially those with NADP-malic enzyme (NADP-
ME) subtypes, lack PSII in their bundle sheath chloroplasts and hence supposedly lack 1O2
production [194].
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Figure 2. The Foyer–Halliwell–Asada pathway (also known as the ascorbate–glutathione cycle) and the water–water cycle
are responsible to quench the superoxide radicles and hydrogen peroxide in the chloroplasts.

8. Summary

Soil salinity is one of the major challenges to the sustainable development of agricul-
ture in different parts of the world. Salinity has detrimental effects on plant growth by
imposing several constraints. For instance, salt-induced toxicity impairs the normal func-
tioning of the organelles, such as chloroplasts—the green plastids—which house several
important biochemical reactions, including photosynthesis. Chloroplast dysfunction as
a result of various environmental stresses, including salinity, has been reported to have
detrimental effects on plants [173]. Chloroplasts, in addition to being a site of various
metabolic reactions, also act as global sensors to sense and communicate the developmental,
operational and environmental changes to the nucleus.

Understanding the effect of salinity on chloroplast function and the response of various
metabolic reactions to salt stress is necessary for the development of salt-tolerant crops.
Little attention has been paid to how salinity affects chloroplasts and the stromal metabolic
reactions. Salinity-related changes in the size, number, lamellar organization, lipid and
starch accumulation, and trafficking across the chloroplast membrane are dependent on the
plant species and its level of salt tolerance. Chloroplast swelling or alteration in thylakoid
membranes of glycophytes may be linked with the ionic component of salinity while some
halophytes are affected by the osmotic effect of high salinity (Figure 1). Most halophytes
either maintain chloroplast structure or enhance grana development under salinity stress.
Swelling of thylakoids and disruption of chloroplast envelopes in mesophyll cells along
with intact chloroplasts in bundle sheath cells is a general C4 response under salinity,
irrespective of the subtype.

Halophytes and glycophytes have evolved different pathways to respond to salinity
stress. For example, halophytes are much better adapted at maintaining a lower salt con-
centration in the cytoplasm compared to glycophytes. Likewise, chloroplasts in halophytes
seem to have a better antioxidant system than those of glycophytes, and consequently more
protected photosynthetic apparatuses under salt stress. Similarly, salinity-triggered starch
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deposition appears to be a damage symptom in glycophytes but a survival strategy in
halophytes. The salinity-induced influx of Na+ and Cl− appears beneficial for halophytes
but lethal for glycophytes (Figure 1). Accumulation of Na+ or Cl− disrupts ionic homeosta-
sis, impairs protein synthesis and interferes with the enzymatic activities of the organelle.
However, recent work suggests that the negative effects of these ions on plant health are
not because of toxicity per se but are the result of interference with the absorption or
metabolism of other essential ions [28]. This view stems from the evidence that K+ influx in
chloroplasts is reduced with excessive Na+ or Cl− accumulation. K+ is an essential element
for the plant cell and is not only required for chloroplast development but also for pH
regulation, maintenance of the electron transport chain and thylakoid restacking [28,29].
Osmolyte synthesis suggests that organic solutes may help in fine adjustment along with
ion transport (vacuolar compartmentation) and accumulation of cytosolic K+ in stressed
environments rather than osmotic adjustment. However, osmolytes are certainly involved
in the osmoprotection of membrane transport proteins and the scavenging of ROS. De-
spite ion regulation and osmotic adjustment, salinity induces many changes in chloroplast
functions and signaling.

Chloroplastic CO2 fixation is generally more sensitive to salinity than the thylakoid
reactions. However, CO2 fixation in many halophytes is reportedly less prone to salinity
compared to glycophytes. One major evolutionary adaptation that seems to operate in
halophytes is the switching of CO2 concentration around Rubisco under stressful environ-
mental conditions, including salinity. The reduced photosynthetic efficiency is considered
a major salt-induced constraint inhibiting plant growth, and ultimately crop productivity.
However, it is not yet clear whether the decrease in photosynthesis is the cause of growth
reduction or the reduction in the growth rate causes a decrease in photosynthesis under
salt stress. Nevertheless, a reduced rate of photosynthesis leads to higher production
of ROS and also triggers the activity of ROS-scavenging enzymes. The higher activity
of the ROS-detoxifying enzymes maintains a level of these species in a functionally use-
ful range required for cell signaling. These enzymatic systems are naturally present in
plants. Although differences in the activity of these enzymes have been reported in dif-
ferent genotypes, it is believed to be associated with responses such as stomatal closures,
reduction in the CO2 fixation rates and an increase in photorespiration under stressful
conditions [188,194]. Tight regulation of ROS alongside many chloroplastic metabolites
also function as ‘putative’ signals for communication between chloroplasts and the nucleus
(as well as other organelles) via so-called ‘retrograde signaling’. Despite information on
crop and model plants, our knowledge about such signaling in halophytes is still far from
full comprehension. Chloroplast functions, including photosynthesis, are integrated with
other basic plant metabolic mechanisms of the plant in response to stresses, including
salinity, and multiple factors work together to confer tolerance against salinity [195]. These
factors include ion regulation that controls uptake and transport of salt and other ions to
compartments within the plant cell, synthesis of compatible solutes, antioxidative enzymes
and plant hormones and changes in photosynthesis and membranes in the cell [195]. Some
of these occur within the chloroplast but are not limited to that location. These mechanisms
are quite complicated, and many questions remain unanswered [195,196]. Some of these
questions include how the plant senses salinity to initiate the signaling process, the precise
details of how salinity stress leads to stomatal closure and growth reduction and the spe-
cific targets of ion toxicity in plant cells [196]. While advances are being made, a detailed
understanding of the mechanisms behind salt tolerance is not yet clear. A comprehensive
understanding of these mechanisms by employing multidisciplinary approaches is neces-
sary for their effective incorporation into salt-sensitive crops for better crop yields under
stressful environments.
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Abstract: The core abscisic acid (ABA) signaling pathway consists of receptors, phosphatases, ki-
nases and transcription factors, among them ABA INSENSITIVE 5 (ABI5) and ABRE BINDING
FACTORs/ABRE-BINDING PROTEINs (ABFs/AREBs), which belong to the BASIC LEUCINE ZIP-
PER (bZIP) family and control expression of stress-responsive genes. ABI5 is mostly active in seeds
and prevents germination and post-germinative growth under unfavorable conditions. The activity
of ABI5 is controlled at transcriptional and protein levels, depending on numerous regulators, in-
cluding components of other phytohormonal pathways. ABFs/AREBs act redundantly in regulating
genes that control physiological processes in response to stress during vegetative growth. In this
review, we focus on recent reports regarding ABI5 and ABFs/AREBs functions during abiotic stress
responses, which seem to be partially overlapping and not restricted to one developmental stage in
Arabidopsis and other species. Moreover, we point out that ABI5 and ABFs/AREBs play a crucial
role in the core ABA pathway’s feedback regulation. In this review, we also discuss increased stress
tolerance of transgenic plants overexpressing genes encoding ABA-dependent bZIPs. Taken together,
we show that ABI5 and ABFs/AREBs are crucial ABA-dependent transcription factors regulating
processes essential for plant adaptation to stress at different developmental stages.

Keywords: ABI5; ABF; AREB; abiotic stress response; abscisic acid; phytohormone crosstalk

1. Insight into the Core ABA Signaling and ABA-Dependent bZIPs Function

Each year abiotic stresses, including drought and salinity, reduce crop yield, causing
economic problems and a severe threat to food safety. Thus, it is crucial to understand plant
adaptation mechanisms to unfavorable environmental conditions with aim to develop
stress-tolerant cultivars [1,2]. Abscisic acid (ABA) is a significant phytohormone regulating
plant responses to various abiotic stresses [3,4]. In response to stress, ABA is synthesized
in plant cells triggering activation of the ABA signaling pathway. The core ABA signaling
consists of ABA receptors (PYRABACTIN RESISTANCE PROTEINS/PYR-LIKE PRO-
TEINS/REGULATORY COMPONENTS OF ABA RECEPTOR; PYR/PYL/RCAR), phos-
phatases (PHOSPHATASE 2Cs; PP2Cs), kinases (SNF1-RELATED PROTEIN KINASE 2;
SnRK2s), and transcription factors belonging to large BASIC LEUCINE ZIPPER (bZIP) fam-
ily. After perceiving the primary stress signal, ABA forms a complex with PYR/PYL/RCAR
receptors and PP2C phosphatases. It prevents PP2Cs from dephosphorylating SnRK2s and
releases a SnRK2s phosphorylation activity. SnRK2 kinases phosphorylate and activate
bZIP transcription factors, such as ABA INSENSITIVE 5 (ABI5) and ABRE BINDING
FACTORs/ABRE-BINDING PROTEINs (ABFs/AREBs) [5–7]. However, it has to be under-
lined that ABA-dependent bZIPs are also phosphorylated by other kinases [8–10]. Recently,
it was found that RAF-LIKE KINASE 10 (RAF10) and CALCIUM-DEPENDENT PROTEIN
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KINASE 6 (CPK6) interact with ABI5 and ABFs/AREBs and phosphorylate them [11,12].
Moreover, RIBOSOMAL S6 KINASE2 (S6K2), kinase active in TARGET OF RAPAMYCIN
(TOR) signaling, was also shown to bind with ABI5 what in turn stimulates ABA response
and drought tolerance [13]. Phosphorylated ABI5 and ABFs/AREBs recognize ABA RE-
SPONSIVE ELEMENTs (ABRE cis-elements) containing (C/T)ACGTGGC motif and G-box
coupling elements (GCEs) with ACGT/C core sequence, present in the promoters of stress-
responsive genes. These bZIP factors activate or repress their expression and trigger plant
adaptation to stress [5,14,15].

In our previous review [10], we described the function of AtABI5 and its homologs in
the acquisition of stress tolerance in plants. However, recently numerous new data emerged
about ABI5 and ABFs/AREBs function under stress. This review presents new evidence
on ABI5 and ABFs/AREBs role in plant adaptation to stress and describes a tight control of
their activity by other stress regulators. We also focus on ABI5 and ABFs/AREBs actions in
the feedback regulation of ABA pathway and the possibility of utilizing ABA-dependent
bZIPs in developing stress-tolerant cultivars.

2. New Evidence of ABI5 Regulatory Role during Seed Germination

In Arabidopsis thaliana, ABA-induced activation of ABI5 inhibits germination under
unfavorable environmental conditions. ABI5 is responsible for the regulation of expression
of stress-responsive genes, e.g., EARLY METHIONINE-LABELED 1 (EM1) and EM6 encod-
ing LATE EMBRYOGENESIS ABUNDANT (LEA) proteins [10,16,17]. Recently, ABI5 was
shown to repress the expression of PHOSPHATE1 (PHO1), a gene involved in phosphate
(Pi) transfer from cotyledons to radicles which promotes germination. Therefore, one of
the mechanisms of ABI5-dependent germination inhibition is repression of Pi transfer [18].
Furthermore, ABI5 can directly activate CATALASE 1 (CAT1), encoding a catalase responsi-
ble for scavenging H2O2, the main reactive oxygen species (ROS). It indicates that ABI5 is
also involved in maintaining ROS homeostasis during seed germination [19] (Figure 1).

Figure 1. Partially overlapping function of ABA INSENSITIVE 5 (ABI5) and ABRE BINDING
FACTORs/ABRE-BINDING PROTEINs (ABFs/AREBs). ABI5 regulates seed germination accord-
ingly to surrounding environmental conditions. ABI5 promotes CATALASE 1 (CAT1) and represses
PHOSPHATE1 (PHO1), responsible for reactive oxygen species (ROS) scavenging and phosphate
transfer, respectively, during seed germination, while ABFs/AREBs ensure stress adaptation in vege-
tative tissues. Genes associated with chlorophyll catabolism (STAY-GREEN 1—SGR1, NON-YELLOW
COLORING 1—NYC1), leaf senescence (PHEOPHORBIDE A OXYGENASE—PAO, SENESCENCE-
ASSOCIATED GENE 29—SAG29), stomatal closure (ACTIN-DEPOLYMERIZING FACTOR 5—ADF5,
TREHALOSE-6-PHOSPHATE PHOSPHATASE E—TPPE, TPPI) and flowering time (SUPPRESSOR
OF OVEREXPRESSION OF CO 1—SOC1) are the direct targets of ABFs/AREBs. ABI5 is also
able to promote expression of chlorophyll catabolism (SGR1, NYC1) and photorespiration (SER-
INE:GLYOXYLATE AMINOTRANSFERASE 1—SGAT1, GDC T-PROTEIN—GLDT1) genes in vegeta-
tive tissues, whereas ABFs/AREBs activate expression of CYSTEINE PROTEINASE INHIBITOR 5
(CYS5) in seeds.

Multiple transcription factors regulate ABI5 expression during seed germination
in Arabidopsis [10,20–22]. Recently, the new regulator of ABI5 in seeds was identified.
AGAMOUS-LIKE 21 (AGL21) belongs to MCM1/AGAMOUS/DEFICIENS/SRF (MADS)
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box group of transcription factors. It was shown that AGL21 activates the expression of
ABI5 in ABA-treated seeds in Arabidopsis [23].

In Arabidopsis, ABI5 is also regulated at the protein level. It interacts with numerous
proteins, modulating its stability or activity as a transcription factor [10,24–27]. Recently,
XPO1-INTERACTING WD40 PROTEIN 1 (XIW1), a member of WD40-repeat protein
(WD40) family, was found to be crucial for ABI5 stability during seed germination. XIW1
shuttles between nucleus and cytoplasm dependently on environmental conditions. ABA
promotes nuclear localization of XIW1. Colocalization of XIW1 and ABI5 in the nucleus
leads to their physical interaction and, thus, protects ABI5 from proteasomal degradation,
which enables ABA-mediated responses in seeds [28] (Figure 2). Furthermore, the interac-
tion between ABI5 and autophagy cargo receptor, NEIGHBOUR OF BREAST CANCER 1
(NBR1), may enhance ABI5 stability and ABA response at the germination stage [29,30]. Re-
cently, Yang et al. [31] showed that ABI5 activity is regulated by circadian clock regulators,
PSEUDO-RESPONSE REGULATOR5 (PRR5) and PRR7. Both proteins interact physically
with ABI5 to stimulate ABA response in seeds and to inhibit germination according to
day/night cycle (Figure 2). Moreover, Pan et al. [32] discovered that ABA-induced mem-
bers of the newly identified VQ motif-containing protein (VQ) family, VQ18 and VQ26,
interact physically with ABI5 and block its function (Figure 2). VQ18 and VQ26 were pro-
posed to be a part of the fine-tuning mechanism in the frame of ABA signaling during seed
germination. Furthermore, ABI5 BINDING PROTEIN 2 (AFP2) was found to interact with
ABI5 and inhibits its transactivation of SOMNUS (SOM), encoding a negative regulator
of GA accumulation and seed germination under high temperature [33] (Figure 2). It is
noteworthy that another AFP protein, AFP1, was shown to promote ABI5 degradation [25].

Figure 2. Positive and negative regulators of ABA INSENSITIVE 5 (ABI5) protein stability and/or
function. ABI5 stability and activity is under regulation of multiple proteins. ABI5 stability and
function is promoted by interaction with kinases CALCIUM-DEPENDENT PROTEIN KINASE 6
(CPK6), RAF-LIKE KINASE 10 (RAF10) and RIBOSOMAL S6 KINASE2 (S6K2), shuttle protein
XPO1-INTERACTING WD40 PROTEIN 1 (XIW1), circadian clock regulators PSEUDO-RESPONSE
REGULATOR 5 (PRR5) and PRR7 and mediator subunit MEDIATOR COMPLEX SUBUNIT 19a
(MED19a). ABI5 is also stabilized by interaction with NEIGHBOUR OF BREAST CANCER 1 (NBR1).
On the other side, ABI5 stability and/or function is negatively affected by VQ18, VQ26, BRASSINOS-
TEROID INSENSITIVE 1 (BRI1)-EMS-SUPPRESSOR 1 (BES1), INDUCER OF CBF EXPRESSION1
(ICE1), JASMONATE-ZIM DOMAIN PROTEIN 3 (JAZ3), ABI5 BINDING PROTEIN 2 (AFP2) and
SENSITIVE TO ABA 1 (SAB1). BES1, ICE1 and JAZ3 are also involved in brassinosteroid (BR),
gibberellic acid (GA) and jasmonic acid (JA) signaling, respectively. P—phosphate group.
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3. Involvement of ABI5 in Phytohormonal Crosstalk at the Seed Germination Stage

ABI5 can act as a hub in phytohormonal crosstalk in Arabidopsis [10,27,34–37]. The
last reports confirm this hypothesis and indicate that at the seed germination stage ABI5
plays an essential role in brassinosteroid (BR), gibberellic acid (GA), cytokinin (CK) and jas-
monic acid (JA) signaling through interaction with components of these pathways [38–41].
Zhao et al. [38] showed the interaction between ABI5 and BRASSINOSTEROID INSEN-
SITIVE 1 (BRI1)-EMS-SUPPRESSOR 1 (BES1), a BR-dependent transcription factor and
negative regulator of ABA signaling. BES1 inhibits ABI5 activity and thus promotes seed
germination (Figure 2). Interestingly, binding of BES1 to ABI5 prevents the ABI5 interaction
with ABI3, the enhancer of ABI5 transactivation function [38]. Similarly, INDUCER OF
CBF EXPRESSION1 (ICE1) transcription factor binds and represses ABI5 transactivation
function in seeds. This interaction is promoted by GA, but inhibited by DELLA proteins,
negative components of GA signaling, which also bind to ICE1 and therefore restore
ABA signaling and ABI5 function [39]. Furthermore, CK-dependent regulators ARA-
BIDOPSIS RESPONSE REGULATOR 4 (ARR4), ARR5 and ARR6 inhibit ABI5 expression at
germination stage [42], whereas other components of CK signaling, ARABIDOPSIS HISTI-
DINE KINASE 4 (AHK4), ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN
2 (AHP2), AHP3, AHP5 and ARR12 trigger ABI5 protein degradation during cotyledon
greening [36]. Moreover, JASMONATE-ZIM DOMAIN PROTEIN 3 (JAZ3), a negative
regulator of JA response, interacts with ABI5 and reduces its activity as transcription factor
in germinating seeds (Figure 2). However, ABA treatment promotes JAZ3 degradation and
JA biosynthesis in the ABI5-dependent way [40]. Recently, it was shown that JAZ proteins
repress ABI3 and ABI5 expression, while JA stimulates ABA response through regulation
of ABI3 and ABI5 during seed germination inhibition [41].

4. The Function and Regulation of ABI5 during Seedling Development

ABI5 plays the essential role in repression of seedling growth under osmotic, salt
and cold stress in Arabidopsis [10,43,44]. It was recently found that ABI5 may also be
essential for seedling growth tolerance to aluminum (Al) through expression regulation
of genes related to cell wall modification and osmoregulation [45]. New evidence also
emerged about ABI5 transcriptional regulation in Arabidopsis seedlings. It was shown that
NAM/ATAF1/2/CUC2 (NAC) transcription factor, ANAC060, represses ABI5 activity in
seedlings in response to glucose. Interesting, it can be a part of negative feedback regula-
tion between ABI5 and another ABA-dependent and glucose-related transcription factor,
ABI4, which promotes ANAC060 expression [46]. Previously, B-BOX DOMAIN PROTEIN
21 (BBX21) was shown to inhibit the ABI5 expression under light [47]. Kang et al. [48]
revealed that BBX21 represses ABI5 by recruiting its promoter chromatin modifier, HY-
PERSENSITIVE TO RED AND BLUE 2/PICKLE (HRB2/PKL). Decreased ABI5 expression
results in maintenance of stomatal aperture at the level that is necessary for gas exchange,
however, the precise mechanism is unknown. Therefore, these data indirectly indicate
that ABI5 is responsible for the regulation of stomata movement in seedlings [48]. In the
dark, ABI5 expression is activated by PHYTOCHROME-INTERACTING FACTORs (PIF):
PIF1, PIF3, PIF4 and PIF5 that are the negative regulators of photomorphogenesis [49].
Interestingly, previously ABI5 was shown to interact with PIF1 to strengthen its function
as a transcription factor [50]. WRKY18, WRKY40 and WRKY60 are negative regulators of
ABI5 transcription in seedlings [10,51]. Recently, WRKY40 was found to recruit a histone 3
lysine 4 (H3K4) demethylase JUMONJI DOMAIN-CONTAINING PROTEIN 17 (JMJ17)
to chromatin of ABI5 gene. JMJ17 removes marks of transcriptionally active chromatin
(H3K4me3) from ABI5 and thus also inhibits ABI5 expression at epigenetic level in seedlings
under non-stressed conditions [52].

Other proteins also modulate ABI5 activity during seedling development in Ara-
bidopsis. Similar to seeds, ABI5 stability is regulated by XIW1 and NBR1 at the seedling
stage [28,29]. Furthermore, MEDIATOR COMPLEX SUBUNIT 19a (MED19a) physically
interacts with ABI5 during ABA-dependent inhibition of root growth and cotyledon green-
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ing (Figure 2). It was shown that MED19a strengthens ABI5 binding to the promoters of
EM1 and EM6 [53]. It has to be underlined that ABI5 is negatively regulated by another
MEDIATOR subunit, MED25 [10,35]. The next identified ABI5 interactor, SENSITIVE
TO ABA 1 (SAB1), in many ways inhibits ABI5 activity during early seedling growth.
SAB1 belongs to REGULATOR OF CHROMATIN CONDENSATION 1 (RCC1) family
and it binds to ABI5 serine at 145 position, which serves as a target of SnRK2s-mediated
phosphorylation. The SAB1 binding causes reduction of ABI5 phosphorylation status and
leads to its degradation (Figure 2). SAB1 also binds to ABI5 promoter and inhibits ABI5
to auto-activate its expression. Moreover, SAB1 increases the level of histone H3K27me2,
the epigenetic mark of expression repression, in the ABI5 promoter [54]. Together, all
these findings show that ABI5 activity undergoes complex and strict regulation, which
shows that ABI5 plays an essential role in ABA signaling during early developmental
stages. It has to be pointed out that ABI5 can interact with other transcription factors to
regulate their activity. ABI5 is involved in anthocyanin accumulation in seedlings [44].
Recently, it was shown that in apple (Malus domestica), homolog of AtABI5, MdABI5,
binds with basic helix-loop-helix 3 (MdbHLH3) which in turn enhances expression of
its target genes, DIHYDROFLAVONOL 4-REDUCTASE (MdDFR) and UDP FLAVONOID
GLUCOSYL TRANSFERASE (MdUF3GT), involved in anthocyanin biosynthesis. Moreover,
MdABI5 strengthens interaction between MdbHLH3 and MdMYB1, another transcription
factor involved in anthocyanin biosynthesis. MdABI5 can also promote directly expression
of MdbHLH3 [55].

5. Redundant Function of ABFs/AREBs in the Regulation of Plant Stress Responses in
Vegetative Tissues

ABFs/AREBs: ABF1, ABF2/AREB1, ABF4/AREB2, and ABF3 regulate plant response
to abiotic stresses, such as drought, salt, heat, oxidative stress, and cold, mostly in vege-
tative tissues of Arabidopsis [56–59]. ABFs/AREBs ensure the adaptation to unfavorable
environmental conditions via promoting expression of LEA genes, such as RESPONSIVE
TO DESSCICATION 29B (RD29B), RESPONSIVE TO ABA 18 (RAB18), COLD-RESPONSIVE
6.6 (COR6.6/KIN2), and regulatory genes, such as DEHYDRATION-RESPONSIVE ELE-
MENT BINDING PROTEIN 2A (DREB2A) [14,57,60]. However, ABFs/AREBs role in
ABA-mediated adaptation to stress is highly redundant. Quadruple mutant abf2/areb1
abf4/areb2 abf3 abf1 showed a significantly lower survival rate after drought treatment than
single abf/areb mutants. Similar observations were made for the primary root growth of
abf/areb mutants in the presence of ABA [14,61]. Moreover, ABFs/AREBs can interact with
each other and function together to regulate expression of target genes [8,14]. On the
other side, ABF2/AREB1, ABF4/AREB2, and ABF3 regulate the expression of RD29B or
RAB18 in a slightly different way, which indicates the partially independent role of each
ABF/AREB during adaptation to stress [14].

ABFs/AREBs regulate redundantly also stomatal closure in Arabidopsis. ACTIN-
DEPOLYMERIZING FACTOR 5 (ADF5) encodes a protein responsible for actin cytoskeleton
remodeling during stomatal closure in response to ABA. ABF1, ABF2/AREB1, ABF4/AREB2
and ABF3 bind to ADF5 promoter, activate its expression, promote stomatal closure and en-
sure adaptation to drought [15]. It was recently shown that ABFs/AREBs-mediated stomatal
closure depends on accumulation of disaccharide trehalose in seedlings. ABF1, ABF2/AREB1
and ABF4/AREB2 directly bind to the promoter of TREHALOSE-6-PHOSPHATE PHOS-
PHATASE I (TPPI) and promote its expression. TPPI gene encodes the trehalose biosyn-
thesis enzyme [62]. Additionally, ABF2/AREB1 directly activates another gene from TPP
family, TPPE [63] (Figure 1). Strikingly, TPPI is involved in promoting primary root growth,
whereas TPPE takes part in ABA-dependent inhibition of root growth [62,63]. Homologs
of AtABF/AREB in other dicot species are also involved in stomata regulation. In cotton
(Gossypium hirsutum), GhABF2D promotes stomatal closure and thus abiotic stress toler-
ance [64]. Moreover, carrot (Daucus carota) DcABF3 activates expression of genes involved
in stomata development, SPEECHLESS (SPCH), FAMA (FMA) and MUTE, which in turn
increases number of stomata [65].
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In vegetative tissues of Arabidopsis, ABFs/AREBs are regulated at transcriptional,
post-transcriptional and protein levels. Expression of ABFs/AREBs is under control of other
stress-responsive transcription factors, NACs. NAC016 and NAC-LIKE, ACTIVATED BY
AP3/PI (NAP) were shown to repress ABF2/AREB1 under drought [66]. Additionally, NAP
negatively regulates also salt stress response by inhibiting ABF2/AREB1 [67]. Furthermore,
ABF3 expression can be downregulated at the post-transcriptional level by miR399f to
release ABA-mediated growth arrest under stress [68]. ABFs/AREBs activity is also modu-
lated by NACs at the protein level. Previously, ABF2/AREB1 and ABF4/AREB2 were found
to bind with ANAC096 and cooperatively regulate the expression of stress-responsive
genes [69]. Interestingly, the NAC072 interacts with ABF3 to enhance expression of RD29A
and to decrease RD29B activity. Therefore, NAC072 exerts a differential type of action on
ABF3 function in ABA signaling [70]. Recently, the activity of ABF2/AREB1 was shown to
be likely enhanced by interaction with GA-related DELLA proteins. This could promote
stomatal closure and drought tolerance. It was evidenced that the ABF2/AREB1 was also
involved in ABA-GA crosstalk to ensure the efficient response to drought stress [71].

6. The Partially Overlapping Function of ABI5 and ABFs/AREBs in Seeds, Seedlings,
and Vegetative Tissues

Although ABI5 is considered as the main ABA-dependent bZIP factor regulating stress
responses in seeds and seedlings, ABFs/AREBs also seem to be active during Arabidopsis’
early developmental stages. The function of ABFs/AREBs during germination and early
seedling development was already indicated by Kim et al. [72], Finkelstein et al. [73] and
Sharma et al. [59]. They observed faster germination of abf1, abf4/areb2 and abf3 mutants
under optimal growth conditions and better germination rate of abf4/areb2 and abf3 under
ABA treatment [59,72]. Moreover, ABF3 acts redundantly with ABI5 in seeds and during
post-germinative growth under abiotic stress [73]. It was also shown that ABF3 directly
promotes ABI5 expression in salt-treated seedlings [74]. Furthermore, ABF3 together with
ABF1 regulate seed germination and post-germinative growth under heat stress. They
directly activate expression of CYSTEINE PROTEINASE INHIBITOR 5 (CYS5), a gene
encoding an inhibitor of cysteine protease, leading to thermotolerant germination and
growth of primary root [75] (Figure 1). ABF1, ABF3 and ABF4/AREB2 also regulate seed
germination under salt and osmotic stress, downstream of DE-ETIOLATED 1 (DET1), a
negative regulator involved in light signaling pathway [76].

On the other side, ABI5 is active in vegetative tissues of Arabidopsis. Recently,
You et al. [77] showed that ABI5 takes part in the adaptation of plant growth to a low
CO2 level [78]. It was noted that ABI5 binds to the promoters of SERINE:GLYOXYLATE
AMINOTRANSFERASE 1 (SGAT1) and GDC T-PROTEIN (GLDT1) genes encoding enzymes
associated with photorespiration process, and activates their expression [77] (Figure 1).
Moreover, ABI5 is important for regulation of plant juvenile-to-adult transition. In response
to ABA, MYB33, the main target of miR159, directly activates ABI5 transcription. Next,
ABI5 influences positively on MIR156 expression, what in turn delays vegetative develop-
ment under abiotic stress [79]. Furthermore, function of ABI5 and ABFs/AREBs can be
overlapping in vegetative tissues. It has to be underlined that ABI5 can form heterodimers
with ABFs/AREBs, which is the evidence of their synergistic role in ABA responses [8].
ABI5 was shown to inhibit photosynthesis and promote chlorophyll catabolism and leaf
senescence [10,80,81] (Figure 1). However, ABFs/AREBs are also involved in regulating
ABA-induced chlorophyll catabolism and leaf senescence in a similar way. ABF2/AREB1,
ABF4/AREB2 and ABF3 directly activate expression of genes associated with chlorophyll
catabolism: STAY-GREEN 1/NON-YELLOWING 1 (SGR1/NYE1), PHEOPHORBIDE A OXY-
GENASE (PAO), NON-YELLOW COLORING 1 (NYC1), and leaf senescence, SENESCENCE-
ASSOCIATED GENE 29 (SAG29) [82] (Figure 1). Besides Arabidopsis, ABI5 function
was also observed during inhibition of chloroplast-related processes in potato (Solanum
tuberosum). Similar to AtABI5, StABI5 negatively impacts photosynthesis and promotes
chlorophyll catabolism and leaf senescence via positive regulation of CHLOROPLAST
VESICULATION (StCV) and StNYC1, encoding proteins involved in chlorophyll degra-

237



Cells 2021, 10, 1996

dation [83]. Moreover, in apple MdABI5 binds directly to promoters of MdNYE1 and
MdNYC1 to promote chlorophyll catabolism and leaf senescence. MdABI5 transcriptional
activity during regulation of leaf senescence is enhanced by its physical interaction with
MdWRKY40 and MdbZIP44, but weakened by binding with MdBBX22 [84]. On the other
side, dicot AtABF/AREB homologs, tomato (Solanum lycopersicum) SlAREB1 and sweet-
potato (Ipomoea batatas) IbABF4 positively regulate photosynthesis efficiency in response
to stress [85,86].

In vegetative tissues ABI5 can be also involved in response to biotic stress. ABI5
expression is under epigenetic control of HOOKLESS1 (HLS1), which takes part in plant
response to pathogens. It might imply that ABI5 is related to plant defense reaction against
biotic stress [87]. Recently, it was shown that in tobacco (Nicotiana benthamiana), homolog
of AtABI5, NbABI5 is able to directly repress the gene responsible for chloroplast electron
transfer chain, FERREDOXIN 1 (NbFD1), in rice stripe virus (RSV)-infected tobacco plants.
NbFD1 is also involved in callose deposition in plasmodesmata, which in turn protects plant
against viral infection. Therefore, RSV-mediated activation of NbABI5 can inhibit plant
defense mechanism to virus [88]. It should be also underlined that tomato SlAREB1 partici-
pates in regulation of biotic stress-responsive genes such as PATHOGENESIS-RELATED
GENE 5 (PR5) or CHITINASE3 (CHI3) [85]. Together, all these observations indicate that
function of ABI5 and ABFs/AREBs is not only restricted to seed germination and vegetative
tissues, respectively. Furthermore, ABI5 can function synergistically with ABFs/AREBs
during ABA-dependent responses.

7. The Role of ABI5 and ABFs/AREBs in Flowering Regulation and Fruit Ripening

In Arabidopsis, ABFs/AREBs and ABI5 take part in ABA-dependent regulation of
flowering timing. ABF4/AREB2 and ABF3 were shown to regulate flowering time and
mediate the drought-escape mechanism. Both ABFs/AREBs interact with NUCLEAR
FACTOR Y, SUBUNITs C3/4/9 (NF-YC3/4/9) in the promoter of SUPPRESSOR OF OVER-
EXPRESSION OF CO 1 (SOC1), to promote its expression. SOC1 encodes a MADS box
transcription factor, an important regulator of flowering timing. ABA-induced expression
of SOC1 accelerates flowering under drought [89] (Figure 1). Moreover, Xiong et al. [90]
observed that ABI5 undergoes regulation at the post-transcriptional level during flowering
transition. In the presence of ABA, splicing regulator, U2AF65b, increases efficiency of
intron splicing from ABI5 pre-mRNA, which promotes abundance of ABI5 mature tran-
scripts. This type of the ABI5 expression control was observed in a shoot apex during
ABA-mediated regulation of flowering transition [90].

Recently, some evidence emerged that ABI5 and ABFs/AREBs are also involved in
fruit ripening and have an effect on fruit quality [91]. In Japanese plum (Prunus salicina),
PsABI5 can directly activate the expression of ethylene biosynthesis gene, ACC SYN-
THASE1 (PsACS1) and thus, it takes part in fruit maturation [92]. It was also found that
expression of MdABI5 in apple is directly activated by KNOTTED1-LIKE HOMEOBOX
19 (MdKNOX19), ABA-responsive transcription factor involved in inhibition of fruit and
seed development [93]. Additionally, apple MdAREB2 promotes accumulation of soluble
sugars through regulation of expression of sugar transporter (SUCROSE TRANSPORTER
2, MdSUT2 and TONOPLAST MONOSACCHARIDE TRANSPORTER1, MdTMT1) and
α-/β-amylase (MdAMY1, MdAMY3, MdBAM1 and MdBAM3) genes, which in turn affects
fruit quality [94]. Moreover, MaABI5, a banana homolog of AtABI5, is associated with
ABA-induced cold tolerance of banana (Musa acuminata) fruits [95].

8. Function of ABI5 and ABFs/AREBs Homologs in Monocots

In monocots, a function of ABI5 and ABFs/AREBs homologs is usually not re-
stricted to the specific developmental stage as it is observed in Arabidopsis. Monocot
homologs of AtABI5 can be active in seeds and vegetative tissues during ABA-dependent
responses to abiotic stress [10,96–99]. It was observed that rice (Oryza sativa) OsABI5,
OsABF1, OsABF2/ABI5-Like1 (OsABL1)/OsbZIP46, OsABF4/OsbZIP72, OsTRAB1, wheat
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(Triticum aestivum) TaABL1, ABRE BINDING PROTEIN 1 (TaABP1), TaAREB3, wABI5
and maize (Zea mays) ZmABP9, ZmABI5 are crucial components of abiotic stress re-
sponses in vegetative tissues because of ABA-dependent regulation of stress-responsive
genes [97–108]. Moreover, barley (Hordeum vulgare) HvABI5, rice OsABF2/OsABL1/OsbZIP46,
OsABF4/OsbZIP72 and maize ZmABP9 regulate ABA-dependent responses at seed germina-
tion stage [96,103,105–107]. Furthermore, another monocot ABI5 and ABFs/AREBs homologs,
barley HvABF1, HvABF2, sorghum (Sorghum bicolor) SbABI5 and wheat TaABF1, are impor-
tant for ABA-GA crosstalk during seed germination [109–112] (Table 1).

Table 1. Function of ABI5 and ABFs/AREBs homologs in monocots.

Name Source
GenBank ID/Ensembl

Plants ID
Function References

HvABF1 Hordeum vulgare DQ786408/
HORVU3Hr1G084360

Inhibition of GA-induced expression of Amy32b in
aleurone cells [110]

HvABF2 Hordeum vulgare DQ786409/
HORVU7Hr1G035500

Inhibition of GA-induced expression of Amy32b in
aleurone cells [110]

HvABI5 Hordeum vulgare

AY150676/
HORVU5Hr1G068230

ABA-dependent activation of HVA1 and HVA22 in
aleurone cells [96]

AY150676/
HORVU5Hr1G068230 Direct activation of HvCAT2 in dormant seeds [113]

HQ456390/
HORVU5Hr1G068230

ABA-dependent regulation of drought response
including stomatal closure, flavonoid biosynthesis,

photosynthesis inhibition and activation of
stress-responsive and ABA pathway genes, regulation

of seed germination under ABA

[114]

OsABF1 Oryza sativa GQ904238/
Os01t0867300

Positive regulation of drought and salt stress responses
through activation of stress-responsive genes [104]

OsABF2/
OsABL1/
OsbZIP46

Oryza sativa
GU552783,

XM_015785510/
Os06t0211200

Positive regulation of drought, salt and oxidative stress
responses, ABA-dependent regulation of

stress-responsive genes including WRKYs,
participation in auxin responses, regulation of seed

germination under ABA

[105,106,115]

OsABF4/
OsbZIP72 Oryza sativa

AK065873,
XM_015757064/
Os09g0456200

Positive regulation of drought response, regulation of
seed germination under ABA, activation of chlorophyll

catabolism genes: OsSGR1 and OsNYC1
[103,116]

OsABI5 Oryza sativa EF199631/
Os01t0859300

Negative regulation of drought and salt stress
responses, involved in expression regulation of

stress-responsive genes and in pollen maturation
[97]

Interaction with OsKEAP1 at seed germination stage [117]

OsTRAB1 Oryza sativa AB023288/
Os08t0472000 ABA-dependent regulation of stress-responsive genes [102]

SbABI5 Sorghum bicolor XM_002454559/
SORBI_3004G309600

Activation of GA catabolism gene SbGA2ox3 in
embryos and promotion of seed dormancy [111,118]

TaABF1 Triticum
aestivum

AF519804/
TraesCS3A02G371800

Inhibition of GA-induced expression of Amy32b in
aleurone cells via repression of GAMyb expression [109,112]

TaABP1 Triticum
aestivum

HQ166718/
TraesCS3B02G404300 Positive regulation of drought response [108]
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Table 1. Cont.

Name Source
GenBank ID/Ensembl

Plants ID
Function References

TaABI5 Triticum
aestivum

AB238932/
TraesCS3D02G364900

Interaction with TaJAZ1, a negative regulator of JA signaling,
at seed germination stage [40]

Regulation of seed dormancy and germination under ABA,
activation of LEA expression [119]

TaABL1 Triticum
aestivum

BJ267580/
TraesCS6A02G333600

Positive regulation of drought, salt, freezing and oxidative
stresses responses through promotion of chlorophyll

accumulation, stomatal closure and stress-responsive genes
expression, regulation of seed germination under ABA

[100]

TaAREB3 Triticum
aestivum - Positive regulation of drought response through activation of

stress-responsive genes [101]

wABI5 Triticum
aestivum

AB193553/
TraesCS5A02G237200

Positive regulation of drought, salt and freezing stresses
responses through activation of stress-responsive genes [98]

ZmABP9 Zea mays GU237073/
Zm00001eb147240

Positive regulation of drought, salt, freezing and oxidative
stresses responses through promotion of photosynthesis,
stomatal closure, ROS scavenging and stress-responsive

genes expression; regulation of seed germination under ABA;
direct activation of ZmCAT1

[107]

ZmABI5 Zea mays EU968937/
Zm00001d018178

Negative regulation of drought, salt, heat and cold stresses
responses through promotion of chlorophyll catabolism and

inhibition of detoxifying enzymes activity and proline
accumulation, regulation of stress-responsive genes

[99]

Activation of raffinose biosynthesis gene, ZmGOLS2, in seeds [120]

Recently, a set of new data has emerged regarding monocot AtABI5 and AtABFs/AREBs
homologs. Ishibashi et al. [113] found that HvABI5, similarly to AtABI5, directly acti-
vates expression of HvCAT2 and thus reduces H2O2 level in embryos and promotes seed
dormancy. HvABI5 was also described as an ABA-dependent regulator of drought re-
sponse in barley vegetative tissues via participation in stomatal closure, photosynthesis
inhibition and flavonoid accumulation. It has to be underlined that HvABI5 enables
drought adaptation by activation of stress-responsive genes and the induction of genes
encoding core ABA pathway components [114]. Furthermore, Zhang et al. [120] found
that ZmABI5 is active in seeds and the encoded transcription factor directly promotes
GALACTINOL SYNTHASE2 (ZmGOLS2) gene expression associated with raffinose biosyn-
thesis, which is essential for seed viability. Therefore, HvABI5 and ZmABI5 expression
regulate ABA-dependent responses during seed germination and further developmental
stages. However, in wheat, TaABI5 was shown to be active only in seeds. It promotes
LEA expression and maintains seeds in dormancy stage. Transgenic Arabidopsis lines
overexpressing TaABI5 were ABA-hypersensitive during seed germination [119,121]. Fur-
thermore, as observed in Arabidopsis, TaJAZ1 is able to interact with TaABI5 and thus
it inhibits ABA-dependent TaABI5 activity and promotes seed germination [40]. Simi-
lar activity of TaABI5 and AtABI5 indicates that TaABI5 can be a functional ortholog of
AtABI5 in wheat. Piao et al. [116] found that OsABF4/OsbZIP72 is involved in chlorophyll
catabolism and leaf senescence, such as it was observed for AtABI5 and AtABFs/AREBs.
They showed that OsABF4/OsbZIP72 binds to promoters of genes responsible for chloro-
phyll catabolism, OsSGR1 and OsNYC1, and activates their expression. Moreover, OsABI5
was shown to interact with KELCH-LIKE ECH-ASSOCIATED PROTEIN 1 (OsKEAP1)
which in turn promotes OsABI5 proteasomal degradation in germinating seeds under
non-stressed conditions [117]. To summarize, all these findings indicate that function of
monocot ABA-dependent bZIPs under abiotic stress can be diversified. It might be more
or less similar to their homologs in Arabidopsis (Table 1). However, it should be noted
that monocot homologs of ABI5 and ABF/AREBs can be active at different developmen-
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tal stages, whereas in dicot species their function is generally observed during specific
timing. On the other side, some evidence has emerged about the role of dicot ABI5 and
ABF/AREBs in ABA signaling during later developmental stages e.g., flowering, fruit
development and during plant response to biotic stress. These findings have not yet been
confirmed for ABI5 and ABF/AREBs in monocot species. It should be also pointed out
that dicot ABI5 and ABF/AREBs positively regulate response to abiotic stress, whereas
monocot ABI5 and ABF/AREB homologs can function as positive or negative regulators
of stress response. Moreover, AtABI5 plays the important role in crosstalk between ABA
and other phytohormonal pathways at germination stage. This function of ABI5 has not
yet been fully revealed in monocot species. Therefore, further studies are needed to reveal
their proper function under stress at different developmental stages.

9. Role of ABI5 and ABFs/AREBs in Feedback Regulation of Core ABA Pathway

Recently, growing evidence indicated the crucial role of ABI5 and ABFs/AREBs in
the feedback regulation of the core ABA signaling and ABA biosynthesis. In Arabidopsis,
Wang et al. [122] found that ABI1 and ABI2, genes encoding group A PP2C phosphatases,
negative regulators of ABA signaling, are directly activated by ABI5, ABF1, ABF2/AREB1,
ABF4/AREB2 and ABF3 in the presence of ABA (Figure 3). Moreover, they noticed that
ABF2/AREB1 is a target gene of ABF1 and ABF4/AREB2. It shows that ABA-dependent
bZIPs are part of the negative feedback loop in the ABA signaling. However, they can
also strengthen their expression. Recently, ABI5 was described as a direct activator of
genes encoding ABA receptors, PYL11, and PYL12, during seed germination under ABA
(Figure 3). Furthermore, the pattern of eight other PYL genes’ expression is disturbed in
abi5 mutant [123]. Thus, ABI5 is also crucial for the reinforcement of ABA signaling. More-
over, the ABA pathway’s feedback regulation depends on intermediate regulators such as
FYVE DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1 (FREE1/FYVE1).
FYVE1 encodes a protein localized in the peripheral membrane of late endosomal compart-
ments and is involved in protein sorting. The expression of FYVE1 is directly induced by
ABF4/AREB2 [124] (Figure 3). However, FYVE1 protein interacts with all PYR/PYL/RCAR
receptors and stimulates their degradation [124,125]. Moreover, SnRK2 kinases, SnRK2.2
and SnRK2.3, which mostly phosphorylate and activate ABI5 and ABF/AREBs, are also
able to phosphorylate FYVE1 promoting its nuclear localization in response to ABA. In the
nucleus, FYVE1 binds with ABI5 and ABF4/AREB2 and reduces their transactivation func-
tion [126]. Thus, ABF4/AREB2 is also involved in negative modulation of ABA-mediated
stress responses through FYVE1 regulation.

Similar interactions were also observed in other species. The overexpression of StABI5
induces expression of PYR/PYL/RCAR and SnRK2 genes in potato [83]. Furthermore, it
was shown in barley that expression of HvSnRK2.1, HvPP2C4 and key ABA biosynthesis
gene, CAROTENOID CLEAVAGE DIOXYGENASE 1 (HvNCED1), is activated in hvabi5
mutant, which presumably exhibits enhanced activity of HvABI5 protein. HvSnRK2.1,
HvPP2C4, and HvNCED1 are putative ABI5 direct target genes because of ABRE elements
in their promoters [114]. It is noteworthy that rice ABA-related bZIP transcription factor,
OsbZIP23, can promote directly the expression of OsPP2C49 and OsNCED4 [127]. Taken
together, ABI5 and ABFs/AREBs act in the feedback regulation of ABA pathway, which is
important for the fine-tuning of ABA-dependent responses, according to the surrounding
environmental conditions.
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Figure 3. ABA INSENSITIVE 5 (ABI5) and ABRE BINDING FACTORs/ABRE-BINDING PROTEINs
(ABFs/AREBs) function in feedback regulation of abscisic acid (ABA) pathway in Arabidopsis. In
the presence of ABA, ABA receptors PYRABACTIN RESISTANCE PROTEINS/PYR-LIKE PRO-
TEINS/REGULATORY COMPONENTS OF ABA RECEPTORs (PYR/PYL/RCARs) bind and in-
hibit phosphatases PHOSPHATASE 2Cs (PP2Cs), what in turn activates kinases, SNF1-RELATED
PROTEIN KINASE 2s (SnRK2s). SnRK2s phosphorylate and activate ABI5 and ABFs/AREBs. Phos-
phatases PP2Cs, when not bound with ABA receptors PYR/PYL/RCAR, inhibit SnRK2s activity
and thus ABI5 and ABFs/AREBs function. ABI5 is able to promote expression of PYL11 and PYL12
genes, which in turn strengthen ABA perception through PYR/PYL/RCAR receptors. ABF1 and
ABF4/AREB2 trigger ABF2/AREB1 expression. On the other side, ABI5 and ABFs/AREBs activate
expression of ABI1 and ABI2, genes encoding PP2Cs, which inhibits activity of SnRK2. Furthermore,
ABF4/AREB2 promotes FYVE DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1
(FYVE1) expression. FYVE1 positively regulates degradation of PYR/PYL/RCARs and diminishes
ABF4/AREB2 and ABI5 activity. Inhibition of ABF4/AREB2 and ABI5 activity by FYVE1 is possible
after its phosphorylation carried out by SnRK2s. P—phosphate group.

10. Stress Tolerance of Transgenic Plants Overexpressing ABA-Dependent bZIPs

In Arabidopsis, transgenic lines overexpressing ABFs/AREBs showed increased toler-
ance to multiple abiotic stresses [57,72,128,129]. Moreover, rice, soybean (Glycine max) and
cotton overexpressing Arabidopsis ABF3, ABF2/AREB1 and ABI5, respectively, exhibited
stress-tolerant phenotypes [130–132]. Therefore, ectopic expression of ABFs/AREBs, ABI5
and their homologues can serve as a biotechnological tool for developing stress-tolerant
cultivars. It was recently shown that potato overexpressing ABF4/AREB2 was more tolerant
to drought and salt stress. Plants with constitutive ABF4/AREB2 expression accumulated
more proline and exhibited decreased stomatal conductance and transpiration rate. Further-
more, tuber yield of transgenic lines was better than the wild-type, both, in the presence
of optimal growth conditions and under stress [133]. In cotton, the overexpression of
AtABF3 and its cotton homolog, GhABF2D, resulted in drought tolerance related to the
faster stomatal closure and reduced transpiration. However, transgenic lines also showed
photosynthesis inhibition under drought [64]. Ectopic expression of ABF3 also ensured
increased tolerance of alfalfa (Medicago sativa) to drought, salt and oxidative stress. Drought
tolerance of ABF3 overexpression lines was caused by the reduction in transpiration rate,
decreased ROS accumulation and higher chlorophyll content. On the other side, leaves of
transgenic lines showed reduced size under optimal growth conditions [134]. The observed
growth retardation could arise from constitutive expression of ABFs/AREBs. However,
the application of stress-inducible or tissue-specific promoters can help to avoid this prob-
lem [64,72,129]. Na and Metzger [135] obtained transgenic plants of tomato and tobacco
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(Nicotiana tabacum) overexpressing ABF4/AREB2 only in guard-cells of stomata. Trans-
genic lines showed reduced transpiration and ensured drought tolerance. Utilization of a
guard-cell specific promoter reduced negative effect of ABF4/AREB2 overexpression on
plant development (Table 2).

Table 2. Abiotic stress tolerance of transgenic plants overexpressing ABFs/AREBs and their homologs, generated in
recent years.

Gene Source Target Species Effect Reference

ABF3 Arabidopsis thaliana Medicago sativa

Tolerance to drought, salt and oxidative stresses.
Reduced transpiration rate, ROS content and

higher chlorophyll content under stress. Smaller
leaf area under optimal growth conditions.

[134]

ABF3 Arabidopsis thaliana Gossypium hirsutum
Tolerance to drought. Reduced transpiration and
photosynthetic rates. Slower growth and smaller

leaves under optimal growth conditions.
[64]

ABF4/AREB2 Arabidopsis thaliana Solanum tuberosum

Tolerance to drought and salt stress. Lower
transpiration rate and higher proline content

under stress. Improved tuber yield under optimal
growth conditions and under stress.

[133]

ABF4/AREB2 Arabidopsis thaliana Nicotiana tabacum and
Solanum lycopersicum

Tolerance to drought. Reduced transpiration
under stress. Mild growth reduction under

optimal growth conditions.
[135]

BnaABF2 Brassica napus Arabidopsis thaliana
Tolerance to drought and salt. Reduced stomatal

aperture and water loss under stress. Induced
expression of LEA genes under stress.

[136]

GhABF2D Gossypium hirsutum Gossypium hirsutum
Tolerance to drought. Reduced transpiration and

photosynthetic rates. Slower growth under
optimal growth conditions.

[64]

IbABF4 Ipomoea batatas Arabidopsis thaliana/
Ipomoea batatas

Tolerance to drought, salt and oxidative stresses.
Higher photosynthetic efficiency, endogenous

ABA content and lower ROS content under stress.
Induced expression of LEA genes under stress.

Better seed germination under salt and osmotic
stress in Arabidopsis.

[86]

TaAREB3 Triticum aestivum Arabidopsis thaliana
Tolerance to drought and freezing stresses. Lower
ion leakage under stress. Induced expression of

LEA genes under stress.
[101]

VvABF2 Vitis vinifera Arabidopsis thaliana

Tolerance to osmotic stress. Higher activity of
detoxifying enzymes activity and better ROS

scavenging under stress. Induced expression of
LEA genes under stress.

[137]

ZmABP9 Zea mays Gossypium hirsutum

Tolerance to drought, salt and oxidative stresses.
Higher chlorophyll, proline and soluble sugars
content, higher activity of detoxifying enzymes,

reduced stomatal aperture and ROS
accumulation under stress, induced expression of
stress-responsive genes. Better seed germination

under salt and osmotic stress.

[138]

Transgenic plants overexpressing homologs of ABI5 and ABFs/AREBs from other species
than Arabidopsis also showed better performance under stress [98,100,103,107,108,115]. Over-
expression of wheat TaAREB3 in Arabidopsis induced LEA expression and conferred
freezing and drought tolerance [101]. Transfer of rapeseed (Brassica napus) gene, BnaABF2,
to Arabidopsis ensured better tolerance to drought and salt due to the smaller stomatal
aperture and induced expression of LEAs: RD29B, RAB18 and KIN2 [136]. Overexpression
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of maize ZmABP9 in cotton resulted in tolerance to drought, salt and oxidative stresses.
Transgenic lines showed a higher chlorophyll, proline and soluble sugars content, increased
detoxifying enzymes activity, decreased ROS level and reduced stomatal aperture in re-
sponse to stress. They also exhibited increased expression of stress-responsive genes under
stress. Furthermore, seeds of transgenic lines germinated better under salt and osmotic
stress [138]. Expression of VvABF2 from grapevine (Vitis vinifera) in Arabidopsis caused
increased activity of detoxifying enzymes, better ability to scavenge ROS and higher LEA
expression. Together, it conferred tolerance to osmotic stress of transgenic lines [137]. More-
over, overexpression of sweet potato IbABF4 in Arabidopsis and in sweet potato ensured
tolerance to drought, salt and oxidative stresses, and lower ROS level, elevated ABA con-
tent, better performance of photosynthesis, and higher expression of LEA genes associated
with stress. Additionally, Arabidopsis transgenic lines showed better germination rate
under salt and osmotic stress [86] (Table 2).

Together, these data show that ABA-dependent bZIPs are a promising tool for de-
veloping cultivars with enhanced tolerance to abiotic stresses. However, the activity of
ABA-dependent bZIPs can depend on a target species, type of applied stress and ana-
lyzed developmental stage. Moreover, overexpression of ABFs/AREBs and their homologs
can also cause undesirable growth retardation under optimal conditions. Thus, labori-
ous preliminary studies are needed before utilizing ABA-dependent bZIPs for obtaining
stress-tolerant crops.

11. Concluding Remarks

ABA-dependent regulation of plant response to abiotic stress involves the activity of
many different components. ABA-dependent bZIPs, ABI5 and ABFs/AREBs are a group
of transcription factors that trigger plant adaptation to unfavorable stress conditions. Their
activity is strictly controlled by multiple regulators at transcriptional and protein level to
ensure the accurate response to surrounding environmental conditions. In Arabidopsis,
ABI5 and ABFs/AREBs are mostly active in seeds and in vegetative tissues, respectively.
However, very often their function is overlapping and together, in response to ABA, they
regulate many processes including seed germination, chlorophyll catabolism and flowering
time. In monocots, ABI5 and ABFs/AREBs homologs are involved in regulation of stress re-
sponses, however, their activity is usually observed during different developmental stages.
Function of ABI5 and ABFs/AREBs is also crucial for the feedback regulation of core ABA
pathway, which results in promotion or repression of ABA-dependent plant response to
the stress. Finally, ABI5, ABFs/AREBs and their homologs can serve as candidates for devel-
oping transgenic plants with increased tolerance to abiotic stress. However, more studies
are necessary to understand the precise function of numerous ABA-dependent bZIPs in
regulation of plant responses to multiple abiotic stresses at different developmental stages.
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Abstract: The pentose phosphate pathway (PPP) is divided into an oxidative branch that makes
pentose phosphates and a non-oxidative branch that consumes pentose phosphates, though the
non-oxidative branch is considered reversible. A modified version of the non-oxidative branch
is a critical component of the Calvin–Benson cycle that converts CO2 into sugar. The reaction se-
quence in the Calvin–Benson cycle is from triose phosphates to pentose phosphates, the opposite
of the typical direction of the non-oxidative PPP. The photosynthetic direction is favored by replac-
ing the transaldolase step of the normal non-oxidative PPP with a second aldolase reaction plus
sedoheptulose-1,7-bisphosphatase. This can be considered an anabolic version of the non-oxidative
PPP and is found in a few situations other than photosynthesis. In addition to the strong association
of the non-oxidative PPP with photosynthesis metabolism, there is recent evidence that the oxida-
tive PPP reactions are also important in photosynthesizing cells. These reactions can form a shunt
around the non-oxidative PPP section of the Calvin–Benson cycle, consuming three ATP per glucose
6-phosphate consumed. A constitutive operation of this shunt occurs in the cytosol and gives rise to
an unusual labeling pattern of photosynthetic metabolites while an inducible shunt in the stroma
may occur in response to stress.

Keywords: 13C; 14C; aldol; Calvin-Benson cycle; light respiration; photosynthesis; isotope labeling

1. Introduction

The PPP consists of two reaction sequences, often referred to as the oxidative and
non-oxidative branches [1] (Figure 1). In the oxidative branch, glucose 6-phosphate (G6P)
is converted to ribulose 5-phosphate (Ru5P) and CO2, with the reduction of two molecules
of NADP+ to NADPH. The NADPH is needed for anabolic reactions, especially synthesis
of lipids, and for ROS scavenging systems. The Ru5P and other pentose phosphates are
used for nucleic acid synthesis, among other things. In the non-oxidative branch of the
PPP, three molecules of Ru5P are converted to two molecules of fructose 6-phosphate (F6P)
and one molecule of glyceraldehyde 3-phosphate (GAP) [1]. The pathway can also supply
erythrose 4-phosphate (E4P) for synthesis of phenylpropanoids, including several amino
acids. The PPPs are important in nearly all biological organisms. The PPPs, like glycolysis,
are considered to be evolutionarily ancient, perhaps preceding the first living organisms [2].

Photosynthetic carbon metabolism, specifically the Calvin–Benson cycle of CO2 uptake
and reduction, is considered a variant of the non-oxidative branch of the PPP. It is not
uncommon for photosynthetic carbon metabolism to be referred to as the “reductive PPP.”
However, the reduction step of the Calvin–Benson cycle is not related to pentose phosphate
metabolism but rather to gluconeogenesis (the reversal of glycolysis) [3,4]. The Calvin–
Benson cycle has more gluconeogenic enzymes and reactions than PPP reactions (Table 1,
Figure 2).
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Figure 1. Pentose phosphate pathways. The oxidative branch (top) and catabolic non-oxidative branch (middle)
can be shown as one pathway releasing one CO2 molecule per glucose 6-phosphate consumed. At the bottom, the
catabolic non-oxidative PPP, as found in the Calvin–Benson cycle, is shown. DHAP = dihydroxyacetone phosphate,
E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde 3-phosphate,
PRPP = 5-O-phosphono- ribose 1-diphosphate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate, RuBP = ribulose
1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose 1,7-bisphosphate, SBPase = sedoheptulose
1,7-bisphosphatase, and Xu5P = xylulose 5-phosphate.
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Table 1. Number of enzymes and reaction of the Calvin–Benson cycle which are gluconeogenic or
pentose phosphate pathway reactions.

Pathway Enzymes Reactions

Gluconeogenesis 5 16
Pentose phosphate pathway 4 6

Figure 2. The Calvin–Benson cycle. Two reactions unique (or nearly so) to photosynthetic carbon metabolism link catabolic
non-oxidative pentose phosphate reactions with gluconeogenic reactions to form the Calvin–Benson cycle. DHAP =
dihydroxyacetone phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, FBP = fructose 1,6-bisphosphate,
FBPase = FBP phosphatase, GAP = glyceraldehyde 3-phosphate, PGA = 3-phosphoglycerate, R5P = ribose 5-phosphate,
Ru5P = ribulose 5-phosphate, RuBP = ribulose 1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose
1,7-bisphosphate, SBPase = SBP phosphatase, ThDP = thiamine diphosphate, and Xu5P = xylulose 5-phosphate.

Using radioactive 14CO2, it was quickly determined that PGA is the first product
of CO2 fixation by algae and plants [5]. There remained two mysteries about the path
of carbon in photosynthesis that was blocking its discovery [3]. First was the nature
of the reduction step and second was the nature of the “two-carbon acceptor”, known
to be necessary in order for 3-PGA to be the first product. Answers to both mysteries
were proposed in a landmark 1954 paper [4]; the reduction step was the reversal of the
oxidation step in glycolysis and the “two-carbon acceptor” was the top two carbons of
RuBP, which had three different sources related to the PPP. Ribose 5-phosphate (R5P) is
made by successive aldol additions of carbon to GAP (Figure 3). The carbon donor is DHAP.
After the aldol addition of DHAP to GAP, two of the carbons of DHAP are transferred to
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thiamine diphosphate (ThDP) as a glycolaldehyde fragment, leaving one carbon added to
GAP. The resulting E4P undergoes another aldol addition and removal of two of the three
carbons, resulting in R5P. Each of the two glycolaldehyde fragments attached to ThDP is
transferred to a molecule of GAP, resulting in two molecules of Xu5P. An isomerase converts
R5P to Ru5P and an epimerase converts Xu5P to Ru5P. The Ru5P is then phosphorylated
to make ribulose 1,5-bisphosphate, the CO2 acceptor. The glycolaldehyde fragment is
transferred by transketolase, which was discovered at the same time as the Calvin–Benson
cycle was being worked out [6]. However, while the non-oxidative branch of the PPP was
being studied for its ability to convert pentose phosphates to hexose and triose phosphates,
the Calvin–Benson cycle requires flux in the opposite direction, triose phosphates must be
converted to pentose phosphates.
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Figure 3. Building ribose 5-phosphate using aldol chemistry. Combining dihydroxyacetone phosphate and glyceraldehyde
3-phosphate results in an aldol (ALDehyde/alcohOL). Dephosphorylation is followed by removal of two carbons to make a
new aldose, erythrose 4-phosphate. A second dihydroxyacetone phosphate is added followed by dephosphorylation and
removal of two carbons, resulting in ribose 5-phosphate.

2. Historical Perspective

Pentose phosphate metabolism and the path of carbon in photosynthesis were under
intense study around 1950. The oxidative branch of pentose phosphate metabolism was
discovered first. For example, Horecker et al. [7] demonstrated the formation of ribose 5-
phosphate from 6-phosphogluconate. However, it was the non-oxidative branch of pentose
phosphate metabolism that was most relevant to photosynthetic carbon metabolism. In
this case, the studies of Benson were especially useful to those studying pentose phosphate
metabolism, especially the role of sedoheptulose phosphate, which was discovered by
Benson [8,9] and quickly incorporated into proposed pathways for the non-oxidative
PPP [10,11]. However, while the non-oxidative PPP involved sedoheptulose 7-phosphate
synthesis by transaldolase, in the Calvin–Benson cycle, sedoheptulose 7-phosphate is
made by dephosphorylation of sedoheptulose 1,7-bisphosphate. This important distinction
can now be understood as optimizing the non-oxidative PPPs for either degradation of
pentoses (catabolic) or synthesis of pentoses (anabolic).

3. The Catabolic and Anabolic Non-Oxidative Pentose Phosphate Pathways

The oxidative PPP makes NADPH and pentose phosphates, but if a cell needs more
NADPH than pentose phosphates, the excess pentose phosphates can be converted back
eventually to glucose 6-phosphate, basically a catabolic, non-oxidative PPP. However,
when more pentose phosphate than NADPH is needed, the non-oxidative branch of the
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PPP can operate in the opposite, anabolic direction. Just as gluconeogenesis involves
most but not all of the enzymes in glycolysis, the anabolic PPP uses most, but not all, of
the catabolic non-oxidative branch of the PPP. Specifically, the anabolic PPP uses SBPase
instead of transaldolase. The anabolic PPP is best known from photosynthesis but it has also
been found in yeast [12], where it is called the riboneogenesis pathway, and Kinetoplasta
(including trypanosomes) [13]. The parasitic amoeba Entamoeba histolytica uses a similar
pathway to make pentoses for ribonucleotides. The riboneogenesis pathway of yeast has
been used to bioengineer an efficient cycle for converting F6P to acetyl phosphate [14].

4. The Calvin–Benson Cycle and the Anabolic Pentose Phosphate Pathway

The Calvin–Benson cycle combines gluconeogenic reactions with the anabolic PPP
(also riboneogenesis pathway) (Figure 2). The reactions along the top in Figure 2 begin with
reactions that are nearly unique to photosynthesis. The first reaction is formation of RuBP
catalyzed by phosphoribulokinase. Early on, Benson [15] had recognized the potential for
RuBP to be the CO2 acceptor. Most organisms use phosphoribulokinase but some archea
can use other enzymes and make 5-O-phosphono- ribose 1-diphosphate, convert that to
ribose 1,5-bisphosphate and then finally to RuBP [16]. However, it is possible that this is
more important for nucleoside degradation than for photoautotrophic CO2 fixation [17].

The next step is catalyzed by rubisco, a fascinating enzyme that has been the subject of
a great deal of research and so will not be discussed here. Rubisco introduces a carboxylic
acid which must be reduced to the oxidation status of a sugar. The uncertainty about the re-
duction step, which was evident as late as 1952 [18], was solved by invoking gluconeogenic
reactions. Further gluconeogenic reactions result in one molecule of F6P, one molecule of
DHAP, and two molecules of GAP. These are the starting materials for the anabolic PPP.
Among these starting materials there are four phosphate esters but at the end there are
three pentose phosphates, one phosphate ester is lost. This causes the metabolism to be
energetically favorable in the direction of making pentose phosphates.

4.1. The Chemistry

Building pentoses from trioses involves two types of chemistry. The first is aldol
formation by adding a ketose (DHAP) to an aldehyde (first GAP, then E4P) (Figure 3). Each
time three carbons are added, two are removed by transketolase and so the original GAP
molecule is built up to a pentose by two one-carbon additions. When 14CO2 is fed, carbon
1 of GAP (the aldehyde carbon) will be labeled, whereas carbon 3 of DHAP will be labeled
following isomerization by triose phosphate isomerase. Carbon 3 of DHAP is the carbon
that is added in the successive aldolase reactions so that the resulting R5P is labeled at
carbons 1 and 2 from DHAP and carbon 3 from GAP.

The second type of chemistry is ThDP-dependent transfer of two carbons from a
ketose to an aldose to make a new ketose (hence “transketolase” [6]) (Figure 4). Typically,
the transketolase reactions are written with specific precursors and products. For example,
two carbons are removed from F6P and donated to GAP. When two substrates are involved,
the reaction can be ordered and sequential, with the two-carbon donor and acceptor both
bound to the enzyme, or it can be a ping-pong mechanism, with some products leaving the
enzyme before the acceptor substrate binds. Flux balance analysis is consistent with the
ping-pong mechanism [19] for transketolase. The donor ketose molecule binds, transfers
two carbons to ThDP, then the remaining carbons leave the enzyme. In the case of the
Calvin–Benson cycle, this means that E4P or R5P leave transketolase before GAP binds to
accept the glycolaldehyde fragment that is attached to ThDP.
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Figure 4. Transketolase transfers the two carbon fragments. Thiamine diphosphate forms a covalent bond between a carbon
in the thiazole ring of thiamine diphosphate and the carbonyl carbon of fructose 6-phosphate. The bottom four carbons leave
the enzyme and then the top two carbons are transferred to glyceraldehyde 3-phosphate to make xylulose 5-phosphate,
thus transferring the keto group from fructose 6-phosphate to xylulose 5-phosphate.

One consequence of this is that the transketolase reaction can be nonspecific. Many
ketose sugars can act as a donor and many aldose sugars can act as an acceptor [20]. When
the two-carbon fragment is donated to G6P, an octulose 8-phosphate molecule can be
formed. This has been reported [21–23] (Figure 5). This pathway has sometimes been
called the liver version of the non-oxidative pathway [23], but the observations of octulose
8-phosphate, even in photosynthetic organisms [24], would appear to be a consequence of
the flexibility of transketolase, and not necessarily indicative of significant flux through
octulose 8-phosphate [1] during photosynthesis. The production of G6P from F6P in the
stroma during photosynthesis is highly regulated by phosphoglucoisomerase [25]; low
concentrations of G6P in the stroma might limit the formation of octulose 8-phosphate.

Figure 5. An alternative non-oxidative pentose phosphate pathway. The flexibility of transketolase in combining ketoses
with aldoses can allow alternatives to the non-oxidative PPP. A5P = arabinose 5 phosphate, DHAP = dihydroxyacetone
phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde
3-phosphate, O8P = octulose 8 phosphate, OBP = octulose 1,8-bisphosphate, R5P = ribose 5-phosphate, S7P = sedoheptulose
7-phosphate, and SBP = sedoheptulose 1,7-bisphosphate.

The major flux catalyzed by transketolase transfers a glycolaldehyde fragment bound
to ThDP from F6P to GAP, resulting in Xu5P. The GAP is labeled at the 1 position, which
becomes the 3 position of Xu5P. Similarly, a glycolaldehyde fragment bound to ThDP is
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transferred from sedoheptulose 7-phosphate to GAP, resulting in another Xu5P. The two
Xu5P produced by transketolase reactions and the R5P produced by sequential addition of
carbon by aldol chemistry are converted to ribulose 5-phosphate (Ru5P). Carbon 3 of both
Xu5P molecules and also of the R5P are derived from carbon 3 of GAP and so carbon 3 of
RuBP labels very heavily. Carbons 1 and 2 of the R5P are derived from carbon 3 of DHAP.
None of these molecules would be labeled at carbons 4 and 5 (Figure 6). This gives rise to
the labeling pattern used to deduce the Calvin–Benson cycle [4]. However, carbon 3 was
more heavily labeled than predicted. Instead of three-fold more label in carbon 3 relative
to carbon 1 or 2, it was over six-fold more labeled (Table 2). This can be explained by a
lack of isotopic equilibrium between the triose phosphates [3] and it has been reported that
triose phosphate isomerase is not in chemical equilibrium during photosynthesis [26]. The
thermodynamics of the aldolase reaction in the direction of making FBP are more favorable
if TPI is not in equilibrium [3].

Figure 6. Intramolecular labeling pattern of the Calvin–Benson cycle. Summing the labeling resulting from three different
pentose phosphate sources shows that one of the Ru5Ps will have carbon 1 and 2 labeled from carbon 3 of DHAP, carbon 3
of RuBP of all Ru5Ps will have a label from carbon 1 of GAP and carbons 4 and 5 should have no label after one occurrence
of the pentose phosphate reactions of the Calvin–Benson cycle. DHAP = dihydroxyacetone phosphate, E4P = erythrose
4-phosphate, F6P = fructose 6-phosphate, GAP = glyceraldehyde 3-phosphate, R5P = ribose 5-phosphate, Ru5P = ribulose
5-phosphate, S7P = sedoheptulose 7-phosphate and Xu5P = xylulose 5-phosphate.
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Table 2. Relative radioactivity observed versus predicted.

Carbon Number Relative Radioactivity Theoretical

1 1 1
2 0.9 1
3 6.3 3
4 0.4 0
5 0.3 0

The radioactivity in each carbon position relative to radioactivity in carbon 1 reported by Bassham et al. [4]. The
theoretical values are based on the metabolism shown in Figure 4 and assume that triose phosphate isomerase
results in isotopic equilibrium between glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.

4.2. No Transaldolase in the Anabolic Pentose Phosphate Pathway

Dephosphorylation of SBP makes pentose phosphate production energetically favor-
able relative to triose phosphate production from pentose phosphates. This dephosphoryla-
tion is carried out by a specific phosphorylase (E.C. 3.1.3.37) in plants, with the abbreviation
SBPase, while in yeast and other organisms the enzyme symbol is Shb17 [12]. In cyanobac-
teria, one of the FBPases has SBPase activity while a second form does not. In plants,
FBPase does not have SBPase activity despite the similarity in sequence. In Clostridia, the
SBPase function is carried out by pyrophosphate-dependent phosphofructokinase (PFP),
potentially preserving energy. In plants, PFP activity is confined to the cytosol [27] and
plastids have an active pyrophosphatase, so PFP dephosphorylation of SBP is not possible.
The loss of energy upon dephosphorylation will contribute to moving metabolites from
trioses to pentoses, i.e., in the anabolic or photosynthetic direction.

The presence of transaldolase in the catabolic, non-oxidative PPP allows interconver-
sion of pentoses to hexoses and trioses without significant changes in free energy. In the
case of the Calvin–Benson cycle, E4P made from F6P by transketolase could be converted
to S7P by transaldolase (the other product would be GAP). In this scheme there would be
no irreversible reactions between two F6P plus one GAP as inputs and three pentose phos-
phates as outputs. Simultaneous operation of transaldolase and aldolase/SBPase would
defeat the utility of the aldolase/SBPase metabolism in providing directional driving force
toward pentose phosphates.

This puts SBPase in a critical position for regulating the Calvin–Benson cycle. Modify-
ing the expression of SBPase can have significant effects on photosynthesis rates [28–32].
Very marked increases in photosynthetic rate were observed when both aldolase and
SBPase were overexpressed [32].

5. Oxidative Pentose Phosphate Pathways during Photosynthesis

The Calvin–Benson cycle is, in large measure, the anabolic, non-oxidative PPP but
there is now evidence that the oxidative PPP is also important in photosynthesizing cells.
The oxidative PPP in the cytosol likely operates continuously and supplies Ru5P to the
chloroplast at a low but continuous rate [33]. The plastidial oxidative PPP is normally off
during photosynthesis [34] but can be stimulated by H2O2 [35]. Because the shunts would
cost 3 ATP per G6P, significant PS 1 cyclic electron flow would be required, and this could
add to the myriad of processes that protect photosystems from excess energy.

It is believed that the cytosol of plant cells has most or all of the oxidative branch of
the PPP but lacks critical enzymes of the non-oxidative branch [36,37]. It was thought that
the oxidative PPP is not active in photosynthesizing leaves. If it were, a futile cycle, in
which 3 ATP are consumed for each G6P that undergoes oxidation as shown in Scheme 1,
would be created.
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Scheme 1. The energy-requiring or -releasing reactions when the oxidative pentose phosphate pathway bypasses the
anabolic pentose phosphate pathway of the Calvin-Benson cycle. F6P = fructose 6-phosphate, G6P = glucose 6-phosphate,
3PGA = 3-phosphoglycewrate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate, RuBP = ribulose 1,5-bisphosphate,
and TP = triose phosphate.

There are six G6P dehydrogenases in Arabidopsis, of which three are located in the
chloroplast [38]. It was found that G6PDH1 is very sensitive to redox status, normally
having very low activity (high Km) in a reducing environment [35,39] as a result of reduction
of two cysteine residues [40]. On the other hand, there is no indication that G6PDH enzymes
in the cytosol, especially Arabidopsis G6PDH 5 and 6, are regulated to reduce their activity
in the light [40]. The question arises, what would prevent the oxidative PPP from operating
in the cytosol during photosynthesis?

It has recently been hypothesized that the oxidative PPP is active during photosyn-
thesis and it makes a shunt, bypassing the conversion of triose and hexose phosphates to
pentose phosphates in the Calvin–Benson cycle [41]. There is no evidence that cytosolic
G6PDH enzymes in the cytosol are turned off in the light and there is a significant pool
of G6P in the cytosol in leaves in the light [42–45]. Both static [33] and dynamic [46]
analyses of 13CO2 feeding results have found that the operation of the oxidative PPP as a
shunt bypassing much of the Calvin–Benson cycle is strongly supported. It is estimated to
proceed at approximately 5% of the rate of net CO2 assimilation.

6. Explanatory Power of the Cytosolic Oxidative Pentose Phosphate Pathway

6.1. Labeling Kinetics of Calvin–Benson Cycle Intermediates

Labeling of Calvin–Benson cycle intermediates provided the insights needed to de-
duce the path of carbon in photosynthesis. However, in the 1970s, Canvin and colleagues
published results of experiments showing that, although the Calvin–Benson cycle inter-
mediates labeled quickly at first, once they were ~80% labeled, the rate of labeling slowed
significantly [47–49]. This was shown to be also true of isoprene labeling [50], which is
now known to reflect labeling kinetics of the Calvin–Benson cycle intermediates [33]. The
disappearance of 12C in isoprene when leaves were fed with 99+% 13CO2 showed two
distinct phases when plotted on a log scale (Figure 7). Szecowka et al. [45] also pointed out
the biphasic labeling pattern they found when 13CO2 was fed to Arabidopsis rosettes and
similar data were reported by Hasunuma et al. [51] and Ma et al. [52]. When the CO2 supply
was switched back to 12CO2, the disappearance of 13CO2 from emitted isoprene was not
biphasic and appeared to have the same time constant as the fast phase of disappearance
of 12CO2 in a 13CO2 atmosphere (Figure 7).
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Figure 7. Exponential decay of label in isoprene when leaves are fed 13CO2. Upon switching from
12CO2 to 13CO2, there are two distinct phases of exponential decay of 12C remaining (blue squares).
Upon switching back to 12CO2, only one phase is observed (orange circles). Data redrawn from
Delwiche and Sharkey [50].

To account for this slow phase of labeling, pools of Calvin–Benson cycle intermediates
disconnected from metabolism (inactive metabolites) were hypothesized [45,52]. However,
the slow-labeling component was not static, the loss of 12C during feeding 13CO2 showed
a very clear two-phased exponential decay [50]. Similar two-phased exponential decay
kinetics are seen in the data of [33,45]. This indicates that there are at least two processes
affecting the kinetics of labeling, one fast and one slower. The time constant for the two
phases of exponential decay of 12C in Calvin–Benson cycle intermediates was 0.23 min−1

for the fast phase and 0.014 min−1 for the slow phase.
It is now hypothesized that the slow phase reflects a slow flow of unlabeled carbon,

from glucose, fructose, or sucrose acted on by invertase back into the Calvin–Benson
cycle [33]. Hexokinase or fructokinase [53] can return unphosphorylated hexoses to the
hexose phosphate pool. Hexose phosphates are generally not exchanged across chloroplast
membranes [54,55] but the oxidative PPP provides a path of carbon from hexose phosphates
in the cytosol to the chloroplast by import through the xylulose-5-phosphate transporter
(XPT) [56].

An examination of the data of Szecowka et al. [45] supports this mechanism (Figure 8).
After 20 min of feeding 13CO2, the fast-labeling phase is over but there is little label in
free glucose and fructose. Intermediates of the Calvin–Benson cycle (Figure 8) as well
as the chloroplastic methylerythritol 4-phosphate pathway, as evidenced by the label in
isoprene [50], are labeled to the same degree, usually between 80 and 90%. When the
Calvin–Benson cycle intermediates are labeled to 80%, carbon export from the Calvin–
Benson cycle is removing 12CO2 at a rate of 0.2 times the net rate of CO2 assimilation. If the
net rate of CO2 assimilation is 10 μmol m−2 s−1, there must be a 12C input back into the
Calvin–Benson cycle at a rate of 2 μmol m−2 s−1. If the oxidative PPP supplies this from
unlabeled glucose, and five carbons are supplied for each glucose molecule that follows
the pathway, then the oxidative PPP would need to proceed at a rate of 2 μmol m−2 s−1

divided by 5 carbons per glucose for a G6PDH rate of 0.4 μmol m−2 s−1. If the source for
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the oxidative PPP has some label, the rate would need to be proportionally more but if
some of the CO2 released in the oxidative PPP is refixed, less would be needed.

Figure 8. Label in selected photosynthesis intermediates. The proportion of carbon atoms
that are 13C 20 min after beginning to feed 13CO2. Data taken from Szecowka et al. [45]).
Data for F6P and G6P are for both the stromal and cytosolic pools, presumably the value for
ADPG reflects the degree of label in the stromal F6P and G6P pools while UDPG (mostly)
reflects the values for cytosolic F6P and G6P. ADPG = ADP-glucose, DHAP = dihydroxyace-
tone phosphate, E4P = erythrose 4-phosphate, F6P = fructose 6-phosphate, FBP = fructose 1,6-
bisphosphate, G6P = glucose 6-phosphate, GAP = glyceraldehyde 3-phosphate, PEP = phospho-
enolpyruvate, PGA = 3-phosphoglycerate, R5P = ribose 5-phosphate, Ru5P = ribulose 5-phosphate,
RuBP = ribulose 1,5-bisphosphate, S7P = sedoheptulose 7-phosphate, SBP = sedoheptulose 1,7-
bisphosphate, and UDPG = UDP-glucose.

6.2. Respiration in the Light Explained by the Cytosolic G6P Shunt through the Oxidative Pentose
Phosphate Pathway

The widely used model of photosynthetic carbon metabolism published by Far-
quhar et al. [57] (now often referred to as the FvCB model for the three authors) the
net rate of CO2 assimilation, A, was given as

A = vc − 0.5vo − Rd (1)

where vc is the rate of carboxylation of RuBP and vo is the rate of oxygenation (the first
step of photorespiration). The last parameter was called dark respiration to account
for mitochondrial respiration that might continue in the light [57]. The definition was
broadened to include any process that releases CO2 during photosynthesis and so, to keep
the same symbol, was renamed day respiration [58]. However, recently this has been
relabeled to RL, for respiration in the light.

There are three methods commonly used to estimate RL. The first is the Laisk
method [59], which came into common usage after its use by Brooks and Farquhar [60].
The method uses CO2 response curves measured at different (but low) light intensities.
These curves cross over at a CO2 level where vc is one half of vo so that A is equal to −RL.
There have been a number of refinements to the technique, but the basic premise remains
and the advances in Laisk method measurements will not be considered here. A second
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measurement is based on extrapolation of a light response curve. When A is plotted as
a function of light there is a distinct reduction in slope at about the light intensity where
A switches from negative to positive (called the Kok effect). The lower slope of the light
response above the compensation point is extrapolated to zero light and the difference
between this number and respiration actually measured in darkness is taken to be RL.
A related technique makes use of chlorophyll fluorescence estimates of photosynthetic
electron transport rates [61,62]. This improves on the Kok method for determining RL, but
again makes use of photosynthesis at low light intensities.

A method for measuring RL using isotopes of carbon was developed by Loreto et al. [63].
This method is based on the assumption that carbon sources for RL are not quickly labeled
when 13CO2 is fed to leaves and so RL can be measured as an efflux of 12CO2 into a
13CO2 atmosphere. An advantage to this method is that it can be used at higher rates of
photosynthesis. However, it is unknown whether these different methods for measuring RL
are measuring the same phenomenon given that they are made a very low light and/or CO2
in most cases but not in the Loreto method. The cytosolic oxidative PPP and slow-labeling
carbon pool can provide an explanation for the isotope method measure of RL.

If the cytosolic G6P shunt operates as indicated above, CO2 will be released with the
same degree of label as the G6P pool in the cytosol. The rate of that release would be the
rate of the cytosolic G6P shunt, estimated above to be on the order of 0.4 μmol m−2 s−1.
This is in the range of reported values for RL [64]. The slow-labeling phase when 13CO2
is fed to leaves likely reflects labeling of the cytosolic hexose phosphate pool. As this
pool labels, the CO2 released by the G6P shunt will become labeled and the apparent RL
measured by the isotopic method should decline. This is in fact observed in unpublished
data of Alyssa Preiser (Figure 9).

Figure 9. RL over time after feeding 13CO2. RL was measured as 12CO2 emission into a 13CO2

atmosphere (Loreto method). Data of Alyssa Preiser.

If the cytosolic G6P shunt is responsible for RL measured isotopically, is it also respon-
sible for RL measured by the Laisk method, near the CO2 compensation point, or the Yin
and Struik method, near the light compensation point? The controls on the rate of the G6P
shunt are unknown. If it is controlled simply by the amount of G6P in the cytosol it will be
possible to learn more about how RL changes with conditions although there currently are
few reported measurements of G6P levels in the cytosol.
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7. Explanatory Power of the Stromal Oxidative Pentose Phosphate Pathway

7.1. Stimulation of Cyclic Electron Flow during Stress

The oxidative PPP in the chloroplast is inhibited in the light by reduction of two
cysteine residues of a stromal G6PDH [40]. However, this inhibition, which prevents
the G6P shunt futile cycle, can be overcome by high concentration of G6P or H2O2 [35].
Various stresses can cause H2O2 to accumulate in chloroplasts. Detecting flux through
the chloroplastic G6P shunt when the cytosolic shunt is occurring is difficult, but one
indicator is the label in 6-PG relative to that in ADP-glucose, an indicator of the degree of
label in stromal G6P, and UDP glucose, an indicator of the degree of label in the cytosol,
although UDPglucose label will be affected somewhat by a small pool of UDP glucose in
the chloroplast, presumably related to lipid synthesis [65]. When poplar leaves were fed
13CO2 at 30 ◦C, 6PG labeling was indistinguishable from UDPglucose, indicating little or
no plastidial G6P shunt. However, at 40 ◦C, 6PG labeling was much closer to ADP glucose,
indicating a significant rate of plastidial G6P shunt under high temperature stress [33].

Operation of the plastidial G6P shunt will consume ATP but not NADPH (Scheme 1),
which will allow/require cyclic electron flow around photosystem I. This could help
balance the ATP/NADPH demand or help protect photosystem I when too much energy is
arriving there. Photosystem I can reduce oxygen to superoxide, and superoxide dismutase
can convert that to H2O2. Thus, H2O2 is an indicator of too much energy at photosystem I.
By stimulating the stromal G6P shunt, ATP will be consumed, stimulating cyclic electron
flow, and so relieve the excess pressure at photosystem I. Stimulation of cyclic electron flow
by H2O2 has been reported [66].

7.2. Excess CO2 Release during Photorespiration

The stromal oxidative PPP was proposed to explain two traits found in mutants lacking
hydroxypyruvate reductase, needed in photorespiration. These plants have excess CO2 release
during photosynthesis. This was calculated assuming that RL is constant during various treat-
ments and changes in CO2 release result from changes in the stoichiometry of photorespiratory
CO2 release [67]. However, Li et al. [68] showed that these plants also expressed a gene for a G6P
transporter (GPT2) that is normally silent in photosynthetic tissue. It was hypothesized that this
allows metabolites to bypass stromal triose phosphate isomerase, an enzyme significantly
inhibited by 2-phosphoglycolate of photorespiration [26,69,70]. This would allow G6P to
flood into the chloroplast and high levels of G6P can overcome the inhibition of stromal
G6PDH [35]. These plants also accumulate H2O2 [26] another plastidial G6PDH activating
factor. Activation of the plastidial oxidative PPP would form a shunt that would release
CO2, offering an alternative explanation for the excess CO2 release in hdr1 mutants [26].

If a G6P shunt in the chloroplast is responsible for the excess CO2 release seen in hpr1
plants, then these plants should also have increased cyclic electron flow to compensate for
the excess ATP consumed in the shunt. This has been observed [68].

8. Energetics

The operation of either the plastidial or cytosolic G6P shunts results in the consump-
tion of three ATP per G6P oxidized. These ATP are consumed entirely inside the chloroplast
whether the shunt is plastidial or cytosolic. Using data reported in Sharkey et al. [33], the
added costs of photorespiration and G6P shunts at 30 and 40 ◦C are shown in Table 3.
Linear photosynthetic electron transport is believed to provide 1.285 ATPs per NADPH
(assuming a constitutive Q cycle and 14 protons per 3 ATP). Since CO2 assimilation costs
1.5 ATP per NADPH there is an ATP deficit that can be made up by cyclic electron flow
around photosystem I or by the Mehler reaction, also called the water-water cycle. At 30 ◦C,
photorespiration and the G6P shunt added 0.06 to the ATP deficit on top of the 0.215 deficit
for CO2 fixation.
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Table 3. Effect of G6P shunts on NADPH and ATP required.

30 ◦C A Photorespiration G6P Shunts

Rate, μmol m−2 s−1 15.8 5.0 0.79
NADPH (cumulative) 31.6 41.6 41.6

ATP (cumulative) 47.4 64.9 67.3
ATP/NADPH ratio cumulative 1.5 1.56 1.62

40 ◦C

Rate, μmol m−2 s−1 6.6 2.8 1.19
NADPH (cumulative) 13.2 18.8 18.8

ATP (cumulative) 19.8 29.6 33.2
ATP/NADPH ratio cumulative 1.5 1.57 1.77

Data from the experiment reported in Sharkey et al. [33] with the effect of adding photorespiration or photorespi-
ration plus the G6P shunts to energy used in photosynthesis. Both the cytosolic and stromal G6P shunts increase
the ATP requirement (by three for each occurrence of the G6P shunt) but do not increase the requirement for
NADPH. It is estimated that linear electron flow provides 1.285 ATP per NADPH and so as the ATP/NADPH
ratio goes above 1.285 cyclic electron flow, or a similar mechanism, is required.

At 40 ◦C, both photorespiration and the G6P shunts were stimulated. In this experi-
ment photorespiration added 0.07 while the shunts added 0.20 to the ATP deficit relative to
linear electron flow, nearly as much as the deficit for CO2 fixation alone. At 40 ◦C the total
ATP/NADPH ratio required for CO2 fixation plus photorespiration plus the G6P shunts
was 1.77, requiring substantial extra ATP, which could be supplied by cyclic electron flow.
Stimulation of cyclic electron flow at high temperature has been reported often [71–77].

9. Conclusions

The role of the anabolic, non-oxidative PPP in photosynthesis was proposed in 1954 [4]
and has stood the test of time. Now, recent data indicate that the oxidative PPP is also very
important in photosynthesizing leaves. This pathway may operate constitutively in the
cytosol at a rate of approximately 4% of the rate CO2 fixation. In the plastid, this pathway
appears to normally be insignificant in unstressed leaves, as had been thought, but new
evidence indicates that the plastidial pathway can be stimulated during stress; H2O2 likely
plays a role in stimulating this pathway in the light.
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Abbreviations

DHAP dihydroxyacetone phosphate
E4P erythrose 4-phosphate
F6P fructose 6-phosphate
FBP fructose 1,6-bisphosphate
G6P glucose 6-phosphate
G6PDH G6P dehydrogenase

GAP
glyceraldehyde 3-phosphate (not to be confused with G3P,
glycerol 3-phosphate, which is important in lipid synthesis)

PGA 3-phosphoglycerate
6-PG 6-phosphogluconate
PPP pentose phosphate pathway
PRPP 5-O-phosphono- ribose 1-diphosphate,
R5P ribose 5-phosphate
Ru5P ribulose 5-phosphate
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RuBP ribulose 1,5-bisphosphate
S7P sedoheptulose 7-phosphate
SBP sedoheptulose 1,7-bisphosphate
SBPase sedoheptulose 1,7-bisphosphatase
ThDP thiamine diphosphate
Xu5P xylulose 5-phosphate
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