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Preface to “Feature Papers in Horticulturae”

The goal of this Special Issue is to highlight frontier research in basic to applied horticulture
among selected works published in Horticulturae in 2020. Exhibiting diversity in topic areas, the
research can generally be classified as follows: (1) improving the sustainability of horticultural crop
production systems is key for the future; (2) integrating new technologies and new crops into existing
production systems is growing; (3) managing fruit set and ripening remain challenges, especially
concerning climate change; (4) postharvest storage and handling techniques continue to evolve; and
(5) expanding our knowledge of unique and underutilized species is key to their conservation and

horticultural use.

Douglas D. Archbold
Editor
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The goal of this Special Issue is to highlight, through selected works, frontier research in
basic to applied horticulture among those published in Horticulturae in 2020. Exhibiting a
diversity in topic areas, the following papers are noteworthy.

1. Improving the Sustainability of Horticultural Crop Production Systems Is Key for
the Future

The maintenance of soil quality and the reclamation of marginal soils are urgent
priorities in sustainable systems. Interest in the use of biochar, a carbon-rich, porous
material thought to improve various soil properties, has increased. Tenic et al. [1] reviewed
the literature and reported that the source of organic material, or ‘feedstock’, used in
biochar production and different parameters of pyrolysis determine its chemical and
physical properties. The incorporation of biochar impacts soil-water relations and soil
health, and has been shown to have an overall positive impact on crop yield. However,
the pre-existing physical, chemical, and biological soil properties influence the outcome
and the effects of long-term field application of biochar on the soil microcosm need to
be understood.

Miceli et al. [2] showed that tomato and sweet pepper seedlings suffered negative
effects of salinity on plant growth, relative water content, and stomatal conductance.
However, the foliar application of GA3 was successful in increasing salinity tolerance of
tomato seedlings up to 25 mM NaCl and up to 50 mM NaCl by sweet pepper seedlings.
GAj treatment could represent a sustainable strategy, enabling the use of saline water in
vegetable nurseries when it is the only water quality available.

Strawberry growers have used different materials to mulch, but the most widely used
is black polyethylene mulch films which are not biodegradable. The increasing focus on
environmentally sustainable agricultural practices requires a transition to biodegradable
mulch films. Ten biodegradable mulch films were used to compare their effectiveness to
black polyethylene in covering the soil during a cultivation cycle of strawberry by Giordano
et al. [3]. Several of the biodegradable films were comparable to black polyethylene in
their effects on yield and fruit number, indicating that sustainable alternatives to black
polyethylene may serve as replacements.

The effect of extracts of Nerium oleander, Eucalyptus chamadulonsis and Citrullus colocyn-
this against bacterial spot disease in tomato and the induction of resistance were assessed
by Abo-Elyousr et al. [4]. Application of the plant extracts at 15% (v/v) to tomato plants
significantly reduced disease severity, significantly increased total phenol and salicylic acid
content, and in some instances significantly increased peroxidase activity and polyphenol
oxidase after infection with the causal agent. These plant extracts showed promising an-
tibacterial activity and could become an effective tool in integrated management programs
for sustainable tomato bacterial spot control.

In sustainable cropping systems, the management of herbivorous arthropods is a
challenge to tomato production. The development of resistant cultivars is critical for a
transition to a sustainable system. The host selection of Tetranychus urticae, Bemisia tabaci,
and Tuta absoluta was evaluated by de Oliveira et al. [5], characterizing their preference
for high zingiberene content (HZC) or low zingiberene content (LZC) tomato leaves.
Tomato genotypes with HZC showed repellency to pests and induced a nonpreference for
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oviposition. Genotypes selected for HZC may be considered sources of resistance genes to
arthropod pests for tomato breeding programs, and therefore have excellent potential for
the development of resistant cultivars for sustainable cropping systems.

2. Integrating New Technologies and New Crops into Existing Production Systems
Is Growing

The level of agricultural productivity in sub-Saharan Africa remains far below the
global average, due in part to the scarce use of production- and process-enhancing tech-
nologies. Steffens et al. [6] studied the driving forces and effects of adopting innovative
agricultural technologies in food value chains in the region and determined that access to
credit, experience of environmental shocks and social capital were the main drivers for the
adoption of improved practices. Thus, the promotion of social capital and access to financial
capital can be pivotal in enhancing the adoption of innovative agricultural technologies.

The European market for fresh Asian vegetables is expected to expand across the
EU member states, and the introduction of new vegetable crops has enormous potential
according to Hong and Gruda [7]. Demand for diversified, nutritious, and exotic vegetables
has been increasing, and four Asian vegetables, Korean ginseng sprout, Korean cabbage,
Coastal hog fennel and Japanese (Chinese or Korean) angelica tree, were discussed. All
possess several health benefits, are increasingly in demand, are easy to cultivate, and align
with current trends of the European vegetable market. Thus, studies of production systems
of these and other Asian vegetables in different European environments are required to
expand their production and market availability.

3. Managing Fruit Set and Ripening Remain Challenges Especially in Relation to
Climate Change

Domingues et al. [8] observed that ‘Valencia” orange ripening and quality charac-
teristics were affected by the type of rootstock on which the scion was grafted, and by
a rootstock/scion interaction with a tropical versus temperate climate, giving growers
something they may need to consider when planting new orchards.

Climate change associated with a warm autumn often hampers the development
of the coloration of many fruits including late ripening apple varieties in New Zealand.
Funke and Blanke [9] found that an exposure of at least two weeks of reflective mulch was
sufficient for enhancing coloration for outside-, inside- and down-facing sides of the fruit
of ‘Fuji’ and ‘Pacific Rose” apple cultivars, increasing the portion of fruit harvested in the
first pick and improving fruit storability and export quality, potentially increasing financial
returns to growers. The short exposure time was considered surprising, but could be cost
effective in commercial settings.

Youssef and Roberto [10] determined the incidence and possible causal pathogen(s)
of premature apple fruit drop (PAFD) in Egypt, and also assessed some fungicides for
controlling the disease organisms, in order to promote a sustainable system in orchards.
Phytopathogenic fungi were isolated from the dropped apple fruit, and four fungicides
were tested against the diseases in vitro and under naturally occurring infections in the
field. All of the fungicides, applied at fruit set, significantly reduced PAFD in the field and
could be useful in commercial settings.

Plums can suffer from small fruit size, premature fruit drop and alternate bearing.
Lammerich et al. [11] demonstrated that European plum fruit size could be improved by
either mechanical (Bonn/Baum at 380 rpm at 5 km/h) or chemical thinning with either
ammonium thiosulfate or ethephon, or a combination of both, increasing likely financial
returns to growers.

4. Postharvest Storage and Handling Techniques Continue to Evolve

Youssef et al. [12] compared the efficacy of different types of SO,-generating pads
on the incidence of gray mold band on the physicochemical properties of the quality of
seeded table grapes grown under protected cultivation. The SO,-generating pads with a
dual release of 5 or 8 g completely inhibited the development of gray mold at all evaluation
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times. A high reduction of the disease incidence was also achieved by using a slow release
of 4 g. In addition, the SO,-generating pads did not alter the physicochemical properties
of the grapes. Thus, these types of pads should be considered for the effective control
of the gray mold of table grapes grown under protected cultivation, while maintaining
grape quality.

Raspberries are a rich source of bioactive phytochemicals, but these can be altered
by postharvest storage and processing techniques before human consumption. In an in-
depth review, Piccolo et al. [13] reported that the content of bioactive phytochemicals is
relatively stable during cold (5 °C) or frozen storage. Processing techniques such as juicing
or drying negatively affect bioactive phytochemical content. Among drying techniques,
hot air (oven) drying alters the content of bioactive compounds the most. For this reason,
new drying technologies such as microwave and heat pumps have been developed. These
novel techniques are more successful in retaining bioactive phytochemicals with respect to
conventional hot air drying.

5. Expanding Our Knowledge of Unique and Underutilized Species Is Key to Their
Conservation and Horticultural Use

Conservation of unique plant species has significant ecological and horticultural
implications. Marler and Calonje [14] observed that male Cycas and Zamia plants pro-
duced more branches than female plants, and cycad species with determinate female
strobili produced more branches on female plants than species with indeterminate fe-
male strobili. Horticultural and conservation decisions may be improved with this sexual
dimorphism knowledge.

The literature containing which chemical elements are found in cycad leaves was
reviewed by Deloso et al. [15] to determine the range in values of concentrations reported
for essential and beneficial elements. The leaf element concentrations were influenced by
biotic factors such as plant size, leaf age, and leaflet position on the rachis; by environmental
factors such as incident light and soil nutrient concentrations within the root zone. These
influential factors were missing from many reports, rendering the results ambiguous and
comparisons among studies difficult. Future research should include the addition of more
taxa, more in situ locations, the influence of season, and the influence of herbivory to
understand more fully leaf nutrition for cycads.

Fruit and seed shape are important taxonomic characteristics providing information on
ecological, nutritional, and developmental aspects, but their use requires quantification. Del
Pozo et al. [16] proposed a method for seed shape quantification based on the comparison
of the bidimensional images of the seeds with geometric figures. The diversity of the seed
shape in the Arecaceae makes this family a good model system to study the application of
geometric models in morphology.

Fragaria vesca L. has become a model species for the genomic studies relevant to
important crop plant species in the Rosaceae family, but generating large numbers of plants
from non-runner-producing genotypes is slow. Sarker et al. [17] developed an in vitro
protocol that illustrated that in vitro culture of shoot axillary bud explants could generate
high numbers of clonal shoots from a single seedling plant in vitro.
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Abstract: The sustainable production of food faces formidable challenges. Foremost is the availability
of arable soils, which have been ravaged by the overuse of fertilizers and detrimental soil management
techniques. The maintenance of soil quality and reclamation of marginal soils are urgent priorities.
The use of biochar, a carbon-rich, porous material thought to improve various soil properties, is gaining
interest. Biochar (BC) is produced through the thermochemical decomposition of organic matter in
a process known as pyrolysis. Importantly, the source of organic material, or ‘feedstock’, used in
this process and different parameters of pyrolysis determine the chemical and physical properties
of biochar. The incorporation of BC impacts soil-water relations and soil health, and it has been
shown to have an overall positive impact on crop yield; however, pre-existing physical, chemical,
and biological soil properties influence the outcome. The effects of long-term field application of
BC and how it influences the soil microcosm also need to be understood. This literature review,
including a focused meta-analysis, summarizes the key outcomes of BC studies and identifies critical
research areas for future investigations. This knowledge will facilitate the predictable enhancement
of crop productivity and meaningful carbon sequestration.

Keywords: agronomy; sustainability; organic fertilizer; crop productivity; soil acidification; soil
organic matter; pyrolysis; microbial activity

1. Introduction

“If you desire peace, cultivate justice, but at the same time cultivate the fields to produce more bread;
otherwise there will be no peace” Norman Borlaug, Oslo, Norway, December 11, 1970. Nobel lecture.

What was prevalent in the 1960s holds true yet again—the world stands at a threshold where
the availability of food is threatened, albeit for reasons different than six decades ago. The changing
climate, deteriorating land and water conditions, and loss of biodiversity present unprecedented
challenges for humankind [1]. At present, greenhouse gas (GHG) emissions are increasing rapidly,
with carbon dioxide (CO,) levels rising more than 3% annually since the 2000s. These GHG discharges
have a drastic impact on the climate, despite global efforts to reduce the emissions over the last few
decades [2]. As a step toward reducing GHG emissions, more than 100 countries signed and ratified
the Paris Climate Agreement, aiming to limit the increase in global temperature to 1.5-2 °C over the
next 30 years [3]. The achievement of this target requires the swift adoption of carbon-neutral and
carbon-negative technologies to limit the global GHG emissions to approximately 9.8 gigatons of
carbon [4,5]. Several approaches are being considered for CO, removal from the atmosphere, such
as the adoption of bioenergy, direct carbon capture, afforestation and reforestation, the modification
of agricultural practices, the use of bioenergy, and the direct infusion of recalcitrant carbon into the
soil using biochar (BC) [6-9]. The longer-term sequestration of carbon into the soil using biochar
is one of the potential carbon-negative approaches. As soils store twice as much carbon compared
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to atmospheric reserves and for longer periods, it has been hypothesized that increasing global soil
organic matter stocks by 4 per 1000 (or 0.4%) per year in agricultural land can offset 30% of global
greenhouse emission [4].

The agricultural and industrial revolutions, combined with unsustainable farming practices,
have significantly affected global soil health. This is mainly a consequence of the type of fertilizer used
in crop production. Earlier practices of using manure and compost replenished the soil organic matter
(SOM) on a regular basis. However, the use of petroleum-derived chemical fertilizers is detrimental
to SOM as they enhance the accumulation of salt and reduce microbial diversity. Fertilizers derived
from the Haber-Bosch process contribute to more than 1% of total global CO, emissions [10,11].
Soil health has further declined with the gradual acidification of arable lands and continual soil erosion
negatively affecting crop yields throughout the world. While the use of compost and manure to
enhance and maintain SOM is an option, it presents limitations due to the accumulation of organic
pollutants, increased pathogen pressure, and leaching of excess nutrients into waterways, leading to
eutrophication [12,13].

There is a long history of enriching soils with recalcitrant carbon practiced by indigenous farmers
in different parts of the world. Black-earth-like anthropogenic soils known as “Terra Preta’” have been
discovered in several regions of South America and Japan. These dark soils were amended with
charcoal-like substances, generally referred to as biochar (BC), and possibly other amendments such as
manure, which conferred enhanced fertility to the soil [14,15]. Chemical analysis revealed that the
BC-treated areas contained 70 times more carbon than the surrounding soils, demonstrating its long
half-life [16]. The enhanced fertility of these soils most likely resulted from increased SOM, higher
pH, higher water-holding capacity, and high nutrient-holding capacity [16-18]. Due to the potential
advantages of ‘“Terra Preta’, several global efforts are afoot to recreate such soils. Biochar represents
an organic soil amendment that improves soil quality for agricultural production [19].

There are various studies reporting the impact of BC on plant growth and development; however,
the results have remained inconsistent [20]. There are several types of biochar, produced using
various pyrolysis parameters and feedstocks. A standardized biochar with predictable physical,
biological, and chemical properties, which is beneficial to plant growth and development, remains to be
developed [21]. Furthermore, a positive impact on growth and development does not directly translate
to improved yields. In fact, there are reports indicating that enhanced growth and development
compromises the plant defense systems. Therefore, this review discusses and summarizes the various
aspects of how biochar impacts soil quality and crop productivity. The discussion concludes with
a summary of some of the areas that need to be addressed to enable the widespread use of biochar in
environmental, economic, agricultural, and ecological contexts.

2. Biochar and Soil

2.1. Biochar

Biochar (BC) is a carbon (C)-rich, porous material produced during the process of pyrolysis,
which involves the thermochemical decomposition of organic matter in an oxygen-limited environment.
Any feedstock, such as forest residue, agricultural by-products, and waste biomass can be converted
into liquid fuels, gasses, and BC. The properties and yields of BC are highly variable depending on
the rate of pyrolysis (fast/slow), feedstock, pyrolysis temperature, and retention time. Generally, slow
pyrolysis with a heating rate of 5-20 °C per minute with higher residence time results in higher BC
yield [22,23]. Fast pyrolysis with a higher heating rate (>100 °C/min) and lower residence time results
in a higher yield of liquid fuel and reduced BC output [24]. Due to the complex nature of pyrolysis and
diversity of feedstock, the final chemical and physical properties of BC vary. For example, a recent
meta-analysis concluded that BC produced at higher temperature (600-699 °C) had a higher pH of
approximately 9 compared to BC produced at lower temperatures (300-399 °C) with an approximate
pH of 5 [25]. This observation was supported by another recent meta-analysis [26]. The higher reaction
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temperatures reduce the amount of aliphatic carbons, oxygenated functional groups, cation exchange
capacity (CEC), and total content of N, H, and O. However, a higher temperature of production
resulted in increased pH, amount of C fixed, total ash content, total C, and surface area of BC [25,27,28].
Ultimately, the bulk property and surface characteristics of any BC is determined by the feedstock
source along with the pyrolysis parameters [23,29]. There remains a critical need to understand the
characteristics of BCs produced from different feedstock, pyrolysis parameters, and the resulting
relative impact on soil. In the following sections, recent research on BCs has been collated, and the
effects of various BC regimens on soil physical properties, soil-water relations, soil organic matter,
microbial activity, soil tilth and nutrient status, pH, crop productivity, biotic stresses, and abiotic
stresses have been discussed.

2.2. Impact of Biochar on Soil

Physical Properties

Physical properties of soil, such as bulk density, porosity, and water retention are important
variables that impact plant growth and development. Human intervention in agricultural practices
causes soil compaction, which is one of the key factors affecting plant growth [30]. Soil texture also
plays a key role. Soil compaction above 1.7 g cm ™ results in restricted root growth and limits access to
water and nutrients [31]. As a consequence, the yields of many crops such as soybean and corn have
been shown to be negatively impacted [32,33]. The threshold bulk density for impact on root growth
varies, with clayey soils having a lower bulk density threshold.

Amending soils with biochar increases soil porosity while decreasing soil bulk density, which
aids in the transport of water, nutrients, and gases. These alterations encourage root formation and
increased microbial respiration [26].

A meta-analysis reported that the addition of BC to soil reduced the bulk density of the soil
by an average of 7.6% and increased its water-holding capacity and porosity by 15.1% and 8.4%,
respectively [34]. Similar results were reported in another meta-analysis where the average bulk
density was decreased by 12% [35]. Fifteen of the 17 studies conducted in 2019 reported that biochar
effectively reduced soil bulk density and increased the porosity and available water content (Table 1).
However, there were two studies that reported either no effect on bulk density after the addition of
BC [36] or an insignificant decrease [37]. It was also observed that a larger average BC particle size was
more effective in reducing the bulk density of sandy loam soil than sandy soil [38]. In the case of sandy
soil, bulk density significantly decreased and water-holding capacity was significantly increased with
the addition of BC with small particle size [38]. A majority of the recent studies used biochar produced
from agricultural residue and woody residue. Generally, a positive effect on the physical properties of
soil was reported (Table 1).



Horticulturae 2020, 6, 37

[es] 1-BY SU0}-0g pue -Gz paseanur paseanuy paseansqg Tostang 08S sanprsar APoopy PRI
3 s weo| sanpisax
[9€] [-BU SUO} ¢€ pue ‘g'91 ‘g'g OUDIHIP ON paseanaq SOUDIaHIP ON Lep Apueg 0SS [emymousy PR
[zs] 1-BY SU0} G9 PUE “/'8G ‘G'6E pasearnu] paseanuy paseana Apues 1989 0SH ANpIsal }s3104 qe1
Sonpisal
ﬂﬁmu wlmz Suoj (g pue QT Ppasearduy pasearduy Pposeardaq TostanTg U:&mm 0ss MNNSUM5U_HW< PRI
R . vy 70 sanprsal
[os] (M/M) %€ PUe ‘% ‘%1 poaseanu] paseanduf paseadaq [osoue[ 0s¥-00% [enjmonsy prex
le7] 1-BY SU03 O¢ pue ‘0T ‘01 paseanu] V/N paseaag ureoy Ae[y 009-09S sonpisel PRH
remymotdy -
[87] 1-BY SU0} 9 pue §7 paseanu] paseanuy paseanaq ureof 1§ 00S sanprsar APOopy PR
[z¥] (M/M) %9 pue “o¥ ‘9%z poaseanu] poaseardu] pasearaq weo[ pueg 0se sanpisar Apoop qe]
N ro c to) > o g sanprsax
[9F]  (M/M) %F PU® ‘%€ “%T %l V/N paseaidu] V/IN Apuveg 099-0S€ ermmousy qe]
[ev] -ty suo} ¢g paseardu] pasearduy paseandaq V/N V/N sanprsar Apoopy pre
o Sonprsal
[¥¥] (M/M) %S pasearouy paseardu] paseanda 31989 00Z Pue 00€ oSy qe
i sanprsal
[e¥] 1-BY SU0} 6 pue ¢'f pasearnuy V/N paseana wreo| Apueg 09€ [emymouSy PR
Y sanpisax
[ev] -8 Suo} 0g pue ‘6z ‘01 paseanu] V/N poaseandaq pues weo] 009-00C [eymousy PR
paseadu] poaseardu] pasea1ddq weoy Ae[D) sonprsax
p _®Y SU0} §'/T : 5
(vl ' paseanu] 193539 ON paseanaq ureo[ Apueg osv [emynoLsy 1
[o7] 1-BY SU0} 09 pue ‘0F ‘0¢ V/IN VIN paseandaq pues Aureo] 098-00Z a3pnis afemoag PR
[6€] 1-BU U0} 0T pue g poseanu] Pposeanuy paseannaq V/IN V/N V/IN PRM
pasearduy paseana Apueg
[8€l  (AJA) %0T PU® %0T ‘%S ‘%1 V/N 029 sanpisa1 Apoopy qe
paseanuy paseanaq weo[ Apueg
£nuS paseanap £
paseanuy paseanur A3y £nusts pueg opr
0/.0%" : e
[2€] (M/M) %9%°0 S—— paseanour pasea1dap fureor] 0sy emymousy qe
Apysus Apysus
U sajey uoneorddy Dg £)1s0104 [BJOL  JUBJU0D IdJeM d[qe[IeAy  Ajisua( Mng ad4y 110g .nEﬁmu_mek £ }003spasg Dg adAy dxg

TEYDOI] 1 D¢ "SONJeA ULIW UT 93UeyDd © SajedIpul sar103a3ed ayj jo Aue ur ApySis, wiy jo adesn ay ], “uonedrjqnd [eurdrio ayj ur pajrodoar
sad4) ayy 03 puodsar1od aqey sty ur pajsi] sad4Aj q10s oy, ros jo senradoad resrsAyd uo reyoorq jo joedur ayy 03 paje[ar SATPNIS JUIIAI Jo ATewrnuuns y L [qeL



Horticulturae 2020, 6, 37

A most recent meta-analysis showed an average increase in soil porosity by 6.27%, decrease in
bulk density by 7.47%, and increase in water-holding capacity by 9.82% [54]. However, biochar derived
from softwood and walnut shell did not affect soil porosity or water retention over a period of six years
in silty clay soil. It was suggested that the effect on soil porosity and water retention was temporary
until the pores of biochar were occluded with clay or soil organic matter (SOM) [55]. Woody biomass
derived-biochar was shown to have no effect on soil porosity or water retention after four years of
amendment [56].

Comparably, in the case of soil bulk density, a majority of the studies reported a decrease after BC
amendment [34,35,54]. There were also a few reports where no significant decrease in bulk density
was observed [57-60]. A majority of the data from previous meta-analyses and reports indicate that
the addition of BC to a coarse, textured soil had a larger positive impact on soil physical properties
compared to clay textured soil [34,35,54,61,62].

Biochar produced from wheat straw (550-600 °C) incorporated with clay loamy soil improved its
physical properties and enhanced the yield of wheat when irrigated with saline water [49]. The biochar
amendment decreased soil bulk density by 5.5-11.6% and increased porosity by 35.4-49.5%. The biochar
amendment also seemed to mitigate soil sodicity and also increased total NPK (nitrogen, phosphorous,
potassium) availability in mixed soil layer. This resulted in the improvement of wheat yield by 8.6%
and 8.4% at the BC application rates of 10 and 20 t/ha, respectively [49]. However, at the application
rate of 30 t/ha~!, the improvement in yield was the lowest (2.2%), which was probably due to high
salinity and the immobilization of N. This study suggests that for saline irrigation in clay loamy soil,
the optimal application rate of BC produced from agricultural residue should be between 10 and
20 tha™! [49]. These studies imply that initial soil characteristics, along with BC application rate and
type, determine the final changes in the physical properties of the soil.

2.3. Soil-Water Relations

Accessible fresh water supplies are becoming increasingly limited, and 70% of available fresh
water supports crop irrigation [63]. Although biochar holds promise for improved hydrological
functions, there are differing schools of thought regarding the role of BC in improving the long- term
water-holding capacity of soil [64]. BC amendment has been reported to increase rainfall absorption
and soil water-holding capacity, particularly in non-irrigated production regions [65-67]. However,
the pre-existing physical and biochemical characteristics of the soil and the wide array of BC production
parameters (feedstock inputs, pyrolysis temperatures, application methods, and geographical variables)
ultimately determine the BC’s impact on water-holding capacity. In order to probe the influence of BC
on water dynamics, initial experiments were performed with soil columns in greenhouses with the
addition of farm or potting soils. Field studies are now becoming prevalent in peer-reviewed literature,
particularly within the last 10 years.

The identification of key features that contribute to improved water retention could lead to
an expanded role for BC in crop production. Overall, it was determined that feedstock selection
and pyrolysis temperature, the most predictive variables impacting water status, impact BC surface
chemistry and porosity, the latter of which is a major contributor to the water-holding capacity of
BC [68,69]. Pore saturation is highly dependent on BC surface chemistry, which is affected by pyrolysis
temperature. An increase in pyrolysis temperature volatilizes organic elements and thermally cracks
the biomass, thereby rendering hydrophobic compounds more hydrophilic and increasing the overall
BC porosity [70]. Conversely, BCs produced via low-temperature pyrolysis exhibit negative capillary
pressure, inhibiting the hydration of the pore space [71].

Comparative analysis of Fourier transform infrared (FTIR) spectroscopy data collected from nine
different feedstocks pyrolyzed at 250 °C, 500 °C, and 700 °C revealed the relationship between BC
surface chemistry and hydrophobicity [72]. The spectrometer data indicated that the functional group
C=0 in carboxylic acid was present only in the BC obtained from pyrolysis at 250 °C, making it
hydrophobic. BC produced at 500 °C and 700 °C were deemed more appropriate for improving soil



Horticulturae 2020, 6, 37

water status. A significant correlation was identified between low pyrolysis temperature (<300 °C) and
surface functional groups (specifically acidic moieties), and increased hydrophobicity contributing to
low water retention was reported [68,73]. Other factors, including cation exchange capacity, play a role
along with the variables of surface groups and porosity in determining the hydrophobic properties for
each specific BC [74].

Considerable variation in total pore volumes was reported in BCs produced at 400 °C, 600 °C,
and 800 °C from various feedstocks. Wood-based BC possessed a comparatively higher range of
micropores (5-30 pm), and although the number of micropores decreased with increasing pyrolysis
temperatures, this BC still retained relatively large pore volumes overall due to pyrogenic micropores.
In contrast, the pore volumes of BC derived from poultry manure and agricultural wastewater sludge
were smaller, indicating that these feedstocks may not be suitable for improving water retention
in amended soils [75]. While BC amendment imparts large increases in porosity, permeability,
and moisture retention in clay soils, these affects are diminished in silt loam soils [76,77]. The particle
size of BC had a clear impact on soil bulk density, with a linear decrease in bulk density of sandy
soil observed when large-particle-containing hardwood BC (620 °C) was used. Smaller BC particles
increased water-holding capacity compared to larger BC particles [38], which was possibly due to
the increased microporosity resulting from higher pyrolysis temperatures. Despite this, the addition
of BC at 25 Mg ha™! to sandy soils did not result in increased water retention. In a study with
Miscanthus giganteus residue-derived BC (450 °C), the increased porosity of larger BC particles proved
beneficial for soil water retention, while smaller BC particles under 0.15 mm retained water too well,
thereby strongly reducing its bioavailability [37].

BC was reported to increase the water-holding capacity in coarse and medium textured soils
by an average of 51% and 13%, respectively [78]. This was attributed to a higher abundance of soil
micropores resulting from the intrinsic microporosity of BC. However, a reduction in water-holding
capacity was reported in fine-textured soils, which was possibly due to the overall decrease in
micropores or occlusion of existing pores. Field studies of high-porosity BCs derived from softwood
(600700 °C) and walnut shell (900 °C) reported a temporary improvement of water-holding capacity;
however, no long-term improvement was seen in BC-amended silty clay loam soils subjected to
a corn—-tomato rotation with conventional or organic production regimes [55]. Plant-available water
in fine-textured soils could be enhanced through the management or manipulation of hydrophobic
properties of BC, thereby improving BC-soil interactions [78]. For example, it has been reported that
grapevine feedstocks subjected to low pyrolysis temperatures (approximately 400 °C) yield BC with
a 23% higher available water content in clay soils [79].

2.4. Soil Tilth and Nutrient Status

Defining management approaches to increase the productivity of agricultural soils remains
a priority as food demand increases and arable farmland decreases [80]. As a mineral-rich organic
material, BC can be incorporated into agricultural soils, potentially serving as a slow-releasing fertilizer,
positively affecting soil tilth and enhancing the nutrient status of agricultural soils [81-83]. The basis for
this potential use lies in the unique porosity of BC, its facilitation of chemical and physical interactions
between nutrients and the carbon material, and its strong intrinsic sorption properties. Due to the large
surface area, porous microstructures, and negative surface charge, BC enhances nutrient retention in
the soil. Furthermore, the nutrient retention properties of BC may significantly reduce irrigation or the
rainfall-induced leaching of water-soluble minerals [66,84]. The slow desorption of the BC-sequestered
nutrient elements may supply a steady rate of nutrient delivery, thereby alleviating the need for
excessive fertilizer use. Together, these agronomic benefits to soil health may also mitigate freshwater
eutrophication that results from fertilizer runoff, prevent pesticide contamination, and reduce the risk
of environmental damage [85-87].

While composition varies based on feedstock and pyrolysis parameters, a universal characteristic
of BC is that it is carbon-dense, which facilitates the retention of necessary plant nutrients such as N, P,
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K, Mg, Fe, and Ca [88-91]. Depending on the soil status and existing nutrient deficiencies, BCs can be
custom-manufactured to replenish depleted nutrients. It has been demonstrated that BCs derived from
different feedstocks possess variable amounts of beneficial plant nutrients [47,66,91-94]. The general
characteristics of three major BC feedstock sources are as follows:

e  Organic waste feedstocks, such as animal manure and sewage sludge-derived BC, are rich in
potassium and phosphorus, low in C levels, and low in surface area; additionally, eggshell-derived
BC is elevated in calcium levels

e Wood-based BC is high in organic matter and surface area, while low in CEC and N, P, and K levels

e Crop residue-derived BC properties reside somewhere in between those of the two previous
categories, with specific crops producing BC with different properties (e.g., wheat and rice BC is
high in silicon content; soybean BC is high in N).

These feedstocks can be blended in appropriate ratios to produce BCs with desired nutrient and/or
mineral profiles. Further modifications, including the alteration of pyrolysis parameters, physical
alterations, chemical modifications, and BC-mediated composting have been discussed to aid in the
customization of BC to ameliorate detrimental soil aspects [91].

Soil pH and the abundance/availability of important plant nutrients such as phosphorus (P) and
nitrogen (N) are positively affected in BC-amended soils. Limiting the pyrolysis temperatures to less
than 700 °C enhances the levels of P and N in BC, both of which can be lost at higher temperatures due
to the volatilization and transformation of NH,* to heterocyclic-N [92]. Wood-derived BC (450-550 °C)
applied at 20 t/ha significantly improved the bioavailability of P in sandy soils, which is an effect that
was primarily attributed to the perturbation of abiotic processes (adsorption/desorption of P, altered
redox potentials, development of organomineral aggregations) [95]. BC nitrogen levels are correlated
closely with the original source of the char; feedstocks high protein biomass, such as grasses, generate
BCs with higher N levels (approximately 10% by weight), while wood-derived BCs tend to be N-poor
(approximately 1% by weight) [92]. While several individual studies show that wheat BC (450 °C)
applications increased total soil N [96], other studies found significant decreases of soil NHy* and
NOj3~ following BC addition. The latter outcome was likely due to the inherent recalcitrance of the
small amount of extractable inorganic N and organic N present. In the studies reporting increased N,
this increase could be attributed to a heightened abundance of recruited microorganisms, which assist
in the degradation of soil organic nitrogen [97].

In addition to improving mineral nutrient retention, BC has a role in the amelioration of soil
erosion and the improvement of overall soil structure [98,99]. A study utilizing hardwood (600 °C)
BC at 15 and 30 t/ ha concentrations to amend clay-rich soils in incubation containers demonstrated
improved soil aggregate structure and soil stabilization [100]. This is likely due to the interaction
of carboxylic and phenolic functional groups on the BC surface, resulting in the formation of cation
bridges and consequent BC—mineral complexes [101]. For example, microaggregates observed to form
upon the incorporation of hardwood-derived BC (700 °C) into soil with application rates of 2.5% or
5% correlated with a 50-64% decrease in soil loss, respectively [102]. An additional study with oak
wood-derived BC applied at a rate of 10 Mg/ha provided further evidence for the stabilizing effects of
BC, with significant decreases in soil loss of almost 20% observed in a simulated rainfall experiment.
In addition to improving soil retention, BC appeared to reduce the impact force from rainfall, thereby
facilitating the reduction of particle detachment [103].

2.5. Soil Acidification

The expanding global incidence of soil acidification is concerning, with acidic soils (pH < 5.5)
currently accounting for approximately 50% of arable land [104,105]. The excessively low pH of
acidic soil results in reduced productivity and decreased crop fertility. The main causes of soil
acidification include the use of ammonia-based fertilizers and low nitrogen-use efficiency. In soil,
ammonia fertilizers are converted to nitrates and hydrogen ions. The hydrogen ions that are left
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over following the uptake of nitrates by crops or after nitrate leaching increase the soil acidity [106].
The removal of crop residue also accelerates soil acidification. An excessive reduction of pH leads to the
increased solubility of soil-bound aluminum; thus, soil acidification generally leads to aluminum (Al)
toxicity [105]. Aluminum toxicity, in turn, leads to deficiencies in phosphorus, calcium, magnesium,
and potassium cations and contributes to impaired root growth.

Current strategies to alleviate soil acidification include liming, the application of crop residue,
and the use of industrial products; however, these methods have several disadvantages. For example,
liming material elicits a disproportionately strong effect on top surface soils in comparison with lower
layers. This method is also costly, due to the high transportation costs of liming material [106,107].
The application of industrial products can lead to heavy metal toxicity [108]. Similarly, the excessive
application of organic material may lead to both heavy metal accumulation and eutrophication,
the latter resulting from augmented concentrations of nitrogen and phosphorus [26,109]. Hence,
biochar, which is naturally alkaline, is a potential solution to the problem of soil acidity.

Various studies have validated the effectiveness of BC in reducing soil acidity [110-112], and a linear
correlation of biochar alkalinity with the resulting soil pH has been established [105]. Furthermore,
it has been demonstrated that the increased pH-buffering capacity of BC-amended soils is due to
a BC-derived increase in cation exchange capacity [113]. The carbonates and oxides of cations
such as Ca, K, Mg, Na, and Si formed during pyrolysis are known to react with dissolved Al and
hydrogen ions in soil, leading to increased soil pH and decreased Al uptake by the plants [114].
Previous meta-analyses and individual studies have concluded that in imparting increased buffering
capacity, BC amendment can increase the soil pH by >2.0 units [115]. Not surprisingly, the original
feedstock material plays a key role in determining the final pH of BC. For example, BC generated from
manure has higher alkalinity, pH-buffering capacity, and propensity for the alleviation of Al toxicity,
compared to crop residue-derived BC. Thus, the former would be more suitable for extremely acidic
soils [116]. Soils exhibiting Al toxicity could be reclaimed via BC amendment, the ash content of which
would precipitate Al3* to less toxic AI(OH); and AI(OH)4 [117]. Furthermore, carboxyl and other
organic functional groups on the BC surface would provide additional sites for Alz* binding [117].
Functional groups such as COO~ and O~ also contribute to the alkalinity of biochar through reaction
with free H* ions [27,118].

Insoil, H* is produced through the aerobic conversion of ammonia to nitrate. Experimental results
have demonstrated that BC amendment leads to decreased soil nitrification through the adsorption
of NHj3 and NHy onto the BC surface. Soil amendment with wheat straw-derived BC (500 °C) led to
reduced nitrification in cadmium-contaminated Ferralsol soil by decreasing soil acidity (Table 2) [119].
Similarly, amendment with pig manure-derived BC (300 °C) resulted in decreased soil acidification and
increased cation exchange capacity [120,121], and crop residue-derived BC (500 °C) led to improved
rice growth, yield, and soil nutrient availability in acidified soil [122]. Collectively, information from
the literature has established that carbon content, nutrient availability, and alkalinity are highest when
BC is generated from manure feedstock, intermediate when generated from crop residue feedstock,
and lowest when generated from woody plants-based feedstock (Table 2). Finally, biochar produced at
higher temperature has higher pH and might be more suitable for countering soil acidity.
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3. Biochemical Properties

3.1. Soil Organic Matter (SOM)

Soil organic matter comprises the total organic carbon in a soil and is the main determinant of
overall soil fertility. SOM components consist of plant residue, animal waste, microbial populations,
and active and stable organic matter in soil. SOM contributes to soil fertility by serving as a nutrient
source for crops and microbes, causes soil aggregation, and improves water retention and nutrient
exchange. It also helps to reduce soil compaction and surface crusting. It has been reported that the
impact of biochar on SOM depends on the following variables [127-129]:

1. Type of biomass used for production of BC
2. Pyrolysis temperature
3. Pre-existing SOM levels in the soil

Amending soils with biochar often results in alterations in C cycling and mineralization, and this
effect is known as ‘priming’. Previous studies have reported both positive and negative effects of
priming. Grass-derived BC produced at lower temperatures (250 °C and 400 °C) resulted in positive
priming resulting in increased C mineralization. However, BC produced at higher temperatures (525 °C
and 600 °C) from hardwood resulted in negative priming [128]. It was hypothesized that negative
priming resulted from the organic matter binding to the biochar and thereby becoming unavailable to
microbial and enzymatic action.

Analogous results were observed in a study that showed that crop residue-derived biochar
produced at lower temperature (300-550 °C) generally resulted in positive priming when applied
to arable and fallow soils; however, in the case of grassland soils, the effect was negative [127].
In another study, which aimed to analyze the short-term effect of biochar on SOM, BC produced from
woody feedstocks at lower temperatures (350 °C) had greater positive priming during 0-13 days of
biochar application both in low and high pH clay loam soil [130]. The extent of positive priming was
reduced for low and high pH clay loam soil when BC produced at higher temperature (700 °C) was
used. The addition of fresh labile substrate, such as rye grass, to BC produced at both high and low
temperatures further increased priming and mineralization [130]. If the goal is to sequester carbon,
rapid mineralization caused in conjunction with low temperature-derived BC results in carbon loss,
necessitating BC reapplication. The application of high temperature-derived BC can also be used to
reduce the priming effect and aide in carbon sequestration.

The addition of 3% (w/w) BC prepared from forest residues at 550 °C has been reported to delay the
decomposition of SOM and reduce N mineralization when added to acidic red loam soil [131]. However,
some studies did not find BC to contribute to SOM decomposition [132,133]. A reduction in priming
and a 16% reduction of SOM decomposition was reported when crop residue-derived BC pyrolyzed via
gasification at 1200 °C was added to sandy loam soil [134]. The reduction may be due to a shift in the
preference of the microbial community for biochar as a C source [135]. There have been various studies
in which BC produced at lower temperature ranging from 450 to 550 °C stimulated positive priming
when added to sandy loam (Table 3). Overall, BC promoted increases in C sequestration, organic carbon
retention, SOM, mineralization, phosphorous and potassium content, and plant biomass [136-139].
Conversely, one study reported a decrease in soil microbial biomass and SOM mineralization when
crop residue-derived BC (450 °C) was applied to sandy loam soil [140].
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3.2. Microbial Activity

Considerable emphasis has been placed on the topic of microbial dynamics in agricultural systems
and their role in crop productivity. The health and diversity of soil microbial populations as a function
of agro-ecosystem well-being has diverse implications for water-use efficiency, soil structure and
stability, nutrient cycling, disease resistance, and eventual crop productivity [144,145]. While other
organic amendments are only stable for relatively short periods in the soil environment, BC is more
stable and remains in the soil for hundreds to thousands of years, as it is not easily degraded, and it
could support soil microbial communities for an extended period of time with reduced inputs [66].

The diverse and specific physiochemical characteristics of BC that influence soil microbial
composition are increased labile carbon, pH, surface area for colonization, and water content in amended
soils. BC addition induces remodeling of the microbial diversity and community structure of the soil;
however, the changes are highly variable and dependent on the individual soil properties [146,147].
It was reported that low pyrolysis temperature BCs (>350 °C) harbor a greater number of organic
residues and are commonly characterized by lower pH. In contrast, at high temperatures (<600 °C),
the abundance of organic moieties contributes to the production of a higher pH BC. It was concluded that
pyrolysis temperature (and the BC-related characteristics associated with temperature) is the single most
important factor that determines how the microbial communities are influenced [148]. Overall, there is
a consensus that BCs foster the growth and maintenance of soil microbial communities [95,149-151].

3.2.1. Fungi

In terms of their abundance and diversity, both beneficial [152-154] and detrimental [95,155-157]
effects of BC on fungal communities have been reported. In comparison to bacteria, fungi respond
differently to organic and inorganic treatments. Soil bacteria act as better indicators of soil fertility
than soil fungi [158]. The mechanisms for improved fungal diversity and abundance appear to be
correlated more with the physical microstructure of BC and the recalcitrant organic carbon than other
factors. This was demonstrated in a study where corn straw BC (500 °C) derived aqueous extractable
substances and organic extractable substances, and the remaining solid BC were tested [159]. It has
been hypothesized that BC addition preferably fosters bacterial communities over fungal communities.
The bacteria may starve the fungi of C and therefore outcompete them [155].

It was demonstrated that fungal diversity was lowered in soybean and rice straw BC (500 °C) soils
compared to controls, although individual order, family, genus, and species level fungal communities
were affected differently [160]. These outcomes could be a result of the “unbalanced competition”
theory. This theory describes the phenomena of saprotrophs exponentially increasing their abundance
due to the easily mineralizable carbon found in BC, therefore leading to an overall decrease of other
fungal groups and potentially suppressing their abundance and diversity [161]. Other speculations
underlying decreased fungal diversity and population include the high levels of organic compounds,
mineral elements, and higher soil pH due to BC amendment [162].

3.2.2. Bacteria

The microbial community consisting of bacteria tend to respond positively to BC, as several
studies have reported a significant increase in abundance and diversity, after BC application, especially
in the rhizosphere soil [162-165]. For example, an increase in specific bacterial families and species
such as phosphorous solubilizing [166], nitrifiers [167], and N-fixing and denitrifiers [168] was reported
with Malus pumila woodchip BC (500 °C), Eucalyptus saligna hardwood BC (550 °C), and sugar
maple wood BC (400 °C) soil amendment, respectively. Additional studies found only modest or
no differences [140,159,168,169]. The change in the composition of bacterial communities after the
incorporation of BC in soil is highly dependent on the pre-existing bacterial community, soil type,
and overall BC characteristics.
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Generally, the Gram-negative bacterial community is favored in the nutrient-enriched BC-amended
soils and initially predominates the soil environment since it performs specific and narrow functions.
They outcompete Gram-positive bacteria that rely on recalcitrant C as their main energy source.
Gram-positive bacteria become the dominant bacteria type over time due to BC’s ability to form stable
aggregates with soil organic matter (SOM) [148]. Utilizing sugarcane-derived BC (450 °C), it was found
that bacterial populations increased significantly while fungal populations were significantly reduced in
heavy metal-contaminated soils. This was possibly due to the enhanced heavy metal immobilization by
the BC addition, although other factors may have contributed to the observations [162]. Similar results
with wood (fir, cedar) BC (450-550 °C) indicated a significant shift toward a bacteria-dominated
microbial community in a short-term study (3 months) and was attributed to the increased release
of labile C from the BC or stable SOM-BC aggregates [95]. A study utilizing bamboo BC (500 °C)
provided further support for the concept that bacteria are more sensitive to BC compared to the fungal
community, which was mostly due to increased pH with increasing BC addition [170]. These results
indicate that alkaline conditions due to BC amendment (liming effect) favor and promote bacterial
growth and may inhibit fungal growth.

The high complexity of BC—soil interactions and microbial community dynamics leaves many
‘gray areas’ in this field that require further investigation. However, assessing the long-term effects of
BC-amended soils and microbial population diversity and activity are highly recommended for future
studies. Research has indicated that the BC surface and pores can be inundated with plant exudates
and dead cells, inorganic and organic complexes, and larger soil microorganisms. These factors may
reduce the total available space for microbial colonization of aged BCs over time [171].

3.3. Abiotic and Biotic Stressors

3.3.1. Heavy Metals

Soil contamination with organic and inorganic toxins increases environmental and agricultural
risks and poses a threat to both plants and humans. Efforts to develop remediation processes that
bind the contaminants, limit their mobility and bioavailability, and foster improved soil health are
ongoing. Currently, organic materials such as charcoal, soot, kerogen and activated carbon are used
as amendments for limiting and reducing the bioavailability of multiple soil contaminants [172,173].
The organic contaminants have been shown to sorb preferentially to the carbonaceous fractions present
in soil, limiting their bioavailability [174]. BC has also been shown to reduce the bioavailability of heavy
metal contaminants. Several studies analyzed the effect of BC amendment on soils contaminated with
heavy metals such as arsenic, cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) [175-177].
The high surface area of BCs results in more effective contaminant binding; however, one of the recent
meta-analyses pointed out that the pyrolysis temperature at which a given BC is produced influences
its remediation efficiency and type of contaminant that can be removed [175]. A majority of studies
tested the effect of BC on Cd pollution and concluded that the higher BC surface area had a smaller
effect on Cd bioavailability [175]. The BCs produced at lower temperatures (300-500 °C) have a higher
density of functional groups, while BC produced at higher temperatures results in a larger surface
area and lower density of functional groups. Another study revealed that BC produced from wheat
straw at 450 °C, with a higher density of functional groups, was more effective in treating Cd and
Pd-contaminated soil [178]. However, BC produced at higher temperature is also more alkaline and
results in the immobilization of heavy metals in acidic soil via the liming effect. The addition of rice and
wheat straw-derived BC in soils contaminated with Pb, Cu, Cd, and Zn led to a reduced mobility and
bioavailability of the heavy metals, resulting in increased yields and a decreased enrichment of heavy
metals in the tested plants [176]. Biochar is also used for the remediation of soil from contaminated
sites due to rapid industrialization. It has been recently demonstrated that BC derived from pine wood
was able to reduce the bioavailability of Cd, Pb, and Zn in metalloid-contaminated soils at a smelting
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site and promoted plant growth [179]. Biochar derived from hardwood (600 °C) was shown to be
effective in reducing Ni and Zn by 83-93% in a historically polluted site in the United Kingdom [179].

The effect of sewage sludge BC pyrolyzed at 330-500 °C on alleviating heavy metal toxicity
was evaluated. It was observed that with the increase in pyrolysis temperature, the availability of
heavy metal in tropical soils was decreased [180]. This might be due to the increased pH, pore size,
and surface area in the BC produced at higher temperatures leading to the formation of carbonates,
sulfates, phosphates, and metal hydroxides [180]. Due to the reduction in the bioavailability of heavy
metal cations, maize yields increased in BC-amended soil in comparison to NPK-fertilized soil [180].
Irrigation with untreated wastewater leads to the accumulation of lead, cadmium, zinc, and iron, which
can be taken up by plants or leach into ground water, adversely affecting plant growth and human
health. In a recent study, the effect of plantain peel-derived biochar (450-500 °C) on potato yield was
studied in sandy soil irrigated with wastewater [181]. This BC regime resulted in the adsorption of soil
Cd and Zn and the reduction of the Cd level by 69% and 33% in tuber flesh [181].

A summary of selected studies reporting the effect of BC on the alleviation of heavy metal
toxicity is presented in Table 4. Most of the listed studies were carried out in pots. Therefore,
large-scale field studies are required to understand the interactions among a particular biochar, soil
type, and contaminant. To use biochar for soil remediation, the specific soil and biochar properties
must be taken into consideration. Some studies show that certain BC amendment results in high heavy
metal immobilization. However, if the mechanism of immobilization is only physical adsorption or
cation exchange, these BCs may not be suitable for long-term remediation due to weakly bound metals.
BCs that immobilize heavy metals through precipitation or complex formation should be used for
long-term remediation.
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3.3.2. Salt

Salt stress is known to negatively affect soil properties, plant development, and crop productivity
due to disturbed soil structure, soil organic matter, microbial activity, and C:N ratio. Salt stress
causes oxidative stress in plants, down-regulating antioxidant enzyme activity [192]. Due to excessive
salinization, the sodium ions bind to cation exchange sites in soil, causing poor crop growth and yields.
Although saline soil can be reclaimed by washing or excessively irrigating with water to remove
excessive salts, it is neither economically nor physically feasible for large fields [193]. On the other
hand, sodic soils require treatment with other cations such as calcium to remove excess sodium from
cation exchange sites followed by the leaching of sodium [193]. The application of organic amendments
such as manure or compost has been shown to improve soil fertility by reducing salt stress. In saline
soil, the organic amendment improves soil porosity, leading to the leaching of excess salt. In sodic soil,
organic amendments might help by improving the physical characteristics of soil, such as triggering
cation exchange with the calcium present in organic amendment and Na present in soil.

Several studies have reported the positive impact of BC on the nutrient status, conductivity,
and improved physical and chemical properties of soil. The variable amount of plant nutrients
present in the BC can compensate for the nutrient deficiency and improve the fertility of saline soils.
For example, sodification raises soil pH, thereby limiting the bioavailability of P. In such soils, BC can
act as a P source and improve its availability, aiding plant growth [194].

It has been demonstrated that the mixture of hardwood and softwood biochar produced at
500 °C, when mixed with sandy loam soil and irrigated with a saline solution, improved the yield of
potato, maize, and wheat [195-197]. It was also shown that BC was able to reduce the Na*/K* ratio in
the xylem sap of wheat and potato and reduced Na concentration in maize xylem [197]. When BC
produced from wheat straw (350-550 °C) was combined with poultry manure and incorporated into
Aqui-Entisol soils, a decrease in Na uptake was observed, leading to increased biomass in maize and
an increase of yield in wheat [194,198]. Similarly, rice straw-derived BC (600 °C) alleviated salt stress in
paddy soil. There was a significant reduction in bulk density, electrical conductivity, exchangeable Na,
and exchangeable chlorine ions in the soil, creating favorable conditions for rice seedling growth [199].
A selection of recent reports in which BC addition was reported to alleviate salt stress is summarized
in Table 5.

A majority of the reports support the role of BC in improving soil health, plant growth, and the
biological properties of soil. It has been reported that BC adsorbs Na salt and improves plant growth;
however, salt-affected land is only considered reclaimed if the Na salts are removed. Therefore,
the repeated application of BC might have negative consequences in a case where an increased
accumulation of Na-salt bound BC aggravates the salinization problem [193]. There is a need for
a better understanding of how different BCs interact with different types of salt-affected soils prior to
the prescription of any recommendations.
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Table 5. Selected recent studies reporting the effect of biochar on salt stressed soils.

Exp. Type Soil Type BC Feedstock Pyrolysis Temp. (°C)  Effect of Biochar Amendment ~ BC Application Rates  References

Reduced bulk density, electrical
conductivity, exchangeable Na*
and C1™. Reduced salt
accumulation in rice seedlings.

Lab Loam clay Rice straw 300-600 0.3% (W/W) [199]

Improved plant growth and
productivity. Improved
Field N/A Citrus wood N/A nutrient concentration in soil, 5and 10 tons ha™! [200]
dehydration tolerance,
and water retention.

Improved photosynthetic
performance and alleviated
oxidative damage and
salt stress.

Lab Coastal soil Wood chips 600 5% (W/W) [201]

Mitigated oxidative and salt
Lab Sandy clay loam Rice straw 450 stress. Reduced Cd and Na 3% and 5% (W/W) [202]
concentration in plant.

Improved plant growth and
xylem structure. Reduced

sidues o o
Lab N/A Maple residues 560 salinity and plant 5% and 10% (W/W) [203]
stress hormones.
Increased seed germination
Lab N/A Rice straw 300 rates of cowpea. Increased N/A [204]

photosynthetic efficiency and
photosynthetic pigments.

3.3.3. Biotic Stress

Several recent reports have emerged showing BC to aid plants in countering biotic stresses. It has
been suggested that BC-mediated nutrient retention, adsorption, pH adjustment, and increased water
holding provides plants with the capacity to respond to pathogens and to counter the effect of toxic
metabolites generated by plants [205].

The severity of gray mold, powdery mildew, and anthracnose on strawberry plants was evaluated
in the presence of 3% (w/w) citrus-derived BC (450 °C). It was observed that greenhouse waste-derived
biochar when mixed with coconut fiber/peat reduced the severity of gray mold after disease challenge
by 74% in mature strawberry plants and by 53% in young strawberry plantlets. Post-disease challenge,
anthracnose severity was reduced by 39-49% and powdery mildew severity was reduced by 68% [206].
Both citrus wood and greenhouse waste-derived BC reduced gray mold severity as well. It was
observed that BC application induced the expression of genes related to the systematic acquired
resistance and induced systemic pathways, which might have contributed to the reduction in disease
severity [206]. The ability of biochar to absorb pathogenic cell wall-degrading enzymes and toxic
metabolites produced by soil pathogen Fusarium oxysporum was also tested with tomato seedlings [205].
The tomato seedlings were treated with 3% BC produced from eucalyptus wood chips and greenhouse
pepper plant waste pyrolyzed at 350 °C and 600 °C. It was observed that seedlings exposed to enzymes
from Fusarium oxysporum and toxic metabolites without BC developed severe disease-like symptoms,
whereas those symptoms were significantly reduced in the seedlings grown with BC amendment [205].
The exact mechanism of interaction with BC is still unclear; however, it was observed that a majority
of the fungal enzymes that were immobilized by BC through adsorption were deactivated [205].
A commercial-scale study conducted over a period of 3 years tested the effect of BC on growth and
disease resistance in Capsicum annuum L. (sweet pepper) [207]. Pepper seedlings were planted in four
combinations of sandy soil amended with biochars produced from greenhouse pepper plant waste and
eucalyptus chips. During the first year of growth, it was observed that greenhouse waste-derived BC
(450 °C) reduced the severity of powdery mildew by almost 50% 168 days post-planting in comparison
with controls. In the second year of the study, the greenhouse waste BC (350 °C and 450 °C) showed the
highest pepper yield compared to the other treatments and the control [207], in addition to a significant
reduction in powdery mildew severity. The incidence of plants affected by broad leaf mite was also
reduced when amended with greenhouse waste BC. A comparable trend was observed in the third-year
trial. Powdery mildew severity was reduced by 25% in both greenhouse waste and eucalyptus wood
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chip-derived BC after 160 days of growth [207]. Biochars produced from greenhouse waste (350 °C)
and eucalyptus chips (600 °C) were shown to be effective in suppressing crown and root rot in tomato
caused by Fusarium oxysporum f. sp. radicis lycopersici [208]. The application of greenhouse waste BC
at 0.5%, 1%, and 3% reduced disease severity by 72%. The eucalyptus chip BC also reduced disease
severity by 44% compared to the control plants [208]. There are also some reports where no significant
effect of BC on soil-borne pathogen suppression was observed [209-211].

The number of studies exploring the role of BC in pathogen suppression is significantly less than
other organic amendments such as compost, peat, and crop residue. Hence, additional studies are
needed in order to understand the mechanism behind the ability of biochar to suppress pathogens and
to be able to prescribe biochar regimens as safe and effective amendment strategies for the improvement
of plant resistance to soil-borne pathogens.

4. Impact of Biochar on Crop Production

Increasing crop yields to feed a burgeoning population is a daunting task in the face of a myriad
abiotic and biotic challenges, including the reduction of arable farmlands and increased plant stressors
due to the changing climate [212-214]. These issues are especially important in organic production
systems where the average crop yields are 5-34% lower compared to conventional farming [215-218].
The use of biochar in soil remediation can be a useful strategy, especially in degraded soils [219,220].
Furthermore, the potential to significantly reduce the organic yield gap through better fertilization
regimes has been proposed, suggesting an expanded role for nutrient-rich biochars [221].

A meta-analysis of BC effects on plant productivity concluded that BC use holds promise
as a method to increase crop yields and could further promote ecosystem services and carbon
storage [91,222-224]. It was noted that increased soil N, P, K, the reduction of soil acidity due to the
liming effect of BC, and improved water relations contributed to various soil and crop responses. In this
review, a comprehensive literature search was performed in the Google Scholar search engine with
the search terms “biochar crop productivity yield” for the years 2017-2019, which yielded 330 entries.
These entries were further parsed using minimal criteria terms—BC feedstock source, pyrolysis temp,
retention time, and soil type. The second round reduced the number of entries to 18. The results of the
literature search are summarized in Table 6.
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In terms of productivity alone, a majority of the studies reported a beneficial impact of BC on
crop yields [53,225,226,229,232-237]. Experimental plants included lettuce, cabbage, radish, tomato,
wheat, rice, maize, and okra. Soils were amended with BC derived from major feedstock sources such
as hardwood, manure, and crop residues. Positive results from this mixture of plants and biochars
indicate a theoretical system to ‘mix and match’ crop with BC for optimal productivity. Interestingly,
none of the studies included perennial plant species in the experimental design. That is another area
where the impact of BC remains to be assessed.

Due to the range of tested soil conditions, many factors altered by BC amendment were implicated
in reported yield gains. For instance, lettuce yields were positively influenced with 20 and 30 t/ha
fecal-derived BC (450 °C) [226]. Mineral-enriched BC proved to be an effective fertilizer for two
growing cycles in the greenhouse pot study. Additional experiments in greenhouses with leafy crops
proved that significant yield increases are possible with BC soil amendment [20,241]. Two studies with
wheat showed increased yields as a result of soils amended with 1-2% apple wood-derived BC (450 °C)
due to increased nitrogen levels [232] and increased soil water retention with 8 t/ha date palm tree
residue-derived BC (300-600 °C) [229]. The increase in soil organic carbon and the stimulatory effect
on microbial communities raised rice yields in soil amended with rice husk BC (350 °C) [235] and okra
yields amended with hardwood-derived BC (450 °C) [237]. In addition to reporting increases in yields,
these studies also discussed the limitations of field applications of BC.

BC contains key plant nutrients, although at a low level as demonstrated by several studies, and it
may have led to the lack of a complete plant nutrient profile in the soils to obtain a desirable increase in
yields [225]. Multiple studies reported mixed results in terms of crop production [227,239] or described
no effect [166,230,231,240]. Soil nutrient content and CEC were improved with BC amendment but were
short-lived and resulted in comparable crop productivity compared to controls in studies with rice and
wheat growing in wheat straw BC (350-550 °C) [166], potatoes with green plantain peel-derived BC
(450-500 °C) [230], and tomatoes and maize with walnut shell-derived BC (900 °C) [231]. The growth of
Spring barley and sunflowers was tested with hardwood-derived BC (550 °C) at 72 t/ha. The treatments
increased barley yields but had no effect on sunflower productivity [239]. The BC-only amendment
did increase soil water status and carbon levels; however, increased barley productivity was noted
only when BC was mixed with NPK compared to NPK-only controls. While increased water-holding
capacity and soil carbon levels with peanut shell-derived BC (350 °C) were also reported [227],
these alterations did not lead to any effect on lettuce yields.

Undesirable effects on crop productivity following BC soil amendment were also reported in
two of the studies [228,238]. Although beans demonstrated an increased rate of germination in BC
amended soils, their yields were significantly reduced with hardwood BC (350 °C) application at 2%
and 5% [228]. Other studies with legumes reported a gain in yield when grown in BC-amended soils.
The yields of mash bean improved with sugarcane bagasse BC (350 °C), with and without chemical
fertilizer, due to the increased SOC, total N, and decreased bulk density. Importantly, nitrogen fixation
increased by 83% in the biochar-only treatment due to higher nodule numbers [242]. Additionally, fava
bean growth with wheat straw-derived BC (500 °C) amendment applied at a 2.5% w/w rate in addition
to saltwater irrigation led to significantly increased dry seed yield compared to controls, which was
mainly attributed to the high salt sorption capacity of BC [243]. The higher nutrient content in the
crop residue-derived BCs reported above may have helped elevate yields compared to controls, while
the already nutrient poor hardwood-derived BC may have reduced bean yields. While BC can be
a source of nutrients, the complex interactions in the soil environment may have reduced the capacity
of available nutrients in the soils inflicting significant yield losses [244]. Additional studies are required
to develop a more comprehensive model of BC effect on legume production.

Other factors potentially responsible for lower productivity include soil nutrient deficiencies found
with sugarcane bagasse and sunflower-derived BC-amended (500-600 °C) soils [238]. As a result of
decreased nitrogen uptake with increasing BC application, sunflower seed and oil yield saw a significant
decrease. The 1% field application of the BCs may have increased specific communities of bacteria and
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enhanced certain enzyme activity such as urease, which is an important enzyme in soil nitrogen status,
as reported by a field study with the addition of sugarcane bagasse biochar (SCBC) [162]. However,
fungal communities suffered due to SCBC addition, and final yields of Brassica chinesis L. (pak choi)
were reduced compared to controls. It was found that a 4% application rate of SCBC supported normal
plant growth and increased sugar and cane yields [245]. The SOC, soil-water related properties,
and nutrient levels were enhanced by SCBC, leading to increased plant productivity. Further research is
needed to identify BCs appropriate for specific plant species and initial soil characteristics for improved
plant growth and development.

Although crop responses were generally positive, the high variability within the listed studies
makes it difficult to draw any broad conclusions except that the type and application rate of BC will
require customization. The benefits of BC application mainly consist of increased water-holding
potential, better nutrient cycling, and increased soil carbon reserves. This may lead to no effect or
only minimally increasing yields in the short term, but further testing in the field should illuminate
the effects of long-term BC amendment on crop yields [246]. Other regions of industrial agriculture
and tropical environments may show a more pronounced BC effect and may be better at exploiting
the advantages of BC. BC application in marginal soils will likely lead to increased crop productivity
by increasing the overall soil fertility through pH and CEC adjustments, better water retention,
and increased microbial activity [247,248]. Nevertheless, considerable caution should be observed
when using extremely heavy rates of BC. The elevated risk of heavy metal contamination due to
feedstocks rich in accumulated metals or other phytotoxic compounds could decrease crop productivity
with increasing BC applications [249,250].

The overall conclusion is that BC application is favorable for improving crop productivity
sustainably. Certain agricultural systems require different inputs to achieve higher crop yields,
and designing BC to meet those specific needs could lead to optimized production methods
and products.

5. Conclusions and Future Opportunities

Analysis of the published literature supports the role of BC as one of the many viable solutions to
soil-related challenges of food production in the face of persistent global issues. While itis not a panacea,
the humble porous carbon-composed BC has the ability to physically, biologically, and chemically alter
soil properties, which has multifarious consequences. There is an opportunity for carbon sequestration
and establishing carbon negative cycles with the expanded use of BC. Countering deteriorating
soil health due to industrial agriculture, BC amendment can help support higher crop productivity
and contribute to improving global food security. The overall impact of BC can be increased by its
application on highly weathered and marginal soils that are characterized by depleted nutrients levels,
reduced water retention, and the lack of a competent soil structure.

Future climate models indicate that water stress will be a key driver of reduced crop productivity.
BC has been shown to improve soil water-holding capacity, making it a potential candidate for
alleviating water stress [251-253]. Finding the right permutation of BC feedstock, application rate,
and crop variety are vital for improving agricultural production and reducing the related carbon
footprint. Initial progress in understanding the effects of BC use has led to the efforts of producing
‘designer biochars” which promise to exploit the positive properties and dampen negative effects
mainly through feedstock selection but also through chemical, physical, or natural alterations of the
BC [91,254-256].

Various studies and published meta-analyses on BC have pointed out the benefits of BC
soil amendment; however, there are still several areas that require attention and resolution.
Important aspects that affect crop productivity include feedstock sources, various BC production
methods, initial soil characteristics, crop variety, and experimental conditions. Others have also reported
irregular effects of BC on crop productivity due to these variables [257]. Since it is an irreversible
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decision to amend soils with BC, the various impacts of augmenting soils are important considerations
before conducting field applications [258].

Several articles were not included in the comprehensive literature review due to the omission of key
variables that are critical for assessing the overall impact of BC studies. The conclusions of this review
are that standardizing BC experiments is vitally important to hypothesis testing and replicating studies
to move the research field forward. All future BC articles should include meticulous descriptions
of biochar feedstock sources, pyrolysis temperature, and retention time. Not covered in this review,
but still significant, are the various economic factors to be considered before undertaking any large-scale
BC applications, including the production or acquisition of BC, shipping and transporting, and the
time and labor required for field application [237,259]. Additionally, the lack of consistent responses of
microbial communities to BC amendment highlights a knowledge gap regarding the mechanism by
which microbes interact with BC. BC has the potential to decrease the bioavailability and efficiency of
some herbicides, which is yet another variable that needs consideration [260]. Further, analysis of the
published literature leads to the conclusion that the following areas need further investigation:

e  Biomes underrepresented in the current biochar-associated literature, such as forests and perennial
crops (the vast majority of BC studies are directed toward temperate and tropical areas);

e  Effects of biochar on non-model crop species (present studies primarily focus on model organisms
such as tomato, maize, rice, and wheat);

e  Evaluation of BC in field studies to build upon the extensive greenhouse studies;

e Develop an understanding of the highly complex interactions between different soil types, different
biochar types, and their impact on plant productivity

e  Assessment of biochar-amended soil microbial activity through meta-genomics approaches;

e Longer-term experiments to understand characteristics of ‘aged” BC to assess its temporally
evolving properties in soils;

e Development of cost-effective ways to minimize environmental impacts by incorporating organic
fertilizer amendments such as BC.

The multidimensional and complex interactions between inherent soil properties, variable biochar
properties depending on the type of feedstock used, the genetic background of the plant, and the
limited amount of available empirical data make it almost impossible to predict the outcome of BC
amendment. This is an obvious conclusion of this and several previous studies. Knowledge generated
from the above-mentioned areas of investigation is expected to enable the large-scale utilization of
biochars in agriculture, representing a step toward establishing carbon negative ecosystems.
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Abbreviations
BC biochar
SOM soil organic matter

GHG greenhouse gas

CEC cation exchange capacity

FTIR Fourier transform infrared spectroscopy
SBBC sugarcane bagasse biochar

C carbon

N nitrogen

P phosphorous

K potassium

Ca calcium

Mg magnesium

Fe iron

Na sodium

Si silicon

Cd cadmium

Cu copper

Ni nickel

Pb lead

Zn zinc
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Abstract: Seed germination and early seedling growth are the plant growth stages most sensitive to
salt stress. Thus, the availability of poor-quality brackish water can be a big limiting factor for the
nursery vegetable industry. The exogenous supplementation of gibberellic acid (GA3) may promote
growth and vigor and counterbalance salt stress in mature plants. This study aimed to test exogenous
supplementation through foliar spray of 10~ M GA; for increasing salt tolerance of tomato and
sweet pepper seedlings irrigated with increasing salinity (0, 25, and 50 mM NaCl during nursery
growth. Tomato and sweet pepper seedlings suffered negative effects of salinity on plant height,
biomass, shoot/root ratio, leaf number, leaf area, relative water content, and stomatal conductance.
The foliar application of GA3 had a growth-promoting effect on the unstressed tomato and pepper
seedlings and was successful in increasing salinity tolerance of tomato seedlings up to 25 mM NaCl
and up to 50 mM NaCl in sweet pepper seedlings. This treatment could represent a sustainable
strategy to use saline water in vegetable nurseries limiting its negative effect on seedling quality and
production time.

Keywords: Solanum lycopersicum; Capsicum annuum; seedlings; vegetable nursery; transplant production;
salinity; abiotic stress; plant growth regulators; GAs

1. Introduction

Greenhouse production of container-grown transplants has become a typical practice for vegetable
crops in many vegetable production areas of the world [1]. Some of the advantages of using transplants
are the possibility of anticipating planting, thus reducing field occupation time, the production
of seedlings with higher and more consistent quality, the control of plant spacing in the field [2],
the reduction of cost against direct seeding when using hybrid seeds or grafted plants, and concentration
of crop maturity [2—4]. The main goal of transplant production is to produce in a short time strong,
vigorous, and compact seedlings that establish and grow fast when transplanted in the field so that they
can reach high yield and quality [5]. Containerized vegetable transplant production is an extremely
intensive agricultural practice as seedlings need to be watered and fertilized frequently, even daily,
due to the limited volume of substrate explored by the young roots that can retain only small amounts
of water and nutrients. Water availability and quality can be limiting factors for the nursery vegetable
industry. Vegetable growers are facing more and more frequently the availability of poor quality water
due to high salt content. This is an increasingly important problem worldwide as it could limit the
growth of sensitive plants such as young vegetable seedlings and result in reductions of crop yield.
Many Mediterranean regions are characterized by high salinity groundwater due to the intensive draw
of irrigation water that increases seawater infiltration [6]. The use of this water for growing vegetable
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transplants can adversely affect the growth and vigor of vegetable seedlings. The plant growth stages
most sensitive to salt stress are generally seed germination and early seedling growth because plant
sensitivity to salt stress usually decreases with plant ontogeny [7].

It is known that salinity activates stress response mechanisms which control the osmotic and ionic
re-equilibrium, the detoxification of reactive oxygen species, and the modulation of cell growth or
cell division [8]. These mechanisms may be mainly mediated by plant hormones as shown by the
modifications of the endogenous phytohormone concentration recorded during seed germination
and plant growth under salt stress [9]. Thus, the adverse effects of salinity could be mitigated
by the exogenous application of plant growth regulators (PGR) such as auxins, gibberellins (GAs),
or cytokinins [10-13]. Gibberellins are phytohormones produced by plants and fungi that act at
different levels in plant metabolism ending in the modification of plant physiology and morphology.
Exogenous supplementation with gibberellicacid (GA3) promoted seedling and plant growth, improved
post-harvest life and enhanced tolerance to abiotic stress (e.g., drought, heat, salinity) of many
crops [13-22]. Therefore, the object of this study was to evaluate the exogenous supplementation
through foliar sprays of 107> M GA; to increase salt tolerance of tomato and sweet pepper seedlings
during nursery growth.

2. Materials and Methods

2.1. Plant Materials and Transplant Production

The effects of salt stress and gibberellic acid (GA3) treatment on transplant production were
evaluated in a nursery trial carried out during autumn 2018 in a greenhouse situated at the Department
of Agricultural, Food, and Forest Sciences (SAAF—University of Palermo, Palermo, Italy) (38°628” N
13°21’3” E; altitude 49 m above sea level).

Seeds of Solanum lycopersicum ‘Marmande” (Vilmorin, La Ménitré, France) and Capsicum annuum
‘Dolce di Spagna” were sown into 12 polystyrene trays (104 cells each) for each species filled with
a commercial substrate (SER CA-V7 Special semine, Vigorplant Italia srl, Fombio, Italy, containing
800 g m~> of a mineral fertilizer NPK 12-11-18). After sowing (1 October 2018), the trays were kept in a
dark room at a temperature ranging from 22 °C to 24 °C until the first emergence was observed and
were then moved onto benches in the greenhouse for seedling growth. Plantlet emergence occurred 5
and 14 days after sowing for tomato and pepper, respectively. Three days after emergence, the plantlets
were thinned to one per cell. When the plantlets had fully expanded cotyledons and the first true leaf
(11th BBCH growth stage [23]) (5 and 11 days after emergence for tomato and pepper, respectively),
half trays were treated by spraying plantlets with 107> M GA3 (Gibrelex, Biolchim, Bologna, Italy).
The gibberellic acid concentration was chosen according to previous experiments based on the effects
of GAj levels on tomato plants [8,14,18,22,24,25].

Salt treatments started at the same growth stage for tomato and pepper (11th BBCH growth
stage [23]) and were applied with an ebb and flow sub-irrigation system using water with one of three
concentrations of NaCl: 0 mM (Electrical conductivity—EC 0.68 mS cm™1), 25 mM (EC 3.14 mS cm ™)
or 50 mM (EC 5.57 mS cm™!). Seedlings were sub-irrigated according to their need until they were
ready for transplanting (twice a week on average).

Leaf stomatal conductance was measured one week before seedlings were ready for transplanting
(17 and 25 days after emergence for tomato and pepper, respectively) using a diffusion porometer (AP4,
Delta-T Devices Ltd., Cambridge, UK) on two young unshaded leaves of 20 seedlings for each species
and each replicate.

The seedlings were considered ready for transplanting when they reached the 14-15th BBCH
growth stage [23] (29 and 46 days from sowing for tomato and pepper, respectively). At this stage,
four replicated samples of 30 seedlings for each species and each treatment were randomly selected
and analyzed to evaluate their morphological characteristics (seedling height, stem diameter, and leaf
number). Leaf color of each seedling was measured on the upper part of 2 randomly selected leaves,
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using a colorimeter (CR-400, Minolta corporation, Ltd., Osaka, Japan) that measured L* (lightness),
a* (positive values for reddish colors and negative values for greenish colors) and b* (positive values for
yellowish colors and negative values for bluish colors). These components were used to calculate Hue
angle (h°) and Chroma (C*) as h® = 180° + arctan(b*/a*) [26] and C* = (a*? + b*2)/2. Then, the seedlings
were separated into leaves, stem, and roots, weighed, and dried to a constant weight at 85 °C to determine
the fresh and dry biomass and the shoot/root ratio for both fresh and dry weight. Before drying,
the leaves were scanned at 350 dpi (Epson Perfection 4180 Photo, Seiko Epson Corp., Suwa, Japan)
to obtain digital images that were analyzed with the Image] 1.52a software (National Institutes Health,
Bethesda, MD, USA) to measure the leaf area. The specific leaf area (SLA cm? g’l DW) was estimated
as the leaf area/leaf dry weight.

To evaluate the water status at the end of seedling growth the relative water content (RWC)
was determined for each species and each treatment. Ten leaves for each replicate were weighed
immediately (FW) after sampling the seedlings, placed in distilled water for 4 h and then their
turgid weight (TW) was calculated. The turgid leaves were dried in an oven at 80 °C for
24 h and weighed to obtain their dry weight (DW). Relative water content was calculated as
RWC = (FW — DW)/(TW — DW) x 100.

2.2. Statistics and Principal Component Analysis

The experimental design consisted of four replicated samples of 30 seedlings each for every
combination of GAj treatment and NaCl level, randomly assigned in four blocks. A two-way ANOVA
was performed to evaluate the effects of GAj3 treatments and NaCl levels on tomato and pepper
seedlings. The mean values were compared by the least significant differences (LSD) test at p < 0.05 to
identify the significant differences among treatments and the significant interactions between factors.

A principal component analysis on morphophysiological parameters of tomato and pepper
seedlings was performed (SPSS version 13.0; SPSS Inc., Chicago, IL, USA) to investigate the main
parameters that were most efficient in differentiating between NaCl levels and GAj3 treatments.
The input matrix for the analysis consisted of the seedlings morphophysiological parameters (height,
stem diameter, total, shoot and root fresh and dry weight, shoot/root ratio of fresh and dry weights,
dry matter percentage, leaf number, total leaf area, SLA, stomatal conductance, RWC, L*, chroma,
and hue angle). The number of principal components (PCs) was calculated by retaining only the factors
with eigenvalues higher than 1.0. The correlations between the variables of the input data set were
studied through the plot of the PCs. Furthermore, the initial variables were projected into the subspace
defined by the first and second PCs, and correlated variables were determined.

3. Results

During the experiment, the average temperature outside the greenhouse ranged between
10.1 + 0.3 °C (night) and 31.4 + 0.6 °C (day), and the average net solar radiation at noon was
449 W-m~2, with a day length that ranged between 8 and 9 h. Inside the greenhouse, the air temperature
was on average 23.5 + 0.4 °C and ranged between 36.8 (day) and 11.9 °C (night) (Figure 1), whereas the
relative humidity was 85.2 + 1.4% and ranged between 59.9% and 100%; the light intensity at noon
was 39063 + 2451 lux and ranged from 58728 to 1286 lux as a function of the cloudiness.
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Figure 1. Daily average maximum and minimum temperatures of the air inside the greenhouse during
nursery trials.

3.1. Morphophysiological Parameters of Tomato Seedlings

The emergence (at least 50% of plantlets emerged) of tomato plantlets occurred 5 days after sowing
and seedlings were ready for transplanting (4-5 true leaves; 14-15th BBCH growth stage [23]) after 29 d
from sowing.

The height of tomato seedlings was significantly affected by the experimental factors. After ten
days from the beginning of salt stress and GAj3 spray treatment, the seedlings had less height with
increasing NaCl concentration but were not influenced by GA3, whereas at the end of the experiment
their height was affected by salt stress and was modified by the GAj treatment (Figure 2).

16

= —_ —
o N =

Seedling height (cm)
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Figure 2. Effect of the seedling treatments (C, untreated control, GA, gibberellic acid spray 1075 M)
and salt stress (0, 25, and 50 mM NaCl) on tomato seedling growth (the least significant difference (LSD)
value at p < 0.05 for 20/10 = 0.37 and for 30/10 = 0.73).

The tallest seedlings were those treated with GA3 and no salt stress (15.6 cm on average) followed by
the unstressed control seedlings (14.8 cm on average); the height significantly decreased under salt
stress in control seedlings irrespective of NaCl concentration whereas it gradually dropped in the
GAj-treated seedlings as salt stress increased (Figure 2).

Similar to seedling height, the stem of control seedlings had a lower diameter under both levels of
salt stress, while the GAj-treated seedlings had a significantly lower stem diameter, with the highest
NaCl concentration in the irrigation water (Figure 3).
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Figure 3. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 107> M)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the stem diameter of tomato seedlings.
Bars with different letters are significantly different at p < 0.05 according to the LSD test.

The fresh weight (FW) of tomato seedlings was affected by the interaction between the GA3
treatment and the salt stress (Table 1, Figure 4). The total fresh biomass was 2.28 g in the unstressed
control seedlings and was reduced by 25.0 and 30.9% with 25 and 50 mM NaCl, respectively. GAz-treated
seedlings had a higher total fresh weight under no salt stress (2.64 g with 0 mM NaCl) or moderate
stress (1.95 g with 25 mM NaCl) even if they exhibited a reduction (—26.1%) close to those of control
seedlings. The root fresh weight was almost constant in control seedlings even under salt stress
conditions whereas it was significantly reduced by salt stress in GAz-treated seedlings. The fresh
biomass of the stem and the leaves of the GAjs-treated seedlings were higher than control with 0
and 25 mM NaCl and dropped to comparable values with the highest NaCl concentration (50 mM).
The differences in the response to salt stress between control and GAs-treated seedlings for root and
shoot fresh biomass accumulation resulted in some changes in the biomass partitioning. The shoot/root
ratio was higher in GA3-treated seedlings than the control with 0 and 25 mM NaCl whereas it dropped
below 4.0 with 50 mM NaCl irrespective of GAj3 treatment (Table 1).

Table 1. Effects of gibberellic acid treatment (C, not treated; GA3, 105 M GAj3) and salt stress (0, 25,
and 50 mM NaCl in the irrigation water) on morphological parameters of tomato seedlings.

Source of Variance Seedling Fresh Weight (g FW) Seedling Dry Weight (mg DW) Dry .
Total Roots Stem Leaves Shoot/Root Total Roots Stem Leaves  Shoot/Root Matter (%)
Treatment
C #1.86 0.39 0.86 0.61 3.8 1918 242 74.3 933 7.0 11.9
GA3 2.06 0.36 0.94 0.77 47 210.7 239 81.0 105.8 7.8 117
NaCl (mM)
0 2.46 0.40 119 0.87 51 2359 263a 94.4 1153 8.2 10.5
25 1.83 0.37 0.82 0.64 4.0 197.1 24.0 ab 74.6 98.5 7.2 123
50 1.58 0.35 0.68 0.55 3.6 170.8 21.9b 64.0 849 6.8 126
Treatment X NaCl
C 0 2.28b 0.40 ab 1.14b 0.75b 4.8b 236.3a 26.5 94.0a 1158a 8.3a 114b
25 171d  040ab 0.74 ¢ 0.57 ¢ 3.3c 173.0b 233 64.3Db 85.5b 6.5b 11.9 ab
50 1.58d 0.37b 0.69 ¢ 0.52¢ 3.2¢ 166.3 b 22.8 64.8b 78.8b 6.3b 12.4 ab
GA3 0 264a 04la 124a 099 a 5.4a 2355a 26.0 948 a 1148a 8.2a 9.6¢
25 1.95¢ 034bc  091b 071b 4.7b 2213a 24.8 85.0a 1115a 7.9a 12.7a
50 1.58d 032¢ 0.67 ¢ 0.59 ¢ 3.9¢ 1753 b 21.0 63.3b 91.0b 7.2ab 12.8a
Significance *
Treatment ns ns ns . w* ** ns * ot * ns
NaCl bt b hx wht ot ot * b whe * ot
Treatment x NaCl ** e - w* * wt ns - o * o

“# Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by
different letters are significantly different, according to the LSD test. * Significance: ns = not significant; * significant at
p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Figure 4. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 107> M)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the total, root, stem, and leaf fresh
weight of tomato seedlings. Bbars of the same color with different letters are significantly different at
p < 0.05 according to the LSD test.

The total dry weight (DW) of the untreated seedlings showed the same trend as that of fresh
biomass (Table 1, Figure 5). Control seedlings exhibted a reduction of 26.8% and 29.6% of total dry
weight with 25 and 50 mM NaCl, respectively. GAs-treated seedlings were more tolerant to moderate
salt stress (25 mM NaCl), with no significant reduction of total dry weight (-6.1%) but lowered their
dry biomass to values comparable to the untreated seedlings with the highest NaCl concentration
(175.3 mg DW seedling™!). The GA3 treatment had no significant effect on the accumulation of dry
biomass in the roots, whereas increasing salt stress up to 50 mM NaCl significantly reduced root
dry weight. The dry weights of the stem (94.0 and 94.8 mg DW seedling™! for control and GA;,
respectively) and the leaves (15.8 and 114.8 mg DW seedling‘1 for control and GA3;, respectively)
were not affected by the GAj3 treatment with 0 mM NaCl. The dry biomass of the shoot (stem and
leaves) of the untreated seedlings was significantly reduced under the 25 mM NaCl salt stress, with no
further significant decrease at the highest NaCl concentration (—31.4 + 0.3% and —29.0 + 2.9% for stem
and leaves, respectively). GAj3 spray limited the reduction of dry biomass in the shoot of the seedlings
fed with 25 mM NaCl in the irrigation water; therefore, the dry weights of stems and leaves were
similar to those of the unstressed seedlings. The GAj treatment was not as effective at the highest NaCl
level (=33.2% and —20.7% for stem and leaves, respectively) (Table 1). The dry biomass partitioning
was influenced by salt stress that caused a reduction of the shoot/root ratio but this reduction was
milder in the GA3-treated seedlings that showed a shoot/root ratio higher than control seedlings under
the stress condition (Table 1).

The GAj-treated seedlings had higher water content than controls with no salt stress as shown by
the lower dry matter percentage. Salt stress had no effect on this parameter in the control seedlings
while the increase was higher and significant in the GAs-treated seedlings (Table 1).
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Figure 5. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 1073 M)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the total, root, stem, and leaf dry
weight of tomato seedlings. Bars of the same color with different letters are significantly different at
p <0.05 according to the LSD test).

The tomato seedlings treated with GAj3 recorded the highest leaf number (5.44 leaves seedling™!),
as they had 18% more leaves than the control seedlings (4.61 leaves seedling™! on average) (Table 2).
Seedling leafiness significantly decreased by increasing the concentration of NaCl in the irrigation
water from 0 to 50 mM (from 5.27 to 4.75 leaves seedling ™). The GAj treatment significantly affected
the average leaf area that was 18.0% wider in GAjz-treated seedlings (10.17 cm? leaf™!) than control
(8.62 cm? leaf™!) under no salt stress. Both NaCl level (25 and 50 mM) caused a similar reduction
(—26.3 £ 0.8%) to the average leaf area of control seedlings, whereas the GA;3-treated seedlings reduced
by 18.6% the leaf wideness with the moderate salt stress (8.28 cm? leaf~! with 25 mM NaCl) resulting in
a leaf area no different from that of the untreated and unstressed seedlings (control seedlings with
0NaCl). Watering the GA3-treated seedlings with the highest NaCl level (50 mM) further reduced their
leaf area with no significant difference between treated and untreated seedlings (6.47 cm? leaf™! on
average). A similar effect of the GA3 treatment and the salt stress was found for the total leaf area of the
seedlings that was highest in the unstressed seedlings sprayed with GA3 (58.47 cm? seedling ™!, +41.7%
than control). Raising to 25 mM NaCl the salt concentration in the irrigation water, the seedlings
sprayed with GA3 had a total leaf area (44.17 cm? seedling™!) higher than the untreated seedlings
(29.47 cm? seedling™!) and not statistically different from the values of leaf area recorded for the
control seedlings under no salt stress (41.25 cm? seedling™!). The increase to 50 mM NaCl of the salt
concentration in the irrigation water did not cause further significant reduction of total leaf area in
control seedlings while it negatively affected treated seedlings that had values not statistically different
from those not treated (Table 2, Figure 6).
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Table 2. Effects of the gibberellic acid treatment (C, not treated; GA3, GAs-treated seedlings) and salt
stress (0, 25, and 50 mM NaCl in the irrigation water) on leaf characteristics of tomato seedlings.

SLA Stomatal
Source of Variance Nl]tmber of Leaf Area (cm? g DW-1) Co“d“d;“ce RWC(%) L*  Chroma Hue®
eaves (cm?Seedling™!) (cm? Leaf ) & (mmol m? 571
Treatment
C Z4.61b 32.90 7.11 3534 188.1 86.8a 517 490b  1205b
GA3 544a 4541 8.37 425.3 2195 80.0b 52.1 509a 121.3a
NaCl (mM)
0 527a 49.86 9.39 435.1 371.8 875a 503a 484b  1212a
25 5.06 ab 36.82 7.35 370.9 171.6 83.8a 521ab 507a 121.3a
50 475b 30.80 6.47 362.1 67.8 78.8b 53.2b 50.7a  120.1b
Treatment X NaCl
C 0 4.79 41.25b 8.62b 360.3b 369.9 a 90.0 50.1 47.6 1209
25 4.60 29.47 ¢ 6.42 ¢ 345.0b 123.0c 90.1 52.8 50.2 121.0
50 4.45 2799 ¢ 6.29 ¢ 3549b 71.3d 80.2 523 49.1 119.5
GA3 0 5.75 5847 a 10.17 a 509.9 a 373.7a 85.0 50.6 49.2 1215
25 5.53 44.17b 8.28b 396.7b 2203b 77.6 51.5 51.2 121.6
50 5.05 33.60 ¢ 6.65 ¢ 369.3b 64.4d 773 54.1 522 120.7
Significance *
Treatment ok ok * ot ns whk ns ™ *
NaCl - - ok e . o - o o
Treatment X NaCl ns i o e * ns ns ns ns

“# Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by
different letters are significantly different, according to the LSD test. * Significance: ns = not significant; * significant at
p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Figure 6. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 107> M)
and the salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the total leaf area of tomato
seedlings. Bars with different letters are significantly different at p < 0.05 according to the LSD test.

The specific leaf area (SLA) is a parameter related to dry biomass distribution in the leaves and
leaf thickness (Table 2). This index showed a significant increase only under no stress conditions in the
treated seedlings compared to the control seedlings (+41.5%) (Table 2).

The seedlings did not differ in stomatal conductance due to GAj3 treatment when not salt-stressed
(371.8 mmol m? s~ + 20.9) or with the highest salt stress level (67.8 + 3.9 mmol m? s71), whereas they
had a different response to the moderate salt stress that determined a reduction by 66.7% in control
seedlings (123.0 mmol m? s™!) and by 41.0% in GA3-treated seedlings (220.3 mmol m? s™1) (Table 2).

The relative water content (RWC) was higher in the untreated seedlings and was negatively
affected only by the highest NaCl level (Table 2).

The physiological and nutritional status of the plants can influence the pigment content of the leaf,
thus leaf color can be an index of seedling health (Table 2). The supply of brackish water for irrigation
caused a linear increase of color lightness (L*) with a significantly lighter color with the highest NaCl
concentration. The color vividness of the leaves was evaluated by calculating the Chroma and exhibited
a slight but significant increase by GAj3 treatment (+3.9 + 1.3%) and salt stress (+4.7 + 0.7%) (Table 2).
Moreover, the green component of color was less intense in the control seedlings compared to the
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GA;-treated seedlings and in the seedlings that received the highest level of NaCl with the irrigation
water, as suggested by the reduction of the hue angle.

3.2. Morphophysiological Parameters of Sweet Pepper Seedlings

Pepper plantlets emerged 14 days after sowing and seedlings were ready for transplanting
(3—4 true leaves; 13-14th BBCH growth stage [23]) after 46 d from sowing.

The height of pepper seedlings was significantly affected by the experimental treatments. After ten
days from the beginning of salt stress and GAj3 spray treatment, the control seedlings showed a
reduction of plant height with increasing NaCl concentration, whereas GAjs-treated seedlings suffered
height reduction only with 50 mM NaCl. At the end of the experiment, the seedlings sprayed with
GAj3 (8.1 £ 0.2 cm on average) were significantly taller than the control (+27.3 + 2.9%). Both treated
and untreated pepper seedlings exhibited a linear decrease in their height as increasing salt stress from
0 to 50 mM NaCl (7.6 + 0.7 and 6.8 + 0.9 cm, respectively) (Figure 7).

9

~

Seedling height (cm)

17/10 22/10 27/10 1/11 6/11 11/11 16/11
2018
Figure 7. Effect of the seedling treatments (C, untreated control, GA, gibberellic acid spray 107> M)
and salt stress (0, 25, and 50 mM NaCl) on sweet pepper seedling growth (the LSD value at p < 0.05 for
30/10 = 0.44 and for 16/11 = 0.80).

The diameter of the seedling stem was 2.0 + 0.03 mm and was not influenced by the
experimental treatments.

The fresh weight (FW) of pepper seedlings was affected by the GAj treatment applied to seedlings
and by salt stress (Table 3, Figure 8). The mean total fresh biomass was 0.97 g in the unstressed control
seedlings and was increased by 18.2 + 1.8% due to GAj spray irrespective of salt stress. The use of
brackish irrigation water negatively affected the total fresh biomass produced by pepper seedlings that
significantly dropped from 1.15 g to 0.95 g with 0 and 50 mM NaCl, respectively (Table 3, Figure 8).
The fresh weight of the roots of pepper seedlings showed different variations due to salt stress according
to seedling treatments. Control seedlings recorded the highest root fresh biomass with 0 and 25 mM
NaCl, and it dropped significantly only with the highest salt stress level, whereas GAj3-treated seedlings
showed a reduction of root fresh weight even with the moderate salt stress (25 mM NaCl) (Table 3).
The fresh biomass of the stem and the leaves significantly increased by 24.4% and 40.7%, respectively,
in the unstressed GAsz-treated seedlings compared to the control seedlings. The salinity of the irrigation
water had a lower effect on shoot fresh weight as it negatively affected only stem fresh weight in the
seedlings watered with the higher NaCl level (Table 3, Figure 8).
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Table 3. Effects of the gibberellic acid treatment (C, not treated; GA3, GAs-treated seedlings)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on morphological parameters of
sweet pepper seedlings.

Source of Seedling Fresh Weight (g FW) Seedling Dry Weight (mg DW) Dry
Variance Total Roots Stem Leaves Shoot/Root  Total Roots Stem Leaves Shoot/Root Matter (%)
Treatment
70.97b 0.29 0.41b 0.27b 24b 79.3b 19.8 30.5b 29.0b 3.0 8.8b
GA3 114a 0.25 051a 0.38a 3.7a 935a 124 384a 427a 7.6 9.1a
NaCl (mM)
0 115a 0.31 0.50a 0.34 28b 96.3a 21.0 383a 37.0 3.6 8.9
25 1.06 ab 0.28 045a 0.33 3.0ab 84.6b 15.0 32.6b 37.0 55 8.8
50 0.95b 0.22 042b 0.31 33a 78.2b 12.3 324b 335 6.8 9.0
Treatment x NaCl
C 0 1.06 032a 0.46 0.29 23 873 220a 343 31.0 3.0d 8.8
25 0.98 0.32a 0.39 0.27 21 77.2 20.0a 282 29.0 29d 8.7
50 0.86 0.23b 0.38 0.25 2.8 73.2 173a 289 27.0 3.2d 8.9
GA3 0 124 0.29a 0.55 0.39 3.2 105.3 200a 423 43.0 43¢ 9.0
25 1.14 023b 0.52 0.39 3.9 92.1 10.0b 37.1 45.0 82b 9.0
50 1.04 0.21b 0.46 0.37 3.9 83.2 73b 359 40.0 103a 9.2
Significance *
Treatment e . - ot . ot - e . . s
NaCl * ok * ns * ot - ™ ns ot ns
Treatment X NaCl ns ** ns ns ns ns ** ns ns o ns

* Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by
different letters are significantly different, according to the LSD test. * Significance: ns = not significant; * significant at
p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Figure 8. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 1073 M)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the total, root, stem, and leaf fresh
weight of sweet pepper seedlings (within each experimental factor. Bars of the same color with different
letters are significantly different at p < 0.05 according to the LSD test.

The experimental treatments modified the fresh biomass partitioning as shown by the shoot/root
ratio (Table 3). The treatment with GAj increased the portion of biomass accumulated in the shoot
reaching a shoot/root ratio of 3.7 compared to 2.4 for the control seedlings. The reduction of root fresh
weight due to salt stress was higher than those of the shoots determining an increasing trend of the
shoot/root ratio when irrigation water salinity increased.

The effects of the experimental treatments on the dry weight (DW) of the seedlings were similar
to those reported for the fresh biomass (Table 3, Figure 9). Control seedlings accumulated a total of
79.3 + 4.3 mg DW seedling™!; the treatment with GA; significantly increased the total dry weight up to
93.5+ 6.4mg DW seedling ™! (+17.8 + 2.1%). The dry weight of the roots was 19.8 + 1.4 mg DW seedling !
in the untreated seedlings that were not affected by salt stress. GAjz-treated unstressed seedlings
had a similar root dry weight but significantly reduced the dry weight of this part under salt stress
(=56.7 £ 6.7%). The accumulation of dry matter was almost equal between stem and leaves. Both plant
parts were positively influenced by GA3 with an increase of 26.2 + 2.5% for the stem and 47.3 + 4.8% for
the leaves. The stems also showed a greater effect of salt stress as regards the dry biomass accumulated
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as it dropped even with moderate salt stress (—=15.2 + 1.1% for 25 and 50 mM NaCl). The shoot/root
ratio of the dry weights recorded the lowest values in the untreated seedlings irrespective of salt stress
(3.0 on average). Unstressed GAz-seedlings had a shoot/root DW ratio of 4.3 that significantly increased
up to 8.2 and 10.3 with 25 and 50 mM NaCl, respectively.

W Roots Stem M Leaves
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b
all Wi,
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b ° N
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C GA3 0 25 50
Seedling treatments Salt stress (mM NaCl)

Figure 9. Effect of the seedling treatments (C, untreated control, GA3, gibberellic acid spray 107> M)
and salt stress (0, 25, and 50 mM NaCl in the irrigation water) on the total, root, stem, and leaf dry
weight of sweet pepper seedlings (within each experimental factor. Bars of the same color with different
letters are significantly different at p < 0.05 according to the LSD test.

The dry matter percentage of the pepper seedling shoots was slightly but significantly influenced
by GAj that determined a higher dry matter percentage in the treated seedlings (9.1%) compared to
the untreated seedlings (8.8%) (Table 3).

The pepper seedlings treated with GA3 had the highest leaf number (4.44 + 0.17 leaves seedling™!),
with 18.4% more leaves than the untreated seedlings (3.75 + 0.09 leaves seedling™!) (Table 4). The leaf
number significantly decreased in the presence of NaCl in the irrigation water (-8.6 + 1.3% for 25
and 50 mM NaCl) compared to 4.35 + 0.26 leaves seedling™! for the unstressed seedlings. The GA3
treatment significantly affected the average leaf area; it was 26.6 + 3.4% wider in treated seedlings
(4.51 + 0.41 cm? leaf™1) than control (3.57 + 0.32 cm? leaf~!) (Table 4). The effect of the GA3 treatment
on the total leaf area of the seedlings was even greater as it increased this parameter from 13.44 + 1.22
t0 20.10 + 1.97 cm? seedling ™ (+49.9 + 4.8%). The irrigation water salinity caused a linear reduction
in the average leaf area that ranged on average from 4.41 + 0.31 cm? leaf !, in the unstressed plants
to 3.69 + 0.28 cm? leaf~! with 50 mM NaCl (=16.6 + 2.9%) (Table 4). Similarly, the total leaf area was
reduced by 24.7 + 1.5% when the salt concentration in the irrigation water increased from 0 to 50 mM
(19.37 £ 1.9 and 14.64 + 1.3 cm? seedling ™!, respectively).

As with tomato seedlings, the specific leaf area (SLA) showed a significant increase due to GA3
only under no salt stress (542.4 cm? g~! DW, +9.1% compared to the control seedlings) but a reduction
of SLA was recorded for both seedling treatments when the NaCl level was increased up to 50 mM
(395.0 £ 2.1 cm? g~! DW) (Table 4).

The seedlings did not differ in stomatal conductance due to seedling treatments even if GA3-treated
seedlings had a slightly higher stomatal conductance (Table 4). The highest salt stress caused a reduction
of 23.3 + 2.1% compared to the stomatal conductance values with 0 and 25 mM NaCl.

The relative water content (RWC) of unstressed pepper seedlings was 93.1 + 0.3% and was
significantly lower in the salt-stressed seedlings (88.8 + 0.8% with 25 and 50 mM NaCl) (Table 4).

The leaf color of GA3-treated pepper seedlings was lighter, more vivid, and less greenish than the
untreated seedlings as shown by the changes in the values of L*, Chroma, and Hue angle. Leaf color
was also affected by the highest NaCl concentration mainly as regards L* and Chroma modifications,
resulting in darker and less vivid color (Table 4).
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Table 4. Effects of the gibberellic acid treatment (C, not treated; GA3, GAs-treated seedlings) and salt
stress (0, 25, and 50 mM NaCl in the irrigation water) on leaf characteristics of sweet pepper seedlings.

SLA Stomatal
Source of Variance Nlimber of Leaf Area (cm? g DW-1) Co“d““;“‘ce RWC(%) L*  Chroma Hue®
eaves (cm?Seedling™!) (cm? Leaf ) & (mmol m? 5~
Treatment
C »3.75b 13.44b 357b 463.4 49.8 90.8 50.5b 587b 1203a
GA3 444a 20.10a 4.51a 472.3 54.0 89.6 548a 61.8a 119.0b
NaCl (mM)
119.7
0 4.35a 19.37 a 441a 519.7 585a 93.1a 532a 60.8 a ab
25 4.01b 16.29 ab 4.03 ab 488.7 540a 89.5b 53.6a 608a 119.1b
50 3.93b 14.64b 3.69b 395.0 43.1b 88.1b 51.0b 59.0b  120.1a
Treatment X NaCl
C 0 3.93 15.41 3.93 497.1b 55.7 93.2 50.6 59.1 120.8
25 3.73 13.52 3.63 500.8 b 526 89.8 51.2 59.1 1199
50 3.60 11.38 3.16 3923 ¢ 40.7 89.5 49.6 57.7 120.2
GA3 0 4.78 23.32 4.88 5424 a 61.3 93.0 55.9 62.6 118.7
25 4.30 19.07 4.43 476.7b 55.3 89.2 55.9 62.5 118.3
50 4.25 17.90 4.21 397.8 ¢ 455 86.6 525 60.3 120.0
Significance *
Treatment ok . P ns ns ns . - -
NaCl o ot P ok o sk . - -
Treatment X NaCl ns ns ns = ns ns ns ns ns

“# Each value is the mean of 4 replicated samples of 30 seedlings each. For each factor, values in a column followed by
different letters are significantly different, according to the LSD test. * Significance: ns = not significant; * significant at
p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.

3.3. Principal Components Analysis

The principal components analysis revealed four principal components (PCs) with eigenvalues
higher than 1.00 (Table 5), representing 69.23%, 11.04%, 9.23%, and 5.11% of the total variance,
respectively. Thus, the combination of four PCs could represent the initial twenty-two variables,
explaining 94.61% of the total variance.

Table 5. Correlation of variables to the factors of the principal components analysis (PCA) based on
factor loadings.

Variable PrC1 rC2 PC3 PC4
Height 0.984 0.089 —0.022 0.087
Stem diameter 0.934 —-0.201 -0.113 0.101
Total fresh weight 0.976 0.003 0.203 0.002
Root fresh weight 0.795 —0.443 0.052 0.294
Stem fresh weight 0.962 0.010 0.240 —0.060
Leaf fresh weight 0.970 0.122 0.178 -0.021
Shoot/Root FW 0.810 0.466 0.204 —-0.259
Total dry weight 0.995 —0.003 —-0.025 0.056
Root dry weight 0.704 —0.609 0.050 0.335
Stem dry weight 0.994 0.020 0.035 0.006
Leaf dry weight 0.989 0.084 -0.079 0.042
Shoot/Root DW 0.530 0.720 —0.080 —0.364
Dry matter % 0.684 0.075 —-0.667 0.255
Leaf number 0.855 0.353 0.174 0.180
Plant area 0.962 0.114 0.202 0.028
Leaf area 0.986 0.074 0.137 0.027
SLA —-0.346 —0.005 0.839 0.254
Stomatal conductance 0.869 -0.114 0.381 —-0.231
RWC —-0.520 —0.321 0.573 —-0.073
L* —-0.256 0.726 0.042 0.599
Chroma —-0.890 0.260 0.314 0.025
Hue® 0.672 —0.442 —-0.118 —-0.342

Values in bold within the same factor indicate the variable with the largest correlation.

PC1 was mainly related to height, stem diameter, total, root, stem, and leaf fresh weight (FW),
shoot/root (5/R) FW, total, root, stem, and leaf dry weight (DW), dry matter percentage, leaf number,
plant and leaf area, stomatal conductance, relative water content (RWC), chroma and hue angle;
PC2 was related to the root DW, shoot/root (5/R) DW and L*; PC3 was related to the specific leaf area
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(SLA) and RWC; PC4 was related to L* (Table 5). Projecting the original variables on the plane of the
two main PCs could ilustrate such relationships, as displayed in the plot of loadings (Figure 10a).

Figure 10. Plots of (a) loadings (morphophysiological characteristics of tomato and sweet pepper
seedlings) and (b) scores (trials) formed by the two principal components from the Principal Component
Analysis (PCA). T C: untreated tomato seedlings; T GA3; tomato seedlings spayed with 107> M of
gibberellic acid (GA3); P C: untreated pepper seedlings; P GA3: pepper seedlings spayed with
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10°M GA3; 0, 25, and 50: concentration of NaCl (mM) in the irrigation water.

The differentiation of the NaCl levels supplied with the irrigation water to tomato and pepper
seedlings treated or not treated with GAj are shown in the plot of scores (Figure 10b), where two
main clusters (tomato and pepper seedlings) and two sub-clusters for each main cluster (GAj3 treated
or untreated seedlings) could be visibly distinguished. The scores of tomato seedlings were located
in the positive part of the PC1 axis, whereas pepper seedlings were located in the negative part of
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the PC1 axis; the tomato and pepper seedlings sprayed with GAz were located in the positive part
of the PC2 axis, whereas the untreated seedlings were located in the negative part of the PC2 axis.
Thus, GAj treated or untreated tomato and pepper seedlings were located in a different quadrant of
the plane: GAj-treated tomato seedlings were in the first quadrant (+; +), control tomato seedlings
were in the fourth quadrant (+; —), GAs-treated pepper seedlings were in the second quadrant (—; +),
and control pepper seedlings were in the third quadrant (—; -). The response of tomato and pepper
seedlings differed in their sensitivity to increased salt stress (from 0 to 50 mM NaCl) as a function of the
GA; treatment, as the scores of control tomato seedlings mainly reduced their PC1 values, the scores of
GAj;-treated tomato seedlings mainly reduced their PC1 values but also increased their PC2 values,
the scores of control pepper seedlings mainly increased their PC2 values but also reduced their PC1
values, and the scores of GAs-treated pepper seedlings mainly increased their PC2 value. Combining
the data from the plot of loadings and scores, it can be concluded that the concentration of NaCl in the
irrigation water influenced the tomato and pepper seedlings in different ways according to the GA3
treatment (Figure 10a,b).

4. Discussion

Irrigation water of poor quality due to salinity may represent a big issue for vegetable crops as
saline conditions result in lowered growth, yield, and quality and could have negative economic effects
for vegetable growers [13,27,28]. These effects are even worse for the vegetable nursery industry that
has to face the higher sensitivity to salt stress of vegetable seedlings compared to mature plants [7].
The goal of this important sector is to produce well-developed and vigorous transplants [25] which
could be hard or even impossible to reach when brackish water is the only available source for watering
the seedlings. Growth limitation due to salinity can reduce the size of transplants which is linked
to establishment success, the growth rate, and the size at harvest [29,30] and thus also reduces the
commercial success of these products.

In a previous study [13], we found that salt tolerance of leaf lettuce and rocket grown in a floating
system increased when GA3 was added to the nutrient solution. In this experiment, we tested the
possibility of increasing the salinity tolerance threshold of tomato and pepper seedlings by spraying a
solution of 107 M GAj on the seedlings at the beginning of salt stress.

The reductions in the biomass of untreated tomato and pepper seedlings watered with
saline water were indicative of growth limitations even with differences in the salinity tolerance
threshold. The negative effects of salinity on biomass were also noted on other morphological and
physiological traits such as plant height, shoot/root ratio, leaf number, leaf area, relative water content,
and stomatal conductance. Similar effects were also found in many other vegetable crops grown
under salt stress [13,28,31,32]. Seedling height exhibited a significant reduction of over 14% in both
non-GAjs-treated tomato and pepper seedlings, but the latter species suffered this reduction only at the
highest salt stress. The salinity of the irrigation water also affected the total fresh and dry biomass of
the untreated seedlings of both species, but even for these traits, the reduction of these parameters was
higher in tomato (-30.9% and —29.6% with 50 mM NaCl for total fresh and dry weight, respectively)
than pepper (-19.5% and -16.1% with 50 mM NacCl for total fresh and dry weight, respectively)
and progressively increased with salt stress level in pepper seedlings (-7.5% and —11.5% with 25 mM
NaCl for total fresh and dry weight, respectively), whereas it reached a significantly lower value at
an intermediate salt stress level in tomato seedlings (-25.0% and —26.8% with 25 mM NaCl for total
fresh and dry weight, respectively), confirming that vegetables have different tolerance thresholds to
salinity and that the magnitude of the negative effects can increase with different slopes with increases
of salinity level [33,34]. The high electrical conductivity (EC) of the soil or the irrigation water may
restrict water availability to the plants as it increases soil osmotic potential resulting in reduced water
uptake and partial dehydration of the cell cytoplasm. This may lead to plasmolysis and could affect cell
metabolism and macromolecule function, ending up with a slowdown or even cessation of growth [35].
The growth reduction recorded in response to salt stress could also be ascribed to a modification of
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nutrient uptake determined by a negative effect on nutrient availability [28,33]. Salinity can also affect
nutrient translocation from the roots to the shoot, determining changes in biomass partitioning and
plant morphology as shown by the variations in shoot/root ratios and the reduction of leaf number and
leaf expansion in tomato and pepper seedlings. This latter effect could be related to the decrease of the
relative water content of the leaves in response to increased salt stress that is generally due to lower
water availability under stress conditions or to root disorders that impede sufficient water uptake to
compensate for the water lost by transpiration [36,37].

The foliar application of gibberellic acid had a growth-promoting effect on the unstressed tomato
and pepper seedlings. It affected some growth parameters similarly in tomato and pepper whereas
others were enhanced to a greater extent in pepper than tomato. The GAjz-treated seedlings increased by
about 16% their total fresh weight thanks to an increase of 34.4% of the leaf fresh weight compared to the
untreated seedlings; the increase of leaf fresh weight could be explained by the higher number of leaves
(+20.9%) and the greater expansion of single leaf and total plant area (+21.2% and +46.5% respectively).
The exogenous supplementation of gibberellic acid at a very low concentration can improve the
morpho-physiological and yield characteristics of many vegetable crops [14,18,20,21,38,39] and has
been already successfully applied to tomato transplant production [22]. Endogenous gibberellins
are important plant hormones that act in regulating plant growth and development by promoting
division and elongation of the cells [40,41]. Many other mechanisms are triggered by gibberellins and
contribute to the improvement of biomass accumulation in vegetative parts [42,43] (stimulating the
synthesis of DNA, RNA, and protein, the multiplication of ribose and polyribosomes, and improve
enzyme activities and membrane permeability [44—49]). The plants supplemented with exogenous
GAj3 may significantly modify their morphological traits and direct the biomass allocation toward
leaves and stem, increasing the shoot/root ratio [20,50], as found in the present work with tomato and
pepper seedlings. These changes could significantly enhance transplant quality as it has been shown
that the increase in shoot weight is related to seedling vigor and plant earliness [51].

The use of gibberellic acid was also effective in modifying the response of seedlings to salt stress
even if to a different extent for tomato and pepper. Foliar treatment with GAj3 delayed the onset of
salt stress symptoms and limited growth reduction of tomato seedlings at the intermediate salinity
level, resulting in fresh and dry weight of the shoot similar to those of the unstressed untreated tomato
seedlings. The effect of the exogenous GAz was more evident on pepper seedlings that maintained
comparable or even higher values than unstressed untreated seedlings in many morphological
characteristics. Similar effects of low doses of exogenous GAjz supplementation were also found
in lettuce and rocket grown in an hydroponic floating system with brackish nutrient solutions [13].
Plant hormones are involved in the response of vegetables to salt stress and mediate the activation
of tolerance mechanisms [52] through complex crosstalk between hormones signaling pathways [53].
Decreased growth under salt stress of many species has been linked to a reduced level of bioactive
endogenous gibberellins (GAs) caused by the increase of the two stress hormones ethylene and
abscisic acid (ABA). It is known that ABA and GAs reciprocally influence each other’s metabolism.
The increase of ABA levels in seedlings may reduce bioactive GAs levels, thus reducing cell elongation
and consequently stem elongation, leaf expansion, and root growth [54]. In contrast, gibberellins
may promote the catabolism of ABA [55], so the exogenous supplementation of gibberellic acid might
mitigate the negative responses mediated by ABA of plants to salt stress. This may be due to the
GA-mediated activation of important metabolic pathways (ribose and polyribosome multiplication;
DNA, RNA, and protein synthesis) [56-59] that could influence the repartitioning of the internal
resources toward the aerial part of the plants thus increasing the biomass of seedling shoot. Moreover,
exogenous GAz may increase membrane permeability [60,61] leading to improved uptake and utilization
of water and mineral nutrients [15,62,63] and enhanced transport of photosynthates [64-66], which end
up increasing biomass accumulation. This could explain the higher tolerance of the GAs-treated
seedlings to salinity compared to the untreated seedlings. In our experiment, tomato and pepper
seedlings sprayed with GAj3 reacted to moderate (tomato) or even high (pepper) salt stress increasing
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significantly the accumulation of assimilates in the leaves and the stems compared to untreated
seedlings, confirming that gibberellins may noticeably change biomass partitioning thus increasing
the shoot/root ratio [13,20,22,50]. High dry weights of stems and shoots in vegetable transplants is an
index of seedling vigor and has been related to higher establishment success in the field and to reduced
time from transplanting to production, thus promoting plant earliness [22,51,67,68]. The increase in
NaCl level decreased the physiological age of the seedlings as resulted from the reduction of leaf
number, whereas GAj3 was confirmed to promote tomato seedling growth rate [22] and was effective in
increasing the physiological age of tomato and pepper seedlings under salt stress conditions. As well
as leaf number, gibberellic acid also increased the average leaf area under moderate (tomato) or even
high (pepper) salt stress, resulting in a wider total leaf area compared to the untreated seedlings,
despite the reduction of the relative water content under salt stress. This parameter is related to the
cell turgor and its reduction can negatively affect leaf expansion. The higher biomass accumulation
of GAjz-treated seedlings under salt stress compared to control seedlings could be ascribed to the
wider photosynthetic area. A supply of exogenous GA3 can stimulate nitrogen redistribution in plants
and improve N utilization in leaves and stems by promoting the translocation of assimilates towards
shoot apices and young leaves, thus determining the production of more leaves and the increase of
physiological age [19]. This latter parameter could have a strong effect on early growth and production
after plant establishment [22,68].

The quality of vegetable transplants is closely related to the morphological characteristics of the
seedlings and the biomass accumulated, thus the adverse effects of salt stress on plant morphology and
leaf development could negatively affect the agronomic and economic value of transplants. The foliar
treatment with GA3z was effective in counteracting the negative impact of salinity on the growth and
development of tomato and pepper seedlings but to a different extent in these two species as shown
by the results of the principal component analysis. Tomato and pepper are considered moderately
sensitive to salinity but have different tolerance thresholds and critical salinity values for yield loss [34].
The effect of salinity may vary as a function of species or even of varieties within a species, and can
be widely different according to development stages and environmental or agronomic factors [7,28].
The principal components analysis (PCA) highlighted the different responses of the two species to
salinity. Tomato seedlings showed similar harmful effects when exposed to moderate and high salt
stress whereas the pepper negative response was more gradual and slightly increased at every NaCl
level. The tested species also differed for the effects determined by GAj treatment. Under no salt stress,
pepper seedlings showed a higher growth-promoting effect from the GAjs foliar spray than tomato.
The application of GA3 counterbalanced the response to salinity of pepper and tomato seedlings but it
acted to a different extent and probably on distinct plant adaptation systems, as GAz almost completely
overrode the negative effects of all NaCl levels in pepper seedlings, while tomato seedlings showed an
increased salt tolerance thanks to GA3 only up to 25 mM NaCl. These results confirmed that the effects
of exogenous GAjz supply may vary according to species and environmental conditions [13,20,21,69].

5. Conclusions

Salinity of irrigation water negatively affected the growth of tomato and sweet pepper seedlings
during nursery transplant production by affecting biomass accumulation, leaf number, leaf area,
and delaying the physiological age. Tomato seedlings were more sensitive to salinity and suffered
significant negative effects even with moderate salt stress (25 mM NaCl), whereas sweet pepper
seedlings suffered progressive growth reduction that was significant only with the highest salt stress
(50 mM NaCl). The spray application of 1075 M GA3 exerted a growth-promoting effect on unstressed
seedlings and was successful in increasing salinity tolerance of tomato seedlings up to 25 mM NaCl and
up to 50 mM NaCl in sweet pepper seedlings. This treatment could represent a sustainable strategy
for use with saline water in vegetable nurseries, limiting negative effects on seedling quality and
production time, but this needs to be further validated on other vegetable species.
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Abstract: Fragaria X ananassa is a fruit grown all over the world, appreciated for its organoleptic and
nutraceutical properties. Together with other berry fruits, it is rich in bioactive molecules that make
it a beneficial fruit for human health. However, strawberry cultivation is influenced by pre- and
post-harvest factors. Being a small plant, its fruit comes into direct contact with the soil and, as such,
can quickly decompose. To reduce this inconvenience, farmers have used different strategies to mulch
the soil, and the most useful method is polyethylene mulch films that are not biodegradable. The focus
on environmentally sustainable agriculture can be represented by a transition to biodegradable mulch
films. In our study, ten biodegradable mulch films were used to understand their effectiveness
in covering the soil during the cultivation cycle of strawberry cv. Rociera. Polyethylene film was
considered the control. The best yield and the highest number of fruits with greatest size and quality
were obtained on polyethylene, BioFlex® (P2), Bio 6, and Bio 7 films. On BioFlex® (P2) and Bio 3
biodegradable films, strawberries showed a higher calcium and magnesium content, respectively.
These results may encourage growers toward the use of eco-sustainable agricultural practices, such
as biodegradable mulch films.

Keywords: sustainable agriculture; marketable production; antioxidant molecules; mineral content;
strawberry; weed biomass

1. Introduction

Strawberry belongs to the Rosaceae family, Fragaria genus, with wild and cultivated species of
great agronomic importance all over the world, incorporating a wide range of ecological spread, from
temperate to tropical and subtropical regions, and from sea level to high altitudes [1]. Nowadays,
all cultivated varieties derive from Fragaria X ananassa, developed in 1700 in Europe from a hybridization
of two natural hybrid species from America, Fragaria chilosensis and Fragaria virginiana. Currently,
there are 11 species of Fragaria found in their native habitats in Europe and North and South America.
The fruit of all species are dry achenes on the surface of a fleshy receptacle. The differences among
the various species, or within the same species, can be seen at a morphological level, in the different
color and shape of the achenes, and different morphology of the stolons and leaves [2]. Worldwide,
strawberry consumption is calculated in millions of tons [3,4]. In 2018, Italy and Spain dedicated
an area of 4717 ha and 7032 ha to strawberry cultivation, respectively, resulting in a production of
119,223 and 344,679 tons, respectively [5]. Strawberries are mainly consumed as a fresh product, but its
organoleptic characteristics make it ideal also for processed products, such as liqueurs, syrups, jam, ice
cream and essences.

Horticulturae 2020, 6, 48; doi:10.3390/horticulturae6030048 63 www.mdpi.com/journal/horticulturae
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Berries are a rich source of bioactive compounds with potential beneficial effects on human
health [6] and have thus been extensively studied [7]. The high content of polyphenols, flavonoids,
and anthocyanins makes strawberry a functional food, hence a fruit with beneficial effects on human
health [8,9]. Indeed, Giampieri et al. [10] showed that extracts of transgenic lines of three strawberry
cultivars contained high levels of anthocyanins, which exerted cytotoxic effects on HepG2, a human
hepatic cancer cell line. The antioxidant compounds present in berries, including strawberry, reduce
oxidative DNA damage and can up- or down-regulate different genes involved in the inhibition of
carcinogen activation, inhibition of oncogenes and metastasis. Additionally, it can reduce the risk of
neurodegenerative pathologies including Lou Gehrig’s, Parkinson’s, Alzheimer’s, and Huntington’s
diseases [11]. Moreover, the protective action of anthocyanins was demonstrated by Basu et al. [12],
reducing non-fatal myocardial infarction when strawberries and blueberries were consumed more
than three times a week. In addition, strawberry consumption reduced blood glucose levels, obesity,
inflammatory responses [13], and apoptosis in breast cancer cells [14,15]. The consumption of berry
fruit, including strawberries, may mitigate the risk of type 2 diabetes (T2D). Calvano et al. [16] and
Davis et al. [17] showed that dietary supplementation of freeze-dried strawberries reduced postprandial
hyperglycemia and hyperinsulinemia in overweight and obese adults. The same authors showed that
adult consumption of freeze-dried strawberries (50 g day™!) for eight weeks, significantly decreased
total and LDL cholesterol. Strawberry extracts are potent antimicrobial agents, as in the case of
Vibrio cholerae [18]. They are also rich in fiber, folate and manganese [8]. Furthermore, strawberry
can fight cellular aging, because its polyphenols are activators of AMP-activated protein kinase
(AMPK; [19,20]), molecules involved in the biogenesis of mitochondria in eukaryotic cells, and in the
cellular response against ROS-induced oxidative stress damage. Giampieri et al. [20] demonstrated that
the consumption of strawberries significantly increased the expression of the AMPK cascade genes in
older rats. Nevertheless, high-sensitivity TNF-« (hs-TNF-o) and soluble tumor necrosis factor receptor
(sTNF-R2), two biomarkers of inflammation and lipid peroxidation, were significantly decreased in
men and woman with knee osteoarthritis, when administered a dose of 50 g of strawberry powder for
12 weeks [21].

The nutraceutical and sensorial properties of strawberry can vary based on cultivar, climatic
and geographical conditions, ripening stage, and conservation methods [8,22,23]. A limitation of
strawberry is the quick deterioration of fruit after harvest [24]. A solution adopted in strawberry
production is to keep fruit clean, dry and free from soil contact to prevent triggering the decomposition
by using low density polyethylene films (LDPE) [1,25]. These films have been widely adopted for
various crops including strawberry, because their use speeds up crop cycles, assures high and good
quality yields, and blocks weed growth [1,3,26,27].

LDPE can be transparent, colored, or dark. Transparent films pass 50% of ultraviolet (UV) rays
(220-380 nm), black ones restrain UV rays but are penetrated by short wavelengths (780-2500 nm) and
longer wavelength (>2500 nm) infrared rays [3]. Polyethylene films are very resistant to degradation,
thanks to their high molecular weight and their hydrophobicity. Unfortunately, these characteristics
render polyethylene a slowly degrading product for possibly hundreds of years [3,25]. Due to climatic
conditions and chemical products used in agriculture, plastic films can be used for one or at most two
cultivation cycles and then need to be removed. Their removal from the soil at the end of a crop cycle
is only partial, since they can be torn apart by harvest machinery and, consequently may be dispersed
throughout the harvested area. Normally, these films should be recovered from the soil, disposed
of in landfills, and recycled or even incinerated appropriately. Plastic waste disposal represents a
high cost for farmers, who prefer to burn them directly in the field, thus endangering their health
and the environment. Moreover, mulch films increase the serious problem of plastic dispersal in
the environment that the world is now facing [3,28,29]. The use of plastic products in agriculture is
estimated to be in the millions of tons per year, and at least 10% of the total amount originates from
mulch films [25,28,30].
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Biodegradable films can represent an excellent solution to the adverse environmental impact
derived from plastic use in agriculture. They have proven to be a good alternative to polyethylene
films and bare soil in short cultivation cycles as stated by Cozzolino et al. [31] and in the case of
strawberry cultivation as noted by Morra et al. [32]. The main practical and ecological advantages
of these films are that they can be both left on the field and buried in the soil to be degraded by
microorganisms. Indeed, fungi, bacteria, and algae can transform the residues of these films into carbon
dioxide, methane, water, and biomass [28,29]. The biodegradable films currently in use are mainly
based on starch and cellulose, polyhydroxybutyrate/valerate copolymers, and polylactic acid polymers;
molecules that are susceptible to UV- and visible light-facilitated photooxidation or thermoxidized at
high temperatures [25,28,33,34]. A limitation of biodegradable films is that, similar to PE films, they are
subjected to weathering and chemical substances used on crops, as well as to soil microorganism
attack. Therefore, they risk incomplete soil coverage for the entire crop cycle. Moreover, Nestby and
Guéry [35], in a work conducted over three years on three strawberry cultivars on mulch, showed that
the marketable yield could be reduced up to 58% due to a significant mildew infestation. According
to European standard values [36], PE films (dark, transparent, or thermal) used in agriculture must
have particular features, such as the tensile strength at break or the tensile elongation at break of at
least 16 MPa and 180-250%, respectively. Conversely, as stated by Scarascia-Mugnozza et al. [28],
biodegradable films have both tensile stress and tensile elongation at break lower than those of PE set
by the European Standard. However, their mechanical properties fall within the range required to
ensure an adequate soil coverage during the entire strawberry growing cycle. Moreover, on the basis
of ecotoxicological tests, the authors demonstrated the absence of soil ecotoxicity at the end of the crop
cycle after burying the material.

To balance biodegradation and physical-mechanical properties of a mulch film, it would be
essential to obtain a biodegradable film, which endures until the end of the crop cycle. Furthermore,
biodegradable films should yield a satisfactory amount of a high-quality final product, together with
adequate weed control, similar to PE films. According to Andrade et al. [37], biodegradable mulch
films, formed by starch, allowed adequate ground cover and weed suppression during a strawberry
autumn-winter cycle.

Based on the aforementioned, the aim of our work was to compare different mulch films in
order to determine their ability to cover the soil during the cultivation of strawberry, control weed
infestation, and distinguish their effect on berry production, quantity, and quality as compared to black
PE mulch film.

2. Materials and Methods

2.1. Experimental Site, Plant Material and Growth Conditions

The experiment was conducted in a greenhouse at the experimental farm of ADESVA Technological
Center, located in Lepe, Huelva-Spain (lat. 37°15” N; long 7°12” W, 48 a.s.1.). Site temperatures varied
between a maximum of 30 °C and a minimum of 11 °C, generally in July and January, respectively.
The soil had a sandy loam texture (66% sand, 19% silt, and 15% clay; pH 7.2, organic matter 1.9%,
available P,Os of 20 mg kg ™!, exchangeable K of 3270 mg kg™!). Strawberry cultivar Rociera distributed
by Fresas Nuevos Materiales (Huelva, Spain), was used in the experiment. It is highly resistant to
Botrytis and mildew, with uniform coloring and round-shaped fruit, long stems that facilitate harvest,
and produces a high percentage of first category fruit.

On 7 August 2017 the greenhouse was divided into four macrotunnels (6.6 m wide) covered by
plastic material, with an area of 264 m?/macrotunnel. On 13th August, in each macrotunnel, five soil
beds were prepared (40 cm wide, 40 m long) 50 cm apart. In each bed, two furrows 25 cm apart were
then created to accommodate two parallel lines of plants. On 20th September, the soil was disinfected
with TELOPIC C35 (1,3-dichloropropene 80.3% p/v (equivalent to 60.8% p/p) + chloropicrin 44.0%
p/v (equivalent to 33.3% p/p; p/v: weight/volume, w/w: weight/weight), at the rate of two irrigations

65



Horticulturae 2020, 6, 48

per day, for ten minutes each irrigation, for a total of 300 kg ha™!. From the vegetative period of
October/December until the productive period (from January to May), the following fertilizing units
were distributed: total nitrogen (234.15 kg ha™!), phosphoric anhydride (75.67 kg ha™!), potassium
oxide (216.28 kg ha™!), total calcium (229.15 kg ha™!), magnesium oxide (48.61 kg ha™!), potassium
chloride (52.47 kg ha™!). A drip irrigation system was adopted with 1-2 irrigations of 10-25 min daily,
for a total of 4684.63 m® ha™! of water.

2.2. Mulch Installation, Transplanting, Experimental Design

On 18 October 2017, each soil bed was covered by mulch films. Eleven different films were used,
and their thickness and black pigment percentages are shown in Table 1:

Table 1. Mulch film types, thickness and black pigment percentage.

Mulch film Thickness (um) Black Pigment (%)

Polyethylene (P1) 35 9
BioFlex® 1130 (P2) 20 9
BioFlex® 1821 (P3) 20 9
Bio M 16 F54 (Bio 1) 20 9
Bio M 17 F53 (Bio 2) 25 9
Bio M 4b F28 (Bio 3) 20 9
Bio M 5b F28 (Bio 4) 20 9
Bio M 5b F28 (Bio 5) 25 9
Bio M 17 F53 (Bio 6) 40 5
Bio M 4b F28 (Bio 7) 40 5
Bio M 5b F28 (Bio 8) 25 5

Black pigment percentage added to the mixture.

P1 is a black low-density polyethylene (LDPE) plastic film. BioFlex® 1130 (P2) and BioFlex® 1821
(P3) (FKuR Kunststoff GmbH, Germany) are commercial biodegradable films, formed from polylactic
acid (PLA)/copolyester blends, obtained from a cornstarch fermentation process. They completely
degrade in the soil and are compostable according to EN 13432 certification. Furthermore, BioFlex®
1130 (P2) has a minimum biobased carbon content of 10% (calculated according to ASTM D6866
certification), tear resistance of 100/110 N / mm (according to ASTM D 1922 certification), Spencer
impact test of 420 N'/ mm (according to ASTM D 3420 certification). BioFlex® 1821 (P3) has a minimum
biobased carbon content of 10% (calculated according to ISO 16620), tear resistance of 100/180 N/mm
(according to ASTM D 1922 certification), Spencer impact test of 240 N/mm (according to ASTM D
3420 certification). Biodegradable films (Bio 1-8) are based on starch, but the manufacturer has not
revealed its exact concentration. The black color of all films was obtained by adding from 5 to 9% black
pigment to the mixture during film preparation.

The experiment involved a completely randomized design, in which the treatments were
11 different films with three repetitions, resulting in 33 plots in total, randomly distributed in
the four macrotunnels representing the greenhouse. In three macrotunnels, only the three central beds,
out of total five prepared, were taken into consideration for the experiment, resulting in nine different
mulch films per macrotunnel (three mulch treatments per bed). The fourth macrotunnel contained six
plots with the remaining film treatment repetitions distributed on two central beds. This partition of
the film treatments replicated each treatment three times and distributed the repetitions among the
different macrotunnels. Each experimental plot included 25 representative plants placed in double
rows. On 18th October (1st day after transplant: 1 DAT) the plants were transplanted in each bed at a
plant density of 65,000 plants ha™.
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2.3. Environmental Control

The weather data were monitored thanks to a weather control station set up under one of the four
greenhouses. It consisted of a data logger (Watermark 900M), responsible for collecting and sending,
via GPRS, the data of the different sensors in use. December, January, and February were the coldest
months with mean temperatures of 11.5 °C, 11.0 °C, and 10.7 °C, respectively. May and October were
the hottest, with mean temperatures of 19.1 °C and 17.4 ° C, respectively. Relative humidity showed
an increasing trend from October, reaching the highest value of 75.7% in January. Similar values were
also found in March and April. Solar radiation exhibited a decreasing trend from October to January,
with the lowest values in January (9.4 MJ m~2 per day). From January to May, however, the trend
reversed, and the highest values were found in May with 26.0 M] m~2 per day.

2.4. Productive Parameters, Yield and Quality Measurements

Twice a week, or three times a week in March-April (maximum production period), the fruit was
collected from all the 25 plants forming each plot, for a total of 28 harvests expressed in one cumulative
value. Moldy fruit was also collected and weighed. The production was assessed by weighing the
fruit and dividing them into two main categories, expressed in gram per m?. The first category (Cat. I)
included fruit weighing more than 15 g, with no defects in shape or color. The second category (Cat. II)
included fruit weighing less than 15 g and with few defects in shape and color. Marketable yield was
determined by the sum of the total weight of the Cat. I and Cat. II fruit. As for the fruit average weight
determination, once a month, or twice a month in March and April, Cat. I fruits were collected by plot
and weighed, then divided by their count.

Fruit flesh firmness was also determined on two opposite sides at the equatorial zone, of five
previously peeled fruit with similar color sampled from each plot, using a digital penetrometer (FT 327,
Effegi, Milan, Italy) equipped with a ‘star” plunger for strawberries (model 53207, Turoni, Forli, Italy)
and expressed as N. Measurements were performed three times throughout the cycle, at the beginning
of the harvest season (February; 128 DAT) in the middle (March; 153 DAT) and at the end of the season
(May; 202 DAT).

On the same five fruits used for the flesh firmness measurement, the fruit soluble solids content
(° Brix) was evaluated using an Atago digital refractometer (model: PR-32) at a temperature of 20 °C.

2.5. Weed Biomass

Weed biomass was assessed in two steps: during the cropping season, collected only from the
central part of each bed in April (178 DAT), and at the end of the season in May (202 DAT) when the
plants were removed. The weeds were collected from the central part of each bed and also from the
sides and above the beds. Weeds were cut and weighed, and the weed biomass was expressed as
grams fresh weight m=2.

2.6. Quality Parameters

At the end of the last harvest, 100 g of fruits were collected per plot. They were frozen at =80 °C
and subsequently freeze-dried to determine total phenol content and hydrophilic (HAA) and ABTS
antioxidant activities (ABTS-AA), following use of the Folin-Ciocalteau [38], DMPD [39] and ABTS [40]
methods, respectively, as previously described in Rouphael et al. [41]. Results were expressed as mg
gallic acid equivalents per 100 g‘1 dry weight (dw), mmol Trolox per 100 g‘1 dw, and mmol ascorbic
acid equivalents per 100 g~! dw, respectively.

Total protein content was estimated by determining first the total nitrogen content of fruit by the
Kjeldahl method [42], and then by multiplying the total N value by a factor of 6.25 following official
method 976.05 of the AOAC (Association of Official Analytical Chemists [43]). Data were expressed as
g per 100 g1 dw.
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2.7. Malic and Citric Acid Content and Mineral Profile

Malic and citric acid content, and minerals were determined using an ion chromatography model
1CS-3000, (Dionex, Sunnyvale, CA, USA). Two different columns were used: an IonPac CS12A (4 x
250 mm) analytical column for cation determination (K, Ca, Mg, Na); and a IonPac AS11-HC analytical
column (4 X 250 mm) for anion (nitrate, P, SO4) and malic and citric acid determination [41]. Data were
expressed as g kg™ dw.

2.8. Statistical Analysis

The Shapiro-Wilk and Kolmororov—Smirnov procedures were performed to verify that the data
had a normal distribution, and the Levene, O’Brien and Bartlet tests were conducted to verify the
homogeneity of variances. The experimental data were subjected to analysis of variance (ANOVA)
using the SPSS 20 software package (SPSS Inc., Chicago, IL). In particular, the cumulative yield for
each category was calculated by adding the fruit yield at each harvest. Duncan’s multiple range test
was performed for mean comparisons on each of the significant (p < 0.05) variables measured.

3. Results

3.1. Marketable Production and Mulching Performance

The highest marketable yield was observed when P1 film was used (6995 g m~2; Table 2), though
it was not significantly different from the biodegradable films P2, Bio 6, and Bio 7 that produced
slightly less on average (—6.8%). Conversely, Bio 1, 2, and 4 showed the lowest marketable yield,
with a 25% reduction compared to the P1 film. P3, Bio 3, 5, and 8 resulted in intermediate yield values.
The marketable yield was divided into two categories: strawberries with a weight greater than 15 g and
without defects in shape or color that belong to the first category, and strawberries with a weight less
than 15 g and with slight defects that were attributed to the second category. The highest yield of Cat.I
fruits was on the beds covered with LDPE film (P1; 5729 g m~2), P2, Bio 6, and Bio 7. Production of Cat.
11 fruit ranged between 966 g m~2 (Bio 2) and 1422 g m~2 (Bio 5), but no significant differences between
the mulch treatments were noticed (Table 2). P1 film resulted in a minor amount of moldy fruit but
was not significantly different from most of the other treatments, except for Bio 3, Bio 4, and Bio 5,
which registered the greatest quantity of moldy fruit (~167 % more than P1). Mulch treatments did not
affect fruit mean weight, while they had a significant effect on fruit number. The highest fruit number
was harvested in P1 treatment (250 no. m~2), even though it was not significantly different from P2, P3,
Bio 5, Bio 6, and Bio 7.

The resistance to degradation of mulch films can be indirectly deduced by the number of weeds
they allowed to grow. LDPE P1 film did not allow the weeds to emerge throughout the crop cycle
by maintaining the full coverage of the beds. Among the biodegradable films, Bio 6 and 7 had the
lowest weed biomass with 220 and 225 g m~2, respectively, though not significantly different from
most mulch treatments except for Bio 1 with 660 g m~2.

3.2. Quality Analysis

The mulch films had no significant effects on fruit soluble solids content or flesh firmness
(Table 3). Similarly, there was no significant effect on total protein, total phenols, ABTS antioxidant
activity, or malic and citric acid content (Table 4). On the contrary, differences were evident in
hydrophilic antioxidant activity levels among the treatments, with the highest values obtained on P2
film (12.80 mmol ascorbic acid eq. 100 g‘1 dw), which was not significantly different from P1, Bio 2, Bio
3 and Bio 4, while the lowest HAA value was on Bio 8 (10.61 mmol of ascorbic acid eq. 100 g‘1 dw),
which was not significantly different from most mulching treatments, except for P1, P2, and Bio 3
(Table 4).
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3.3. Mineral Profile

Phosphorus, potassium, sulfate, and sodium content were not influenced by mulch film treatments.
Significant differences among mulches were found for nitrate, calcium, and magnesium content (Table 5).
The lowest nitrate content was recorded with strawberries grown on Biol and Bio 2 films, with 1.34
and 1.35 g kg~! dw, respectively. These results were not significantly different from most of the other
film treatments, except for P2, Bio 3, and Bio 7, which had higher accumulations of nitrate in the fruits.
Moreover, fruits grown in P1 and P2 film treatments had the highest calcium content (~1.74 g kg™ dw).
As for magnesium, Bio 3 and Bio 4 showed the highest content of around 1.58 g kg‘1 dw, while Bio 2
exhibited the lowest fruit content (1.16 g kg™! dw; Table 5).

Table 5. Effects of different mulch films on mineral profile of greenhouse strawberry.

. NO3 r K Ca Mg SO4 Na
Mulch Film (gkg1dw) (gkg1dw) (g kg1 dw) (g kg1 dw) (gkg1dw) (gkg1dw) (g kg1 dw)
Polyethylene ~ 2.38 + 0.37 abc * 4.45+0.23 16.11 + 0.94 1.68 + 0.07 ab 1.35+0.06 de 2.33+£0.21 0.25 +0.05
BioFlex 1 2.71 +0.36 ab 4.52 + 045 17.05 + 0.69 179 +0.09a 1.49 £ 0.05 be 2.12+0.38 0.61 +0.12
BioFlex 2 1.71 £ 0.05 be 4.11+0.20 1552 +0.19 1.51+£0.05¢ 1.34 +0.01 de 1.95 +0.46 0.29 +0.01
Bio 1 1.34+0.10c 3.95+0.16 14.95 + 0.43 141 +0.01 ¢ 1.26 +0.01 ef 1.39 £ 0.03 0.37 £ 0.07
Bio 2 135+0.13¢ 3.75+0.25 14.68 + 0.87 1.41£0.06 ¢ 1.16 £ 0.05 f 1.61 +0.50 0.23 = 0.06
Bio 3 2.74 +0.67 ab 4.66 +0.13 17.13 £ 0.69 1.38£0.05¢ 1.62+0.04a 157 +0.12 043 +0.13
Bio 4 2.24 +0.37 abc 5.08 +0.32 16.92 + 0.98 140 +0.04c 1.54 + 0.06 ab 1.58 +0.17 0.59 +0.12
Bio 5 2.07 +0.28 abc 447 +0.51 16.22 +0.58 148 £0.05¢ 1.49 £ 0.05 be 1.71+0.24 0.38 +0.04
Bio 6 2.04 + 0.20 abc 4.66 +0.21 15.77 £ 0.17 143 £0.05¢ 1.38 £ 0.05 cde 1.60 +0.22 0.27 +£0.04
Bio 7 283 +0.28a 4.89 + 047 17.53 + 0.65 1.53 + 0.06 be 1.39 £ 0.01 cd 1.48 +0.20 0.44 £ 0.29
Bio 8 2.23 +0.14 abc 4.60 +0.26 17.18 + 0.36 151 +0.01 ¢ 1.34 +0.02 de 1.68 +0.07 0.24 + 0.06

Significance *y ns ns e o ns ns

# All data are expressed as mean =+ standard error, n = 3. Different letters within each column indicate significant
differences according to Duncan’s multiple-range test (p < 0.05). ¥ ns, *, *** Non-significant or significant at p < 0.05
and 0.001, respectively.

4. Discussion

Mulching is a common practice in horticulture that embodies a prime necessity because fruit in
contact with the soil tends to perish in short notice, such as strawberry. Among the different ways of
soil mulching in strawberry cultivation, PE film is the most widely used all over the world. In our
study, strawberry grown on PE film had the highest marketable yield and the highest number of
fruits belonging to the first category, encompassing berries weighing greater than 15 g and exempt of
any defects. These results are comparable to some biodegradable films such as P2, Bio 6, and Bio?7.
Other biodegradable films (Bio 1, 2, and 4) led to a reduction in production of up to 25% compared
to PE film. The different yields obtained among the mulch films may reflect the specific effect they
have on the soil hydrothermal regime. Generally, PE film generates higher soil temperatures, since it
can absorb more solar radiation, and retains the heat between the soil and the film. Furthermore,
PE film is made of high molecular weight molecules and is hydrophobic [3,30], therefore acting as a
waterproof barrier that slows down or blocks the evaporation of water from the soil. Thus, it maintains
a constant soil moisture, and allows steam to condense and infiltrate into the soil. By measuring the
water vapor permeability of PE films, Bilck et al. [3] found that it was up to 250 times lower than
the biodegradable films they compared. The better soil hydrothermal conditions achieved under
PE films, compared to other types of mulch films, are considered responsible for better flowering
and fruiting of strawberry plants [1]. Biodegradable films have been found to be more porous and,
therefore, less efficient in reducing evaporation [24]. Many authors have confirmed the greater growth
of strawberry plants when mulched with black PE compared to other types of mulch [1,44-46]. Others
such as Scarascia-Mugnozza et al. [28] and Filippi et al. [47], reported the opposite results.

Both the different chemical composition and the physical characteristics, such as thickness and
color, favor the best performance of PE film, compared to the other films. The PE film in our work
had a thickness of 35 um and was black in color. Bio 6 and Bio 7 films were more transparent than PE
but were 40 um thick, which might have led to their comparable performance to the control P1 and
with less weed biomass. Moreover, P2 also performed comparably to P1, which could be attributed
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to the fact that has a high Spencer impact test making it different from P3 which is characterized
by a lower one. The other biodegradable films were black as well but were thinner than PE. These
characteristics probably allowed the PE film to remain intact until the end of the crop cycle, and to
completely block weed growth. The biodegradable films remained intact until March / April, the
middle of the production season. Then, they showed a degradation that increased in the following
months, especially with Bio 1, 6, and 7 films. However, Bio 6 and Bio 7 films resulted in a lower
weed total biomass than the other biodegradable films (with 220 and 225 g m~2 of weeds), which
may be attributed to their thickness. The films that resulted in the greatest weed biomass were Bio 1,
Bio 3, and BioFlex® (P3), films that were characterized by a low thickness. Gupta and Acharya [48],
Tarara [49], and Singh et al. [44] attributed the best yield of strawberries cultivated on PE film to the
complete suppression of weeds. In our study, the microbial degradation of the biodegradable films
may have been accelerated by water supplied through irrigation, as it was also shown in the work of
Costa et al. [29]. Varying growth of weeds in the presence of four types of biodegradable mulch films
was also shown in the cultivation of tomato plants in the work of Cowan et al. [50]. A good mulching
effect with biodegradable films (Mater Bi) was shown by Filippi et al. [47] in melon crop.

In support to our results, infrared spectroscopy analysis carried out by
Scarascia-Mugnozza et al. [28] on biodegradable starch-based films for the cultivation of
strawberry plants showed that 59 days after contact with the soil, the peak corresponding to starch
-OH groups were very small. Moreover, an electron microscopic analysis of the films showed holes
corresponding to starch particle disappearance or reduction by soil microorganisms. By analyzing
mechanical properties of biodegradable films, such as elongation at break and stress at break, after
124 days of strawberry cultivation, the above-mentioned authors also found that these properties
decreased significantly with biodegradable films. Similarly, Bilck et al. [3], by analyzing various
mechanical parameters of starch biodegradable and PE films such as strength, elasticity, and rigidity,
found that PE films remained flexible and without breaks at the end of the strawberry plant cultivation
cycle. Instead, the biodegradable films showed a 50% reduction in their tensile strength and a 120%
reduction in their elasticity. Their stiffness increased by 50%, and there was a reduction in deformation,
showing them to be more fragile than PE films.

Strawberry, like other berry fruits (raspberries, blackberries, cranberries, and blueberries), is rich
in nutraceutical molecules, such as ascorbic acid, phenols, anthocyanins, and flavonoids, which content
can vary with the cultivar choice and fruit ripening stage [9,51]. These molecules have strong
antioxidant power, capable of preventing or blocking already triggered radical reactions. Another
important characteristic of strawberry is its flavor, which is due to the percentage of TSS, mainly
glucose, and then fructose and sucrose [9]. According to Singh et al. [1], the best microclimate, together
with weed suppression with a PE film, may lead to a better quality strawberry fruit in terms of a
higher TSS and ascorbic acid content, and reduced acidity, compared to fruit mulched with other
material (clear PE mulch or with straw). However, in our study, neither TSS nor the firmness of the
fruit was influenced by the type of mulch film. This TSS data is supported by the results obtained
using various mulch films by Costa et al. [29]. As well, the results concerning total protein, phenols,
ABTS antioxidant activity, and malic and citric acid content were not influenced by the mulch treatment.
Differences were found only in the hydrophilic antioxidant activity. This latter increased in the presence
of biodegradable films used in the cultivation of two strawberry cultivars [32]. A higher content of
antioxidants may be related to a condition of abiotic or biotic stress, following climatic conditions or
pathogenic attacks or diseases.

The effect of the different mulch films on fruit mineral content in our study was evident for nitrate,
calcium, and magnesium content. Both calcium and magnesium are essential nutrients for plant
growth and development. Their accumulation in strawberries increases their nutraceutical properties.
The different composition of nitrate, calcium, and magnesium may depend on different penetration
and proliferation of roots in the soil, which can influence the absorption of these nutrients. Kumar and
Dey [24], for example, found that strawberry root length, volume, and weight were higher in the
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presence of both PE and biodegradable film, compared to bare soil. The authors found higher N, P,
and K absorption in strawberries grown with PE and biodegradable films, compared to plants grown
in bare soil.

5. Conclusions

Currently, there is a great effort to reduce the use of plastic, due to the pollution it is causing.
Agriculture is becoming more aware of this dramatic problem. Therefore, adoption of environmentally
sustainable practices is increasing, such as the replacement of classic polyethylene films used for
soil mulch with biodegradable films that offer similar results. Our study shed light on some
biodegradable films, such as BioFlex® (P2), Bio 6, and Bio 7, that were capable of maintaining fruit
production comparable to that of black polyethylene film. These films also made it possible to
have a greater total number of fruits, including Cat.I fruits, and an overall high marketable yield
and greater weed suppression (especially for Bio 6 and Bio 7) than the other biodegradable films.
Such results represent sustainable alternatives to polyethylene film use, encouraging farmers towards
the adoption of biodegradable films, where production and quality are maintained and pollution is
reduced. Nonetheless, more in-depth focus on the thickness of biodegradable films could improve the
performance of this green practice.
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Abstract: The aim of this study is to assess the effect of extracts of Nerium oleander,
Eucalyptus chamadulonsis and Citrullus colocynthis against bacterial spot disease of tomato and
to investigate the induction of resistance by tomato (Solanum lycopersicum) in order to promote
a sustainable management system. The antibacterial activity of aqueous and ethanol plant
extracts was tested against Xanthomonas axonopodis pv. vesicatoria, isolate PHYXV3, in vitro and
in vivo. The highest antibacterial activity in vitro was obtained with C. colocynthis, N. oleander and
E. chamadulonsis, respectively. In vivo, ethanol extracts of N. oleander and E. chamadulonsis were more
effective than aqueous extracts in reducing pathogen populations on tomato leaves. Under greenhouse
conditions, application of the plant extracts at 15% (v/v) to tomato plants significantly reduced disease
severity and increased the shoot weight of ‘Super Marmande’ tomato. In most cases, plant extracts
significantly increased total phenol and salicylic acid content of tomato plants compared to either
healthy or infected ones. In addition, C. colocynthis and E. chamadulonsis extracts significantly increased
peroxidase activity while only E. chamadulonsis increased polyphenol oxidase after infection with the
causal agent. The results indicated that the plant extracts showed promising antibacterial activity and
could be considered an effective tool in integrated management programs for a sustainable system of
tomato bacterial spot control.

Keywords: Induced resistance; polyphenol oxidase; peroxidase; plant extract; bacterial spot

1. Introduction

Worldwide tomato (Solanum lycopersicum) production is 182,256,458 MT with a harvested area
around 4762,457 ha [1]. Tomato crops are facing many bacterial diseases including bacterial spot
caused by Xanthomonas axonopodis pv. vesicatoria [2,3]. The application of copper bactericides, alone or
in combination with other pesticides and antibiotics (especially streptomycin), is the primary tool to
control such bacterial diseases [4]. However, several limitations have restricted their use including
bactericide resistance, market demands related to residues and worries of human health [5]. Thus,
safe alternative control methods need to be tested and developed [6-8]. Among the alternative means,
many studies have proven the antimicrobial activity of various plant species against bacterial spot
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diseases [9,10]. In addition, several studies have screened extracts of various higher plant leaves, fruit
and seeds for controlling phytopathogenic bacteria [11,12]. Basically, higher plants are considered to
be one of the major sources of bioactive, economically significant natural compounds, pesticides and
pharmaceuticals [13].

Numerous studies were mentioned that plant extracts such as Cesalpinia coriaria and essential oils
have shown satisfactory antifungal and antibacterial properties in vivo [14,15]. Recently, many higher
plant products have attracted the attention of researchers seeking phytochemicals to evaluate for their
antimicrobial properties [16-18].

Leaf extracts of several species, e.g., Eucalyptus globules, Datura stramonium, Ocimum spp.,
Salix spp., Rosmarinus officinalis, Cydonia oblonga and Foeniculum vulgare, have been used successfully
to control diverse plant diseases [12,19,20]. Application of some chemicals and plant extracts have
induced resistance in plants against many causal pathogens including bacteria, fungi, viruses and
nematodes [21,22]. In addition, plant extracts have been found to induce a defense response in infected
plants [23]. Geetha and Shetty [24] mentioned that the mode of action of plant extracts against bacterial
pathogens may enhance natural host defense mechanisms by increasing the activity of some antioxidant
enzymes, e.g., peroxidases, polyphenol oxidase or the accumulation of phenolic compounds [25].
This may directly affect the survival of the pathogens or act indirectly on plant metabolism [26].
In addition, polyphenol oxidases (PPOs) catalyze the oxidation of several phenols to o-quinones [27].

The present study aimed to assess the effectiveness of extracts of three plant species against
X. axonopodis pv. vesicatoria in vitro and the suppression of bacterial spot disease of tomato plants
under greenhouse conditions. Furthermore, the potential change of total phenols, salicylic acid content,
peroxidase and polyphenoloxidase activity in response to application of the extracts was investigated.

2. Materials and Methods

2.1. Seeds, Growth of Seedlings and Bacterial Isolates

‘Super Marmande’ tomato seeds used in this study were kindly provided by the Vegetable Dept.
Faculty of Agriculture, Assiut University, Egypt. Pots of 30 cm diameter and containing sand (3 kg/pot)
were used to grow two seedlings. The pots were kept on a greenhouse bench at 30 + 5 °C and
68%—-80% RH, irrigated as required and fertilized with 30 mL of 0.01g of NPK formulation (12:4:6).
Xanthomonas campestris pv. vesicatoria (Doidge) Dye isolate PHYXV3 was provided from the collection
of the Department of Plant Pathology, Faculty of Agriculture, Assiut University, Egypt. This isolate
was identified, and its pathogenicity was confirmed according to Abo-Elyousr and El-Hendawy [3].

2.2. Preparation of Leaf Extracts

Methods described by Abo-Elyousr and Asran [12] were followed to prepare the aqueous and
70% ethanol extracts. Briefly, 10 g of fresh leaves of Nerium oleander, Eucalyptus chamadulonsis and
Citrullus colocynthis were collected from a private farm belonging to Assiut Governorate and washed
several times with distilled water. They were crushed in 100 mL of sterile water or ethanol (1:10 w/v)
using a mortar and pestle and filtered through double-layered cheesecloth. The ethanolic filtrate
was concentrated by exposition to 60 °C in a water bath for 30 min to evaporate ethanol and kept
in dark glass bottles. The final extracts were diluted with distilled water to reach a 10% and 15%
v/v concentration. These concentrations were sterilized by 0.2 m disposable syringe filters and kept in
bottles in the dark until used [28].

2.3. Effect of Plant Extracts on Pathogen Growth In Vitro

To test the effect of three plant extracts on the growth of the bacterial pathogen, the paper disc
diffusion method was used [29]. Sterilized filter paper discs (5 mm) were placed in Petri plates
containing nutrient sucrose agar (NSA) medium and inoculated with 100 uL of the bacterial suspension
of PHYXV3 (5 x 10® CFU mL™1). Sterilized filter paper discs were moistened with 5 uL of each
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concentration (10% and 15%) of plant extract. As check treatments, water and ethanol served as
controls. After 48 h of incubation at 27 °C, the inhibition zones around the paper disc were measured.
Four plates were used for each treatment, as replicates, and the whole trial was repeated twice.

2.4. Effect of Plant Extracts on Disease Severity and Pathogen Population

2.4.1. Preparation of Inoculum and Inoculation Methods

Inoculum of PHYXV3 was prepared from cultures shaken for 48 h and incubated at 28 + 2 °C
for 48 h. The cultures were centrifuged at 6000x g at room temperature for 20 min and were then
suspended in sterile distilled water. The bacterial concentration was photometrically adjusted using
a spectrophotometer (Spectronic® 20 Genesys, Schutt Labortechnik, Cambridge CB5 8HY, UK) to
5% 10° CFU mL™1.

Four-week-old tomato seedlings were inoculated with PHYXV3 by spraying each plant with
20 mL of the pathogen solution using small hand sprayer. This volume was enough to cover plant
leaves with the pathogen solution. Inoculated plants were covered by polyethylene bags for 48 h
at 25-27 °C in the greenhouse to maintain the humidity and to prevent inoculation desiccation and
inoculum establishment on the plant. Two days after inoculation, tomato seedlings were treated with a
15% v/v concentration of each plant extract and were kept under greenhouse conditions. Fourteen days
after inoculation, disease severity was recorded based on the scale of Abbasi et al. [30]. Four replicates
(two seedlings each) were used per each treatment and greenhouse experiments were repeated twice.

2.4.2. Determination of Pathogen Population on Tomato Leaves

The number of colonies of PHYXV3 (5 x 10 CFU mL™!) was estimated one week after the time
the tomato plants were treated with the plant extracts. About 5 mm of tomato leaf was excised and
homogenized in 1 mL of sterile distilled water. Several dilutions were made and then 0.1 mL of each
dilution was spread on plates containing nutrient sucrose agar (NSA) medium. Petri dishes were
incubated for 72 h at 26 °C, and then recovered colonies were counted. Four replicates were used from
each treatment and the results were expressed as CFU/g [3].

2.4.3. Determination of Fresh and Dry Weight

At the end of experiment (90 days), the seedlings from each treatment were removed, washed
with distilled water to eliminate the soil, blotted with tissue paper, and then dried at 60 °C for 72 h
when shoot dry weight was recorded.

2.5. Determination of Total Phenols and Salicylic Acid Contents

2.5.1. Preparation of Samples

Eight leaves were collected from eight seedlings per treatment. One gram of tomato leaves was
ground in liquid nitrogen and homogenized in 10 mL of 80% methanol, and the homogenate was
centrifuged at 10,000 g for 30 min at 4 °C. The pellet was discarded after addition of ascorbic acid
(0.02 g'mL™1). A rotary evaporator was used to evaporate the supernatant at 65 °C and the process was
repeated three times, each for 5 min. The residues were dissolved in 5 mL of 80% methanol. For each
treatment four replicates were used [31].

2.5.2. Total Phenol Content

The methods described by Sahinet al. [32] were followed to determine the total phenol content
in leaves. Total phenol content was determined by spectrophotometer (Spectronic® 20 Genesys, Schutt
Labortechnik, Cambridge CB5 8HY, UK) at 767 nm as mg-g~! plant fresh weight using gallic acid
as standard. Total phenol content was expressed as mg of gallic acid per g plant material.
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2.5.3. Salicylic Acid Content

Salicylic acid (SA) content was estimated using a method modified from Datet al [33]. A 500 pL
sample of leaf homogenate was mixed with 250 uL of 10-N HCl and 1 mL of methanol. Samples were
incubated in a water bath at 80 °C for 2 h. One mL of methanol was added to the mixture and each
sample was neutralized with 4-5 drops of 1-M NaHCOj3. The optical density (OD) was measured at
254 nm, and SA content was calculated and expressed as g of SA per g plant material.

2.6. Enzymatic Activities

To determine peroxidase (PO) and polyphenol oxidase (PPO) activities, 1 g of fresh tomato leaf
tissue was homogenized in liquid nitrogen with 10 mL of 0.1-M sodium acetate buffer (pH 5.2) and the
mixture was centrifuged at 1000x g for 30 min at 4°C. For each treatment, four replicates were used.
Using Bradford reagent, the total protein content of the supernatant was determined [34].

2.6.1. Peroxidase Activity (PO)

Activity of peroxidase was determined using guaiacol as a substrate according to the method
described by Putter [35]. The reaction mixture was composed of 0.2 mL supernatant, 1 mL 0.1-M
sodium acetate buffer (pH 5.2), 0.2 mL 1% w/v guaiacol and 0.2 mL of 1% H,O;. The mixture was
incubated for 5 min at 25 °C then measured at 436 nm by spectrophotometer (Spectronic® 20 Genesys,
Schutt Labortechnik, Cambridge CB5 8HY, UK). Peroxidase activity was calculated as the change in
absorbance units (Au) and expressed as change in Au per mg protein. Extraction buffer served as a
blank reference.

2.6.2. Polyphenol Oxidase (PPO) Activity

Polyphenol oxidase activity was determined according to the method described by Batra and
Kuhn [36]. The reaction mixture was 0.5 mL of supernatant, 2 mL 50-mM Sorensen phosphate buffer
(pH 6.5) and 0.5 mL of the substrate pyrocatechol (10%, Sigma Aldrich, Missouri, USA). The reaction
mixture was incubated in water bath for 2 h at 37 °C and measured at 410 nm. The activity of PPO was
calculated as OD at 410 nm and expressed as OD-mg protein~!.

2.7. Statistical Analysis

All experiments were repeated twice, and percentage data were arcsine transformed before
analyses to normalize variance. Data were subjected to one-way analysis of variance (ANOVA) using
Statistica Software Ver. 6.0 (Stat Soft, Inc., Tulsa, OK, USA). Fisher’s protected least significant difference
was used at p < 0.05 to distinguish the differences among various treatments [37]. When applicable,
error bars are shown.

3. Results and Discussion

3.1. Effect of Plant Extracts on Pathogen Growth In Vitro

The plant extracts had variable effect on the growth of the pathogen in vitro (Figure 1). The greatest
reduction was obtained with both extracts of C. colocynthis at 15% (ethanol (0.81 mm) and water
(0.65)) followed by the ethanol extract of N. oleander (ethanol (0.59 mm) and water (0.50)), while the
least reduction was obtained from E. chamadulonsis (ethanol (0.44 mm) and water (0.51)). Overall,
the inhibition of pathogen growth increased as the concentration increased from 10% to 15%. Thus,
15% was used for further experiments. The results herein agree with those reported by Abo-Elyousr
and Asran [12], in which garlic (Allium sativum) extract had a strong antibacterial activity against
bacterial wilt in vitro followed by Datura spp and then N. oleander. Our previous study reported that
gas chromatography mass spectrometry (GC-MS) analysis of the aqueous extract of C. colocynthis
contained 37 compounds and their derivatives, including imidazole. In addition, Rahman and
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Gray [38] mentioned that dimericcarbazole was the most effective compound against Escherichia coli
and Proteus vulgaris, both Gram-negative bacteria.

7 B Ethanol extract ™ Water extract a
0.8
0.7
0.6
0.5
0.4

0.3

Inhibition zone (mm)

0.2
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10 10
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P
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Figure 1. Antibacterial activity of 10% and 15% concentrations of plant extracts of Nerium oleander,
Eucalyptus chamadulonsis and Citrullus colocynthis against Xanthomonas axonopodis pv. vesicatoria PHYXV3
in vitro after 48 h of incubation at 27 °C. Four replicate plates were used for each treatment and the
experiment was repeated twice. Columns with the same letters are not significantly different according
to Fisher’s protected least significant difference at p < 0.05.

3.2. Determination of Pathogen Population on the Tomato Leaves

Application of the plant extracts at the 15% concentration reduced the number of bacteria in tomato
leaves compared to the infected control (Table 1). The greatest reduction was achieved by C. colocynthis
[ethanol (3.0 CFU/g) and water (4 CFU/g)] followed by ethanol extract of N. oleander (5.0 CFU/g) and
E. chamadulonsis (5.1 CFU/g), with no difference between the latter two. The lowest reduction was with
water extracts of E. chamadulonsis (7.7 CFU/g) and Nerium oleander (6.2 CFU/g), respectively, which did
not differ. The results assumed that the application of the plant extracts reduced the number of the
bacterial pathogens by toxicity within the cytoplasm to the pathogen. These results are in agreement
with Draz et al. [39] who revealed the bioactivity of certain components of plant extracts.

Table 1. Effect of 15% concentrations of water and ethanol plant extracts of Nerium oleander,
Eucalyptus chamadulonsis and Citrullus colocynthis on the population of Xanthomonas axonopodis pv.
vesicatorin PHYXV3 in ‘Super Marmande’ tomato leaves after seven days of inoculation.

Plant Extracts Method of Extract CFU/g*

. Water extract 62+0.15bY

Nerium oleander Ethanol extract 50+0.72¢
Eucalyptus chamadulonsis Water extract 7.7+038b
Ethanol extract 51+023¢

Citrullus colocynthis Water extract 40+0.15d
Ethanol extract 3.0+045d

Infected 9.7+053a

Controls Healthy 0e

“ Bacterial population was recorded one week after inoculation with the isolate PHYXV3 and is expressed as log
108colony forming units (CFU) g~! leaf tissue. Four replicates were used from each treatment. ¥ Values in the
column followed by the same letters are not significantly different according to Fisher’s protected least significant
difference at p < 0.05 level.
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3.3. Effect of Plant Extracts on Disease Severity and Dry Weight of Shoots

Treatment with extracts of C. colocynthis gave the greatest reduction of disease severity, 20.0%
and 21.2% for ethanol and water extracts, respectively, with no significant difference between them,
followed by N. oleander and E. chamadulonsis, respectively (Table 2). Furthermore, C. colocynthis
gave the greatest shoot dry weight (44.7 and 43.0 for ethanol and water, respectively), while the
other treatments also increased shoot weight compared to the infected control, but without statistical
difference between them. These results agree with Hassan et al. [40] who mentioned that the application
of certain plant extracts reduced wilt diseases of potato plants and increased the yield s of tubers
compared to an infected control. This may be due to the lower numbers of the pathogen in treated plants
and the induction of some antioxidant enzymes that can reduce pathogens in the tissues [29]. Similarly,
Drazet et al. [39] used five plant extracts (pomegranate (Punica granatum), acalypha (Acalypha wilkesiana),
henna (Lawsonia inermis), lantana (Lantana camara) and chinaberry (Melia azedarach) to induce resistance
in wheat (Triticum aestivum) against rust disease and all plant extracts reduced disease severity and
increased yield components.

Table 2. Disease severity (%) and shoot dry weight of ‘Super Marmande’ tomato treated with
extracts of Nerium oleander, Eucalyptus chamadulonsis and Citrullus colocynthis after inoculation with
Xanthomonas axonopodis pv. vesicatoria PHYXV3.

Plant Extracts Method of Extract Disease Severity (%) Shoot Weight (gm)
. Water extract 2913 +£0.10%cY 252+0.30c¢
Neriunm oleander Ethanol extract 30.00 + 1.51 ¢ 2554038 ¢
Eucalyptus chamadulonsis Water extract 39.90 + 0.68 b 26.8 +£0.60 ¢
Ethanol extract 33.13+0.10 cd 242 +030c¢
Citrullus colocynthis Water extract 21.23+0.17 e 43.0 +1.51 ab
Ethanol extract 20.00 £ 0.76 e 44.7 £ 045 ab
Infected 4523 £098 a 132+0.30d
Controls Healthy 0f 4524091

“ Mean =+ SE of 4 replicates (two seedlings each) for each treatment. ¥ Values in the columns followed by the same
letters are not significantly different according to Fisher’s protected least significant difference at p < 0.05 level.

3.4. Effect of Plant Extracts on Total Phenol and Salicylic Acid Contents

Opverall, total phenol content was significantly higher in treated versus infected or healthy control
plants with the exception of the ethanol extract of C. colocynthis. In the present study, treatment with
the plant extracts increased the accumulation of phenolic substances in response to pathogen infection
(Figure 2). Values of phenol content ranged from 3.13 to 3.57 mg gallic acid g~! for the water extraction
method and from 2.81 to 3.74 mg gallic acid g~! for the ethanol extraction method for the three species.
Accumulation of phenolic compounds at the infection site was correlated with the suppression of
pathogen development since these compounds are toxic to phytopathogenic bacteria. Resistance maybe
also improved by increasing the pH of the plant cell cytoplasm due to an increase in phenolic acid
substances which prevents the development of the pathogen [41].

Salicylic acid (SA) content significantly increased with application of C. colocynthis aqueous (6.4 pug
salicylic acid g~!) and ethanol (6.37 pg salicylic acid g~!) extracts after 7 days of treatment, though there
was no significance difference between them (Figure 3). The results showed statistically significant
increases in SA levels for all treatments versus control. However, it is also clear that ethanolic and
aqueous extracts showed similar SA levels for all treatments within species and that C. colocynthis
extracts induced the largest SA increases among the treatments. De Meyer et al. [42] suggested that SA
accumulation is important for expression of several modes of plant disease resistance. In addition, SA
mediates plant defense against pathogens, accumulating in both infected and distal leaves in response
to pathogen infection [29]. The enhanced SA contents are a prerequisite for expression of systemic
acquired resistance against R. solanacreaum in potato (Solanum tuberosum) plants [43,44], and these
results may also indicate that applied plant extracts induce pathogen resistance in plants either via the
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activation of a signaling pathway that is dependent on SA or via the activation of a novel signaling
cascade that is not dependent on SA, jasmonic acid or ethylene signaling.

4.5 -
4
35
3
2.5
2
1.5
1

Total phenols (mg gallic acid g™)

0.5

Ethanol Ethanol | Infected | Healthy

Eucalyp Citrullus Controls
chamadulonsis colocynthis

Figure 2. Effect of 15% concentrations of plant extracts of Nerium oleander, Eucalyptus chamadulonsis and
Citrullus colocynthis on total phenols of ‘Super Marmande’ tomato after 7 days of treatment with the
extracts and inoculated with Xanthomonas axonopodis pv. vesicatoria PHYXV3. Four replicates were used
for each treatment. Columns with the same letters are not significantly different according to Fisher’s
protected least significant difference at p < 0.05.

Salicylic acid (ug salicylic acid g')

Water | Ethanol Ethanol | Infected | Healthy

Nerium oleand Citrullus Controls
chamadulonsis colocynthis

Figure 3. Effect of 15% concentrations of plant extracts of Nerium oleander, Eucalyptus chamadulonsis and
Citrullus colocynthis on salicylic content of ‘Super Marmande’ tomato after 7 days of treatment with the
extracts and inoculated with Xanthomonas axonopodis pv. vesicatoria PHYXV3. Four replicates were used
for each treatment. Columns with the same letters are not significantly different according to Fisher’s
protected least significant difference at p < 0.05.
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3.5. Effect of Plant Extracts on Peroxidase (PO)

Peroxidase (PO) activity significantly increased in infected plants treated with extracts of all
species except Nerium oleander (Figure 4). C. colocynthis extract caused the most increase in PO activity
followed by E. chamadulonsis. Values for C. colocynthis were 6.9 and 6.25 Au per mg protein for water
and ethanol extraction, respectively. The results agree with prior studies [45]. The results suggested
that the plant extracts promoted an increase in defense- related peroxidase enzyme activity. Several
investigators have reported that enhanced peroxidase activity was associated with plant defense
against fungal, bacterial and viral pathogens [46].

a
a
b
b
4 -
3 ; ¢
d d
2,
1_
0_
ealthy

Peroxidase (Au per mg protein)

Water | Ethanol | Water | Ethanol | Water | Ethanol | Infected | H

Nerium oleander Eucalyptus Citrullus Controls
chamadulonsis colocynthis

Figure 4. Effect of 15% concentrations of plant extracts of Nerium oleander, Eucalyptus chamadulonsis and
Citrullus colocynthis on peroxidase activity as absorbance units (Au) per mg protein of ‘Super Marmande’
tomato after 7 days of treatment with the extracts and inoculated with Xanthomonas axonopodis pv.
vesicatorin PHYXV3. Four replicates were used for each treatment. Columns with the same letters are
not significantly different according to Fisher’s protected least significant difference at p < 0.05.

3.6. Effect of Plant Extract on Polyphenol Oxidase (PPO)

In most cases, PPO activity showed no significant difference between infected tomato plants
versus extract-treated plants using N. oleander and C. colocynthis extracts (Figure 5). The highest
PPO activity was obtained following applications of E. chamadulonsis extracts 7 days post-application
(1.25 and 1.6 nm mg~! protein for water and ethanol, respectively). Such results agree with other
investigations [40,46]. The importance of PPO activity in disease resistance probably stems from its
property to oxidize phenolic compounds to quinines, which are frequently more toxic to pathogens
than the original phenol [46]. In addition, Draz et al. [39] mentioned that biochemical analyses proved
a significant increase in the plant contents of total phenolics and oxidative enzymes activities (PPO
and POX) after treated with certain plant extracts.

84



Horticulturae 2020, 6, 36

1.8 -

1.4
1.2 1

a
b
c < 2 c c ¢
1]
0.8
0.6
0.4
0.2
0

Water | Ethanol | Water |Ethanol | Water |Ethanol | Infected | Healthy

1 1 1

1

Polyphenol oxidase (OD per mg protein)

Nerium oleander Eucalyptus Citrullus Controls
chamadulonsis colocynthis

Figure 5. Effect of 15% concentrations of plant extracts of Nerium oleander, Eucalyptus chamadulonsis
and Citrullus colocynthis on polyphenol oxidase activity as optical density (OD) per mg protein of
‘Super Marmande’ tomato after 7 days of treatment with the extracts and inoculated with Xanthomonas
axonopodis pv. vesicatoria PHYXV3. Four replicates were used for each treatment. Columns with the
same letters are not significantly different according to Fisher’s protected least significant difference at
p <0.05.

4. Conclusions

The antibacterial activity of aqueous and ethanol extracts of N. oleander, E. chamadulonsis and
C. colocynthis plants were tested against Xanthomonas axonopodis pv. vesicatoria in vitro and inoculated
plantsin vivo. Inin vitro tests, the highest antibacterial activity was achieved by extracts of C. colocynthis,
followed by N. oleander and then E. chamadulonsis. Application of the extracts to tomato plants
significantly reduced disease severity and increased shoot weight of ‘Super Marmande’ tomato plants.
Overall, plant extracts significantly increased total phenol and salicylic acid content treated plants
compared to healthy or infected ones. In addition, C. colocynthis and E. chamadulonsis significantly
increased peroxidase activity while only E. chamadulonsis increased polyphenol oxidase. Thus,
alternative means for controlling plant disease—such as plant extracts—may be able to replace or
reduce the use of bactericides. Leaf extracts of these species showed promising antibacterial activity
against the causal agent of tomato bacterial spot and could become a part of an integrated pest
management program for controlling the disease.
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Abstract: In sustainable cropping systems, the management of herbivorous arthropods is a challenge
for the high performance of the tomato crop. One way to reduce the damage caused by these pests is
the use of resistant cultivars within a sustainable integrated management system. The host selection
of Tetranychus urticae, Bemisia tabaci, and Tuta absoluta was evaluated, characterizing their preference
among the tomato genotypes RVTZ2011-79-503-143, RVTZ2011-79-335-164, RVTZ2011-79-185-250
(high zingiberene content—HZC), and RVTZ2011-79-117-273 (low zingiberene content—LZC). Such
genotypes were selected in the F,BC, generation (the F2 generation of the 2th backcross towards
Solanum lycopersicum after the inicial interspecific cross S. lycopersicum X S. habrochaites var. hirsutum),
resulting from crossing Solanum habrochaites var. hirsutum PI-127826 (HZC and resistant to mites) and
the commercial cv. Redengao (S. lycopersicum) (LZC and susceptible to mites). In choice and no-choice
bioassays by T. urticae, and in choice bioassays by B. fabaci and T. absoluta, arthropods preferred to
stay and oviposit in an LZC genotype. In contrast, genotypes with HZC showed repellency to pests
and induced a non-preference for oviposition. The F,BC, genotypes selected for HZC are considered
sources of resistance genes to these pests for tomato breeding programs, and therefore have excellent
potential for sustainable cropping systems. These results represent an advance in obtaining tomato
genetic materials which can be used in sustainable production systems with less loss from pests.

Keywords: genetic resistance; natural allelochemicals; organic production; plant defense

1. Introduction

The adoption of genetically resistant plant materials is one of the main strategies for pest
management in sustainable tomato crops, in which the use of pesticides should be reduced or mitigated
due to their adverse effects on the environment and human health [1-3]. A large number of biochemical
and morphological characteristics have been related to tomato resistance to several key and secondary
crop pests. Biochemical factors such as allelochemicals, proteins, and several metabolites are often
associated with the morphological structures of species like trichomes, mesoderm, and parenchyma,
among many other [4-6]. The introgression of genes from wild species has been shown to be the
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main alternative for tomato breeding programs, as there are several records of resistance in relation to
arthropod pest species in this crop [7-12].

As a way to identify and measure the resistance of tomato genotypes to pest arthropods, biological
and behavioral bioassays have been used to characterize cultivars that have resistance mechanisms of
the antibiosis or antixenosis type to herbivores in comparison to susceptibility patterns [13]. Thus, it is
also possible to identify the mechanisms and degrees of resistance of seedlings to the investigated pest
arthropods. In tomato, the resistance mechanism of wild species is associated with the presence and
exudation of allelochemicals present mainly in glandular trichomes of stems, leaves, and fruit [14-18].
Zingiberene is an allelochemical with deterrent and repellent actions against pest arthropods, and was
found in high concentrations in Solanum habrochaites var. hirsutum PI-127826 in the glandular trichomes
of types IV and VI[19-21]. The inheritance of the content of this allelochemical shows a high heritability,
with values above 80%; it is controlled by two genes with incomplete dominance, which allows genetic
gains regarding resistance when selecting seedlings with high zingiberene content [22-25].

Recently, the tomato genotype access PI-127826 was been used to increase the degrees of resistance
in commercial varieties of Solanum lycopersicum though interspecific crosses [20,25-27] in order to obtain
isogenic lines for hybrid production in conventional and sustainable production systems. However,
the reactions triggered by the allelochemicals on the pests have been varied and complex, resulting
in different levels of response in relation to the attack. Therefore, it is necessary to understand the
effect of zingiberene and its stereoisomers on the behavior and biology of arthropod pests to determine
the level of resistance of the genotypes. In addition, for a tomato breeding program, it is essential to
characterize the resistance of generations and confirm the presence of the desirable characteristics of
the parents which can be employed in future crossings.

Among the pest arthropods that occur in tomato, Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae), Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) and Tetranychus urticae (Koch)
(Acari: Tetranychidae) are cosmopolitan and recurrent in crops grown in diverse production systems.
For these arthropods, the deleterious effect of zingiberene has been evidenced in genotypes related to
S. habrochaites var. hirsutum. However, despite all the studies on this subject, obtaining commercial
cultivars with acceptable levels of yield and resistance is still an objective yet to be achieved [6,28-32].

In order to characterize resistant tomato genotypes to be used in breeding programs, we
investigated the degrees of resistance of F,BC, genotypes with high levels of zingiberene which
were obtained from interspecific crossing between S. habrochaites var. hirsutum and S. lycopersicum.
The resistance degree of the genotypes to T. urticae, B. tabaci, and T. absoluta were verified upon host
selection bioassays.

2. Material and Methods

2.1. Location

The bioassays were carried out at the Midwestern Parana State University, Guarapuava, Parana,
Brazil (25°23’00” S, 51°29’38.50” W, elevation 1024 m.a.s.1.). The local climate is classified as humid
subtropical mesothermal (Cfb), with moderate summers, winters with frost incidence, and an average
annual rainfall of 1711 mm.

2.2. Tomato Genotypes and Growing Seedlings

The tomato genotypes selected by Zanin et al. [25] from a F,BC; population for high levels of
zingiberene (RVTZ 2011-079-117, RVTZ 2011-079-185, RVTZ 2011-079-335, and RVTZ 2011-079-503)
were used as parents and pollen sources for crosses with Solanum lycopersicum cv. Redengao, thus
obtaining the F1RC, generation which, after self-fertilization, originated the F,BC, population.

The selection of contrasting genotypes occurred in 400 seedlings of the F,BC, population. Thelevels
of zingiberene were quantified in young and expanded leaflets according to the methodology proposed
by de Freitas et al. [33]. Therefore, six leaf disks (1 cm in diameter) were sampled from each genotype,
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placed in tubes containing 2 mL of hexane, and then vortexed for 30 s. After that, the leaf disks were
removed and the absorbance of the solution was measured using a spectrophotometer (Cary series,
UV-Vis Spectrophotometer) at a wavelength of 270 nm. The selection of genotypes was carried out
based on the absorbance values, which were above 0.300 nm for the thee high-zingiberene genotypes
and below 0.150 nm for the low-zingiberene genotype.

As low and high allelochemical standards, 50 tomato seedlings of cv. Redencao and 50 seedlings
of the wild genotype S. habrochaites var. hirsutum, respectively, were used.

The F,BC; genotypes selected indirectly for laboratory resistance based on zingiberene content
were RVTZ 2011-79-503-143, RVTZ 2011-79-503-164, RVTZ 2011-79-503-250 (high zingiberene
content—HZC) and, to use as a susceptibility standard in bioassays, RVTZ 2011-79-117-273 (low
zingiberene content—LZC) (Table 1). The genotypes were cloned from axillary shoots; rooted;
transplanted into polyethylene pots (5 L) containing a mixture of commercial substrate and soil (1:1),
nitrogen, phosphorus and potassium chemical fertilizer (4:14:8), and acidity correction according to
crop demand.

Table 1. Absorbancy at 270 nm (means + SD) indicating the zingiberene content of tomato genotypes
(Solanum lycopersicum cv. Redengao, Solanum habrochaites var. hirsutum, and genotypes of F;BCy).

Genotype Absorbancy (270 nm) Classification
S. lycopersicum cv. Redencao 0.032 +0.01 Susceptible standard (SS)
RVTZ 2011-79-117-273 0.100 + 0.05 Low zingiberene content (LZC)
RVTZ 2011-79-335-164 0.322 + 0.04 High zingiberene content (HZC)
RVTZ 2011-79-185-250 0.330 + 0.07 High zingiberene content (HZC)
RVTZ 2011-79-503-143 0.809 +0.18 High zingiberene content (HZC)
S. habrochaites var. hirsutum 0.946 + 0.19 Resistant standard (RS)

2.3. Arthropod Rearing

Adults of T. urticae were collected and kept on common bean seedlings (Phaseolus vulgaris), under
controlled conditions (25 + 2 °C, 70% + 4% relative humidity—RH, 12 h photophase), with daily
irrigation. The age-controlled breeding consisted of 10 adult mites (3 males and 7 females) kept on
individual bean leaflets, arranged on a sponge moistened with distilled water, and packed in plastic
trays (200 x 300 mm) with the bottom facing up. The mites were kept on the leaflets for 24 h and then
the adults were removed, leaving only the eggs.

Individual B. tabaci and T. absoluta were collected in greenhouses from tomatoes in commercial
production. For the rearing of B. tabaci, individuals were kept and multiplied on common bean
seedlings, grown in pots, and packed in cages in a greenhouse at 25 + 3 °C with daily irrigation.
Rearing for age control was carried out, keeping bean seedlings with B. tabaci nymphs in cages made
of voile fabric (100 x 100 cm) in a protected environment free from infestation. From five to eight
days after emergence, the adults were used for bioassays. To rear T. absoluta, the individuals were
kept on tomato seedlings cv. Santa Cruz, grown in pots, and placed in voile cages (100 x 100 cm) in a
greenhouse at 25 + 3 °C. The eggs deposited on the leaves were removed at intervals of three days and
transferred to similar cages containing seedlings free from infestation.

2.4. Host Selection Bioassays

2.4.1. Tetranychus urticae

Choice and no-choice bioassays were carried out in Petri dish arenas (6 cm in diameter) and
covered with a sponge and a cotton layer both moistened in distilled water. In each choice test dish,
two leaf discs (3 cm in diameter) were placed under the cotton layer with the abaxial region facing
upwards. Two genotypes were placed in each dish, and all of them were tested in combination two by
two in order to evaluate the preference of the mites (Figure 1a). The discs were connected to each other
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by a transparent coverslip (18 X 18 mm), in the center of which four adult females of T. urticae were
released, allowing free choice between the discs of the different tomato genotypes. The dishes were
kept for 24 h in an air-conditioned chamber (25 + 1 °C, 70% =+ 4% RH, 12 h photophase). Then, the live
mites present on each leaf disc were counted, in addition to the eggs deposited on the leaf surface.

«—Cotton wool

Figure 1. Material used in the host selection bioassays. (A) Arena for Tetranychus urticae with two tomato
genotypes connected by a transparent coverslip where the mites were released. (B) Tomato leaflet
wrapped in cotton wool and plastic tube. (C) Tomato genotypes (6 treatments) arranged equidistant
presenting the design of the Bemisia tabaci and Tuta absoluta bioassays. Each leaflet wrapped in cotton
wool was introduced into a plastic tube containing water in order to maintain the humidity.

The experiment was designed with six treatments (genotypes) that were combined in pairs
(total of 14 combinations) with ten repetitions per pair, and the arenas were distributed in a completely
randomized design.

For the no-choice test, a leaf disc (3 cm in diameter) of each genotype was inserted in each arena,
on which six adult females were transferred with the aid of a stereoscopic microscope (Nikon SMZ745T,
Japan). The females were kept on the leaf discs for 24 h, and then the live mites and eggs deposited on
the abaxial face of each disc were counted. The experiment was carried out in a completely randomized
design, with six treatments (genotypes) and ten repetitions. The dishes were kept in an air-conditioned
chamber (25 + 1 °C, 70% =+ 4% RH, 12 h photophase).

2.4.2. Bemisia tabaci

To evaluate the host selection behavior for the oviposition of B. tabaci, a choice test was adopted
using circular plastic arenas (29.0 cm in diameter X 10.0 cm in height) with the cover lined with voile
fabric to allow air circulation. From six equidistant holes in the side walls of the arena, tomato leaflets
were inserted in a horizontal position, with the petiole kept externally and the leaf area internally
within the arena. In order to keep the leaflet moist, the petiole was wrapped in cotton wool before
being inserted into the plastic tube (0.3 cm in diameter X 10.0 cm in length) filled with water, whose
function was to keep the cotton and petiole moist (Figure 1B,C). Thus, each arena contained a leaflet of
each tomato genotype, comprising six leaflets, which were available for the choice of the insects.

In each arena, 30 individuals of B. tabaci were inserted and released with the aid of a suction
device (transparent plastic tube 0.3 cm in diameter) from a hole made in the bottom of the container.
After 24 h, the individuals and eggs present on the abaxial face of each leaflet were counted in order to
calculate the attractive and preference index.

This bioassay was carried out in a completely randomized design with 6 treatments (genotypes)
and 20 repetitions, and the arenas were kept in a greenhouse with temperature control (25 + 3 °C).

2.4.3. Tuta absoluta

The behavior and deposition of the T. absoluta were evaluated in choice bioassays, using
arenas similar to those described above for B. tabaci, allowing the free choice of insects in
relation to the genotypes. However, for T. absoluta the arenas were made with a rectangular EVA
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(ethylene vinyl acetate) plate arranged in a conical shape forming a tube (25.0 cm in diameter x
40.0 cm in height), with side holes arranged in an equidistant way, which allowed the coupling of the
leaflets in the horizontal position. The leaflets were inserted in the arena with the leaf area on the
inside and the petiole wrapped in cotton and a plastic tube on the outside (Figure 1B,C). In turn, the
upper and lower openings of the arena were lined with voile fabric to prevent the escape of insects and
to allow air to circulate.

In the center of each arena, 12 females were released (10 to 12 days old), which remained for 72 h
until the number of individuals and the number of eggs deposited on the adaxial and abaxial surfaces
of the leaflets of each genotype were evaluated.

The bioassay was carried out in a completely randomized design, with 6 treatments (genotypes)
and 10 repetitions. The insects were kept in air-conditioned rooms (25 + 1 °C, 70% + 4% RH, photophase
12 h).

2.5. Data Analysis

The number of adults and eggs of T. urticae, B. tabaci, and T. absoluta present in each treatment
in the choice and no-choice tests were submitted to a normality analysis (Bartlet, p < 0.05) and
analysis of variance (ANOVA, p < 0.05), and the means were compared by the Tukey test (o < 0.05).
The non-normal data were transformed by (x + 0.5)/2. These analyses were performed using the
Statistica 7.0 software [34].

The data referring to the choice bioassays for T. urticae were analyzed using the Chi-square test
(p £ 0.05) and Kruskal-Wallis (p < 0.05), respectively, to test the hypothesis of equality between the
observed and expected frequencies from individuals in each treatment.

In the choice bioassays for B. tabaci and T. absoluta, the attractiveness index was estimated as
Al =2G/(G + S), where Al = attractiveness index; G = number of insects attracted to the evaluated
genotype; and S = number of insects attracted to the susceptible standard (S. lycopersicum cv. Redengao).
The Al values varied between zero and two, in which Al = 1 indicates a similar attraction between the
evaluated genotypes (repellent test plant) and the standard (attractive test plant); AI < 1 corresponds
to less attraction (greater repellency) to the genotype; and Al > 1 indicates a greater attraction to the
evaluated genotype in relation to the standard. This index is an adaptation of the formula mentioned
by Lin et al. [35] and used by Baldin et al. [36].

The oviposition preference index (OPI) was also calculated as OPI = [(T — S)/(T + S)] x 100,
where T = number of eggs counted in the evaluated treatment and S = number of eggs counted in
the standard genotype (S. lycopersicum cv. Redengao). This index ranges from +100 (high preference)
to =100 (non-preference or oviposition inhibition). The classification of genotypes was performed
by comparing the average of eggs from the treatments with the average of the S. lycopersicum cv.
Redencao [37].

3. Results

3.1. Tetranychus Urticae Host Selection

The combinations of genotypes offered to T. urticae influenced the choice of females, which showed
a rejection of the F,BC, genotypes with HZC (RVTZ 2011-79-503-143, RVTZ 2011-79-503-164, and RVTZ
2011-79-503-250) when combined with the standard susceptibility tomato cv. Redengao (Chi-square,
GL =1, p < 0.05) (Figure 2). Although it was with less intensity, this response pattern was repeated
when this cultivar was compared to the low-zingiberene genotype (RVTZ 2011-79-503-273) (Chi-square,
GL=1,p=0.016).
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Figure 2. Frequency of choice of Tetranychus urticae in relation to tomato F;BC, genotypes (1 = 10).
Red = Solanum lycopersicum cv. Redencao; PI-127826 = Solanum habrochaites var. hirsutum PI-127826;
273 = RVTZ 2011-79-117-273 (with low zingiberene content); 143 = RVTZ 2011-79-503-143; 164 = RVTZ
2011-79-503-164; and 250 = RVTZ 2011-79-503-250 (with high zingiberene content). p-value indicates
the statistical significance according to the Chi-square test. SS = Susceptible Standard genotype;
RS = Resistant standard genotype; HZC = high zingiberene content; LZC = low zingiberene content.

Less attractiveness compared to the standard resistance genotype S. habrochaites var. hirsutum
PI-127826 was observed in all the evaluated combinations, even when compared to the genotypes
selected for HZC in the F,BC, generation (Chi-square, GL = 1, p < 0.05). T. urticae females did not
differentiate between the genotypes with HZC, presenting a similar frequency of choice regardless of
the combined genotypes (Chi-square, GL =1, p > 0.05).

In no-choice bioassays, the number of live mites was influenced by the presence of zingiberene.
S. lycopersicum cv. Redencao leaflets provided more than 90% survival after 24 h of exposure of mites,
with an average of 5.75 living individuals. The LZC genotype RVTZ 2011-79-117-273 did not differ from
the standard susceptible genotype (Tukey, GL = 5, & = 0.912). In turn, HZC triggered acari mortality,
as occurred with the resistant standard genotype (Tukey, GL =5, @ < 0.0001). The average number
of eggs deposited in the leaflets was higher in the susceptible cultivar and in the low allelochemical
genotype, differing from the high-content genotypes (Tukey, GL = 5, @ < 0.0001). These genotypes did
not differ among themselves (Tukey, GL = 5, a > 0.1) (Table 2).

3.2. Bemisia tabaci Host Selection

S. lycopersicum cv. Redengao was the most attractive for permanence and oviposition, followed
by RVTZ 2011-79-117-273 (LZC) (Tukey, GL = 5, p = 0.01). S. habrochaites var. hirsutum PI-127826 and
other genotypes selected for their high levels of zingiberene triggered the same insect responses (RVTZ
2011-79-503-143, RVTZ 2011-79-335-164, RVTZ 2011-79-185-250) (Tukey, GL = 5, @ > 0.9) (Table 3).
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Table 2. Number (+ standard error) of live adults and eggs of Tetranychus urticae mites on the abaxial
face of leaf discs of tomato genotypes in no-choice oviposition bioassays (1 = 10).

Genotypes Number of Individuals Number of Eggs
Solanum lycopersicum cv. Redencao 575+0.12a 466 +1.80a
RVTZ 2011-79-117-273 LZ€ 4.25+0.14 ab 272+120b
RVTZ 2011-79-503-143 HZC 325+0.15b 3.1+0.60 ¢
RVTZ 2011-79-335-164 HZC 350 +0.14b 3.9+ 053¢
RVTZ 2011-79-185-250 HZC 3.25+0.30b 0.7 +0.14 ¢
Solanum habrochaites var. hirsutum 3.75+0.12b 1.8+0.18 ¢
F-value 81.9 328
ANOVA p-value 0.03 0.0001

LZC low zingiberene content; HzC high zingiberene content. Means followed by the same letter in a column do not
differ statistically from each other by the Tukey test (GL = 5, a < 0.05). For analysis, the average number of eggs was
transformed by (x + 0.5)"/2.

Table 3. Number (+ standard error) of Bemisia tabaci live adults and eggs on the abaxial face of leaflets
from tomato genotypes in the choice bioassay (1 = 10).

Genotypes Number of Individuals Number of Eggs
Solanum lycopersicum cv. Redencao 13.00 £0.90 a 4710+3.70 a
RVTZ 2011-79-117-273 LZC 1290 £1.0b 3530 +3.50 b
RVTZ 2011-79-503-143 HZC 0.70 + 0.20 ¢ 1.45 +0.50
RVTZ 2011-79-335-164 HZC 1.20 +0.30 ¢ 1.80 + 0.40 ¢
RVTZ 2011-79-185-250 HZC 1.00 £ 0.15 ¢ 1.75 +0.35 ¢
Solanum habrochaites var. hirsutum 1.20+0.30 ¢ 250 +0.40c
F-value 683.8 177.8
ANOVA p-value 0.0001 0.0001

LZC 1ow zingiberene content; HzC high zingiberene content. Means followed by the same letter in each column do
not differ statistically from each other by the Tukey test (a < 0.05). For analysis, the average number of eggs was
transformed by (x + 0.5)1/2,

According to the values of the attractiveness index calculated after 24 h of infestation, all the
genotypes with a HZC were classified as repellent to B. tabaci when compared to the susceptible
standard genotype S. lycopersicum cv. Redengao (Figure 3a). In addition, the preference index for
oviposition calculated in the choice bioassay classified all the materials as non-preferred to B. fabaci
oviposition when compared to the susceptible S. lycopersicum cv. Redencao, even for the low zingiberene
genotype (Figure 3b).

@S. lycopersicum cv. Redengdo @ RVTZ 2011-79-117-273 (low) B RVTZ 2011-79-503-143(high) CRVTZ 2011-79-335-164(high) MRVTZ 2011-79-185-250(high) 0 S. habrochaites var. hirsutum

] Repellent Attractive

000 010 020 030 040 050 060 070 080 090 1.00 -1000 900 -800 -700 -60.0 -50.0 400 -300 -200 -100 00

Attractive index Oviposition preference index

Figure 3. Bemisia tabaci responses to tomato genotypes in choice bioassays (1 = 10). (A) Attractiveness
index of genotypes for adults of B. tabaci. (B) Oviposition preference index for B. tabaci in relation to
genotypes. The data regarding the number of individuals were transformed by (x + 0.5)1/2.
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3.3. Tuta Absoluta Host Selection

T. absoluta females preferred to remain in the LZC genotypes. Nevertheless, they did not differ
from RVTZ 2011-79-335-164, which was selected for the high content of this compound (Tukey, GL = 5,
a > 0.1) (Table 4). However, even in the genotype with a HZC, T. absoluta females oviposited compared
to the susceptible standard and that with a LZC (Tukey, GL = 5, @ < 0.05) (Table 4). Therefore, the
number of eggs deposited was significantly higher in the standard susceptibility cultivar than in the
other genotypes (Tukey, GL = 5, @ < 0.05) (Table 4).

Table 4. Number (+ standard error) of Tuta absoluta adults and eggs on the adaxial and abaxial sides of
leaflets of tomato genotypes in a choice bioassay (1 = 10).

Genotypes Number of Adults Number of Eggs
Solanum lycopersicum cv. Redencao 14+015a 47.0+£140a
RVTZ 2011-79-117-273 LZC 14+015a 37.0+130b
RVTZ 2011-79-503-143 HZC 05+0.16b 47 +0.10 ¢
RVTZ 2011-79-335-164 HZC 1.0+ 0.2ab 82+0.30c
RVTZ 2011-79-185-250 HZC 0.6+0.15b 9.1+0.20c
Solanum habrochaites var. hirsutum 05+0.16b 3.6 £0.09 ¢
F-value 6.1 111.6
ANOVA p-value 0.0001 0.0001

LZC Jow zingiberene content; %€ high zingiberene content. Means followed by the same letter in each column do
not differ statistically from each other by the Tukey test (@ < 0.05). For analysis, the average number of eggs was
transformed by (x + 0.5)"/2.

The calculated indices demonstrated that the LZC and susceptible genotypes were more attractive
to T. absoluta than the genotypes with a HZC (Figure 4a). In contrast, the HZC genotypes presented less
attractiveness (RVTZ 2011-79-335-164 and RVTZ 2011-79-185-250) or repellency (RVTZ 2011-79-503-143)
to T. absoluta (Figure 4a). Furthermore, the selected HZC genotypes suppressed T. absoluta oviposition,
triggering more than 60% of the oviposition index when compared with the standard genotype
(S. lycopersicum cv. Redencao) (Figure 4b).

@S lycopersicum cv. Redengdo @ RVTZ 2011-79-117-273 (low) M RVTZ 2011-79-503-143(high) CRVTZ 2011-79-335-164(high) @MRVTZ 2011-79-185-250(high) O S. habrochaites var. hirsutum

A B

} Repellent Attractive

000 010 020 030 040 050 060 070 080 090 1.00 -1000 900 800 -700 -60.0 -500 -40.0 -300 -200 -100 0.0

Oviposition preference index

Attractiveness index
Figure 4. Tuta absoluta responses to tomato genotypes in choice bioassays. (A) Attractiveness index

of genotypes for adults of T. absoluta. (B) Oviposition preference index of T. absoluta in relation to
genotypes. The data regarding the number of individuals were transformed by (x + 0.5)/2.

4. Discussion

Genetics and plant breeding are two main sciences in the service of man that contribute in various
fields of activities, especially food production. Genetic improvement considers the relationship of
physical, chemical, biological, economic, and social components to the environment, aiming at the
best possible adjustment and resulting in the sustainability of a productive system. Thus, genetic
improvement is essential for plants to adapt sustainably to the growing environment, providing greater
productivity and less possible damage to the system balance.
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Tomato production is characterized by low sustainability, largely due to the high number of
applications for pest and disease control. In this context, breeding aimed at the greater sustainability
of the systems has sought to develop genotypes more tolerant to abiotic and biotic stresses. The use of
wild tomato genotypes as a source of resistance to pests has been used on a recurring basis, aiming to
seek adjustment to the sustainable production system.

The resistance in these cases is related to the presence of allelochemicals that are exuded by
the tomato leaf trichomes, including zingiberene, a volatile sesquiterpene with a proven effect in
pest control. The best way to introduce resistance in commercial cultivars is though interspecific
crossings. In the present work, resistance was introduced though backcrosses and, as shown, the
results were promising.

Glandular trichomes are specialized structures found on the surface of about 30% of all vascular
plants and are responsible for a significant portion of a plant’s secondary chemistry. Glandular
trichomes are an important source of allelochemicals, which provide the plant with protection against
herbivores and pathogens. The storage compartment of glandular trichomes is usually located at the
tip of the morphological structure and is part of the glandular cell, or cells that are metabolically active.
This knowledge now helps classic breeding programs, as well as targeted genetic engineering, with the
aim of optimizing the density and physiology of trichomes for the purpose of biocides to improve crop
protection [38,39]

Glandular trichomes and zingiberene contribute to increased tomato resistance against herbivore
attack [39]. The ability to accumulate zingiberene in glandular trichomes is being transferred to
commercial cultivars through crossbreeding, contributing to the increased resistance of plants to mites
and whiteflies [40]. The presence of zingiberene in tomato genotypes induced a non-preference for
the oviposition of arthropod pests. Such evidence demonstrates that F;BC, seedlings selected for
high zingiberene content have desirable degrees of resistance to arthropods, and that selection for
this characteristic has been successful in terms of the biological response of the target organisms.
These genotypes, in some cases, showed similar degrees of resistance to the standard S. habrochaites var.
hirsutum PI-127826, which was expected due to the high heritability (81.9%) of zingiberene content
character in plants [22,25].

Normally, the genetic inheritance of a concentration of allelochemicals associated with the presence
of glandular trichomes on tomato species is mediated by at most two larger genes, and is associated
with smaller genes with an additive effect. The heritability in a broad sense was estimated at above
50%, considered as moderate to high [41-43]. Heterozygous genotypes for zingiberene showed levels
of allelochemicals intermediate to those of their parents of high and low content, indicating incomplete
dominant gene action for the content of allelochemicals [7].

The concentration of this allelochemical is controlled by the two larger gene loci, with incomplete
dominance in the sense of the lowest content in populations of interspecific crosses of S. lycopersicum
with S. habrochaites var. hirsutum [22]. Other studies related to the presence of zingiberene reported
that genetic inheritance was controlled by a single dominant gene of S. habrochaites var. hirsutum in the
generation F, and in the BC progeny of S. lycopersicum with S. habrochaites var. hirsutum, and also as
a single recessive gene in the F, generation and in the BC progeny of S. habrochaites var. hirsutum X
S. habrochaites var. glabratum [33,44].

This fact, together with the high heritability of the character, may reflect satisfactory genetic gains
in backcrossing over generations, using indirect selection for resistance to arthropod pests based on the
zingiberene content [25]. The most important aspect of the genetic breeding is hereditary variability
and, particularly, the genetic component, which has a strong influence on the response to selection.
The information generated from the character association studies appeared as an important indicator
for a selection program. The present study also contributed to the suitability of several characters for
indirect selection, because the selection for one or more characteristics resulted in a correlated response
in several other studies [45].
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The two larger gene loci are located very close to each other on chomosome 8 (ShZIS and
ShSBS) [40]. However, it is assumed that only one of the gene loci is primarily responsible for
the synthesis of zingiberene [44]. Evidence suggested that this locus must contain ShZIS synthase,
which produces 7-epizingiberene, a zingiberene sesquiterpene stereomer, in glandular trichomes from
Z-Z-farnesyl-diphosphate (zFPP) in plastids, which promotes resistance to various tomato pests.

It is also assumed that ShZIS is allelic to ShSBS and linked to zFPS. Gonzales-Vigil et al. [46]
suggested that ShZIS originated before ShSBS, with the mutagenesis of only three amino acids at the
active site of a synthesizing enzyme, predominantly zingiberene, elucidating the probable pathway
for the synthesis of this sesquiterpene. Thus, indirect selection for resistance facilitated the process of
genetic improvement, as it allows the use of tools that minimize the difficulties of selecting in large
populations of plants, as in the case of segregating populations [7].

The environment can interfere in expression of zingiberene content, and thus low heritability can
be great challenge for breeding programs. In-depth knowledge of quantitative genetic parameters
and, in particular, genetic variation and heritability, help to overcome these challenges. Although the
expression of the characters is influenced by the environment, the high heritability described in the
literature implies success in transfer to progeny through crosses [47].

The high heritability of the traits is the fundamental basis for the genetic improvement of this
particular trait. In addition, the nature and magnitude of genetic variation that governs inheritance of
yield and yield components are essential for breeding. In general, heritability is the reason for variation
due to differences between genotypes and the total phenotypic variation of a trait in a population [48].
Heritability estimates, along with genetic advancement, are more accurate in predicting genetic
gain under selection than heritability alone. In addition, the relationship between the yield and
the characteristics attributable to yield is of high importance for the direct and indirect selection of
characteristics [49].

Resistance depends on the relationship of the target insect to the levels of zingiberene. The bioassays
provided important results, inferring that the adults of T. urticae (Figure 2) and B. tabaci (Table 3)
rejected the genotypes with high zingiberene content. For these two arthropods, the number of eggs
deposited on leaflets of the susceptible standard treatment (S. Iycopersicum cv. Redengdo) and the
low zingiberene genotype was higher compared to the high content genotypes and S. habrochaites var.
hirsutum.

The results of this work corroborated the research of others who evaluated the selection of
genotypes from different generations resulting from interspecific crosses between S. habrochaites var.
hirsutum and S. lycopersicum. Interspecific hybrids with a high content of zingiberene, derived from a
diallel and demonstrated by means of GCA (General Combining Ability) and SCA (Specific Combining
Ability), have a high potential for use in improving tomato pest resistance [50]. Studies reported that
genes responsible for high levels of zingiberene were passed to segregating generations through crosses,
maintaining the resistance of plants in advanced populations with commercial backgrounds [20,40,51].

The high number of eggs deposited by T. urticae (Table 2), B. tabaci (Table 3), and T. absoluta
(Table 4) on the leaflets of the RVTZ genotype 2011-79-117-273 demonstrated that, although it has a
low zingiberene content, it is highly susceptible to the evaluated pests. Studies with other tomato
lines have also shown a positive correlation between zingiberene content and resistance to these pest
arthropods [7,52,53]. Genotypes with a high zingiberene content (ZGB-703 and ZGB-704) had a lower
oviposition and a lower number of nymphs of whitefly when compared with genotypes with a low
acyl-sugar (AS) and zingibrene content (Santa Clara, TOM-695, TOM-556, and TOM-584) [54].

Bleeker et al. [46] observed a severe reduction in the fertility of two of the main tomato pests,
B. tabaci and T. urticae, mediated by a zingiberene stereoisomer, 7-epizingiberene, also present in
the PI-127826 genotype. Bleeker et al. [40] found that the survival rate and reproductive success of
B. tabaci adults in F, genotypes from the cross between PI-127826 and S. lycopersicum were severely
compromised, although the levels of 7-epizingiberene on the F,-7 and F,-71 leaf surface were lower
than that observed in wild tomato PI-127826.
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For T. absoluta, although adults remained on the leaflets of genotypes with high levels of
zingiberene, their rejection was verified by the reduced number of eggs deposited compared to the
susceptibility standard and the low allelochemical content genotype (Table 4). Homozygous lines with
a high zingiberene content, simple heterozygous genotypes for zingiberene, and controls with a low
zingiberene content ("Débora Max” and "TOM-684") and a high zingiberene content (PI-127826) were
subjected to infestation with adult pinworm from South America. High zingiberene genotypes showed
significantly lower egg counts than the low ones [7]. The damage by T. absoluta was greater in the low
zingiberene controls, as in the present study.

Silva et al. [55] found that volatile compounds such as sesquiterpenes negatively affected the
preference (antixenosis) or survival (antibiosis) of herbivorous insects in tomatoes by modulating the
flight behavior and oviposition of females of T. absoluta during mating. In addition, they observed
that females landed more frequently and oviposited in the most susceptible genotype. However, this
proportions of preference for feeding and oviposition were not substantially higher in the resistant
genotypes when compared to susceptible ones.

Al-Bayati [56], when evaluating nine tomato hybrids (BC3F3 and BC3F,) selected based on the
variation of the type IV trichome density and zingiberene concentration of an interspecific cross with
S. habrochaites, concluded that the resistance to the spider mite had been successfully transferred to
hybrids through backcrossing and indirect selection. There was a significant negative correlation
between almost all the behavioral and biological responses of the mites with the density of type IV
trichomes and the zingiberene content. Therefore, these results are in agreement with those obtained
in the present study for the relationship between zingiberene and pests.

The results of this work showed that the genotypes with a high zingiberene content affected
the behavior and development of arthropods. Thus, it confirms that the use of S. habrochaites var.
hirsutum PI-127826 enabled the introgression of genes to increase the degrees of resistance in the
F,BC, genotypes. Finally, the results suggested that the genotypes RVTZ 2011-79-503-143, RVTZ
2011-79-335-164, and RVTZ 2011-79-185-250 can be used as potential sources of genes for resistance
to T. urticae, B. tabaci, and T. absoluta in tomato breeding programs. The results also showed that
the genetic improvement of this species, mediated by allelochemicals present in wild species, is an
excellent alternative for obtaining cultivars with better adaptation to sustainable production systems.
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Abstract: The level of agricultural productivity in Sub-Saharan Africa remains far below the global
average. This is partly due to the scarce use of production- and process-enhancing technologies.
This study aims to explore the driving forces and effects of adopting innovative agricultural
technologies in food value chains (FVC). These enhancing FVC technologies are referred to as
upgrading strategies (UPS) and are designed to improve specific aspects of crop production,
postharvest processing, market interaction, and consumption. Based on cross-sectional data collected
from 820 Tanzanian farm households, this study utilized the adaptive lasso to analyse the determinants
of UPS. To measure the impact of their adoption on well-being, this study applied the propensity score
matching approach (PSM). Results from the adaptive lasso suggested that access to credit, experience
of environmental shocks and social capital were the main drivers of UPS adoption. In contrast, the
engagement in off-farm wage employment impeded adoption. The results from the PSM suggested
that UPS adoption has a positive and significant impact on well-being among sampled households,
especially with respect to their total value of durable goods and commercialization. The paper
suggests that the promotion of social capital and access to financial capital is pivotal in enhancing the
adoption of innovative UPS in the farming sector.

Keywords: value chain analysis; innovations; adaptive lasso; propensity score matching; Tanzania

1. Introduction

Over the last decades, many technological improvements were promoted to increase productivity
in the agricultural sector in Sub-Saharan Africa (SSA). Nevertheless, the average agricultural growth rate
is still well below the targeted 6% as declared by the Comprehensive Africa Agriculture Development
Program [1]. This is also the case for Tanzania. Here, about 70% of the economic value is derived from
agriculture and most of the population lives in rural areas and their main source of livelihood is linked
to food value chains (FVCs) [2]. FVCs link participants and activities that bring an agricultural product
from production at the farm gate to final consumption, with value being added at each stage [3].
Nonetheless, huge portions of what rural farmers produce is consumed within the households, which
point at short subsistence-oriented FVCs [4]. Due to the absence of agricultural technologies and
sustainable storage facilities, estimated output losses amount to 30% and more throughout FVCs [5,6].
Adopting innovations as improvements in agriculture are necessary, particularly in terms of production
at farm level as well as yields and cultivation intensity, in order to promote FVCs. Nonetheless, farmers
face multiple constraints such as reliance on rainfall, low soil fertility and weak market systems.
Most of these factors diminish yields and efficient trading, hindering farmers from sustaining their
basic needs and increasing their income [7,8]. To encounter these challenges, many development
interventions and strategies are contentious or have already been implemented [8-10]. Therefore, it is
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pivotal that innovative upgrading strategies (UPS) alter the diverse obstacles that rural farmers are
facing to stimulate FVCs most effectively. For the purpose of this study, UPS are defined as sets of
good practices and agricultural technologies used for securing food along the value chain at local and
regional levels [11]. They may, by their nature, target improving efficiency, agricultural output and
livelihoods by introducing machinery at their location [12]. Another target of UPS is to smoothen
temporal food availability, enhance stored grain quality and increase poor farmers’ incomes through
increased opportunities for market interaction [13]. Succinctly, UPS should stimulate value addition
and simultaneously address food security, poverty reduction and income stability through the effective
sustainable management of resources [11,14]. Additionally, UPS should fit into existing local and
regional FVCs, must consider the local relational household context and be jointly developed with local
stakeholders [15]. This study focuses on three specific UPS, namely, a maize-sheller, a millet-thresher
and storage superbags. These three devices enhance either production and/or processing stages within
the FVCs.

The driving forces of rural farmers decisions about whether to adopt a certain innovation or
strategy are very closely linked to the “innovation-diffusion theory” by Rogers [16]. According to the
theory, a few farmers are initially willing to try an innovation. As these few early adopters “spread
the word” more and more people become aware of the innovation and over time, the innovation
spreads. Finally, the more risk averse and poorer farmers adopt the innovation. The assumption that
the adoption of innovations is influenced by social interaction and the perceived need for change
is reinforced by empirical findings [16,17]. Thus, most of the constraints related to adoption are
lack of credit, lack of access to information and markets, unfavourable geographical areas and poor
infrastructure, risk aversion and social capital of farmers [16,18-24].

Numerous empirical studies also examined the relationship between demographic and
socioeconomic factors and adoption behaviour [18,24]. Younger farmers have been found to more
likely adopt a new agricultural technology than older ones. However, older farmers possess more
physical capital and are more experienced in adopting UPS, hence, the impact of age on technology
adoption is ambiguous [9]. Better educated households are more likely to adopt new technologies
and are more likely to benefit from their social network [23]. Labour input is used as a proxy and is
associated with the nucleus size of a household [25]. The larger the household size, the more labour is
available for agricultural production and the higher the likelihood of adoption. In addition, the farm
size increases the adoption of innovations [26,27].

Access to credit helps rural farmers access inputs and labour. A higher asset score is associated
with a higher probability of adopting technologies [28]. The existence of off-farm income acts as a
strategy to overcome the capital and credit constraints related to intense capital-related technologies
faced by rural households [29]. According to Ellis and Freeman [30], off-farm income may substitute
for borrowed capital in rural households where capital markets or credit facilities are dysfunctional,
hence, increasing the likelihood of adoption. Other studies report that it may reduce the labour input
to on-farm activities, therefore reducing the likelihood of adoption [31].

Social capital in the form of social groups in a cooperative enhances trust, as a result improving
idea exchange and spreading the exchange of information. Farmers who can learn about the benefits
of a particular innovation share this information within the group and spread it within their social
network. Therefore, collective processing and the production of crop cultivation enhance the probability
of adopting an UPS [32,33]. According to Barrett [22], farmers engage more in effective FVCs if they
are provided with postharvest handling activities such as storage. This implies that the likelihood of
adopting an enhancing market-oriented storing technology increases if households decide to store crops
for selling. The distance from homestead to markets is seen as a path-leading driver for technology
adoption. The closer farm land is to main roads or market centres, the more farmers benefit from
transportation facilities, hence increasing the likelihood of adoption [34].

Adoption decisions are also influenced by the household’s perception of land security [35].
Results of a study conducted in Ethiopia by Teklewold and Kohlin [36] show that a high degree of
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risk aversion decreases the probability of adopting soil conservation practices. Cavatassi et al. [37]
argue that unexpected climatic disasters such as droughts or floods may drive farmers to avoid
adopting any UPS. Farmers who have been most vulnerable to extreme weather events are less
likely to use process-enhancing fertilizer since the plot will be affected on an interim basis. In this
context, a climate-related shock may additionally lead to an income loss. Following the framework
of Grothmann and Patt [38], farmers that experience climate-related shocks in a higher frequency or
severity have an increased likelihood of adopting several strategies. This implies that the farmers
either respond precautiously with long-term strategies that might involve some monetary investment
such as an UPS or they respond reactively.

There are only a few impact studies analysing performance enhancing machinery and optimized
market storage in SSA regions and in Tanzania in particular. Those that do are predominantly ex ante
impact studies [10]. The ex-ante impact assessment studies conducted in Tanzania showed a positive
impact of UPS, resulting in higher income and market participation measured by the household
commercialization index (HCI) [10]. A study conducted in Nigeria revealed that farmers who
adopted UPS machinery devices for improved processing activities realized beneficial outcomes [12].
These beneficial outcomes ranged from increased efficiency in the process of shelling, lowering labour
input of shelling and reducing wastage of grains produced, to creation of employment for the youth.
UPS in the form of improved bags for market-oriented storage has proven successful in Tanzania,
Mozambique, Ghana and Malawi. The study showed that higher prices, at around 50%, were obtained
for grains and maize [13,39].

Studies conducted in Tanzania and Ethiopia showed a positive impact of improved processing
technologies on consumption expenditures for durable goods [23,40]. Thus, the increase in consumption
expenditure on durable goods serves as a proxy for their well-being and indicates that if the value
of durable goods increases, it shows a rise in overall well-being of rural farmers. Shiferaw et al. [41]
investigated the role of process-enhancing pigeon pea varieties by using the augmented double-hurdle
model. Their results suggested that household income improved by up to 80% for those who used the
agricultural technology. Furthermore, their disease-induced yield losses decreased by about 50% for
local varieties and about 5% for the new varieties. In summary, postharvest loss decreased significantly
and therefore, the rural households were able to achieve a higher FVC output and increase their
income levels.

The objectives of this paper are twofold: First, what are the determinants of the adoption of
these upgrading strategies? Second, how do the upgrading strategies impact the well-being of
Tanzanian households? Distinct from the huge number of studies that already exist on determinants of
agricultural technologies [15,16,18-20,25,26], this study utilized the adaptive lasso to contribute to a
more precise analysis of the determinants. To estimate the impact of upgrading strategies for rural
farmers, propensity score matching was applied to control for hidden and self-selection bias.

2. Data and Methodology

2.1. Study Area and Data Collection

The United Republic of Tanzania had a human development index of 0.528 in 2019, which ranks
the least developed East African Country on position 159 out of 189 in the world [42]. Tanzania has a
diversified landscape, which results in highly variable local conditions [43]. This is also true for the
study area (Figure 1).
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Figure 1. Location of Tanzania and the sample sites. Study sites are located in Kilosa district in
Morogoro region and Chamwino district in Dodoma region (dashed area). Source: Own production
using ArcGIS, Trans-Sec (2014).

Annex Table Al illustrates key distinctions and economic and geographic characteristics of the
two study sites. The first one, Dodoma depends on rain-fed farming, especially of millet and sorghum,
which further contributes to low agricultural productivity [44]. Noteworthy is that Dodoma focuses on
small-scale livestock keeping [45]. The main roads are poorly maintained [46] and the villages are often
isolated from nearby markets and cities which hinder farmers from participating in trade. Almost every
area in Tanzania was able to lower their level of poverty, but in Dodoma, it continuously increased,
while simultaneously commercialization remained subsistence oriented [47]. The second region,
Morogoro, is less dry and more diverse in terms of its food system [48]. The sample villages are more
closely located to the large handling centre Dar es Salaam and the coast, which is favourable for rural
farmers’ trade. Nonetheless, the high dependence on agriculture and low level of commercialization in
both regions are associated with low income levels.

The households for the survey were selected from the Kilosa district in Morogoro and the
Chamwino district in Dodoma. The survey was conducted in 2016 and covered 820 households.
In the two-step sampling procedure, six villages with homogeneous attributes were first chosen from
the two heterogeneous regions. These villages include Ilakala, Changarawe, and Nyali in Kilosa and
Tlolo, Idifu, and Ndebwe in Chamwino. The criteria for the selection process of the six villages are based
on several comparable but differing socioeconomic and agroecological conditions [11]. In the second
step, 150 households per village were randomly drawn based on household lists and proportionately
to their subvillage size [11].

Before the survey, the maize-sheller, millet-thresher, and superbags were introduced to the farmers
in the treatment villages. Additionally, farmers were provided with workshops and trainings for the
respective innovations. Farmers could choose whether to adopt an UPS or not. Ndebwe and Nyali
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represent control villages without any interventions. While the maize-sheller was only introduced
in Morogoro region, the farmers of Dodoma region only had the choice for the millet-thresher.
The machinery devices intend to upgrade the FVC by reducing postharvest losses and increase the
quality of the grains. Farmers use the machine once per year after harvest. Both the maize-sheller and
millet-thresher are capital intense and require five to six people to operate [12]. To receive access to one
of the machines, the farmers had to group up and develop a financial plan. They share the cost of the
purchase (maize-sheller about 5,100,000 T.Sh and millet-thresher about 3,600,000 T.Sh), maintenance,
and transport of the machine. The superbags increase the quality of grains and enable farmers to
obtain competitive prices during lean seasons, as they can store their grain for longer time periods.
The price of the bags range from 4000 to 10,000 T.Sh [13]. The household questionnaire covered several
topics, including basic sociodemographic characteristics of household members, the perception of
environmental shocks and changes in climatic conditions, such as precipitation rates. This is of specific
interest since most Tanzanian farmers depend on rain-fed agriculture. The diverse income-generating
activities, such as agricultural production, crop cultivation on farm size, off-farm employment, livestock
earnings, and returns on capital assets, were surveyed as well. Of particular interest in this study are
the value of crop production and the sales value of cultivated crops in determining the household
commercialization index. To cover basic infrastructure—such as access to financial credit facilities,
distances to markets for each village, and availability of extension services—a village questionnaire
was additionally developed.

2.2. Methodology

2.2.1. Adaptive Lasso to Identify Determinants of Adoption

To identify factors that are associated with the decision to adopt an UPS, a three-step procedure is
used [49,50]. In the first step, the variables that most likely influence the adoption decision need to be
identified. In the second step, the adaptive lasso is then used to determine the factors of adoption, and
in the third step, logistic regression models are applied. The binary logistic regression is applied due to
the dichotomous nature of the dependent variable (adopter and nonadopter), while the multinomial
logistic regression is applied allowing households to adopt more than one UPS. For the purpose of
this study, an adopter was defined as a household that uses one of the three presented UPS. All other
households that did not adopt the innovation were nonadopters.

For the first step, a summarizing list of the variables can be found in Annex Table A2. Nonetheless,
it is unclear if every variable influences the decision to adopt an UPS in Tanzania. One of the major
obstacles in microstudies with cross-sectional data is that most of the influencing factors for adoption
of agricultural technologies are based on a specific regional context. However, often researchers use
variables that have common acceptance in literature, even if it is not appropriate for each context and
microstudy area [25]. Therefore, it seems reasonable to only use a subset of variables based on previous
studies [51]. Indeed, including all 20 variables, which incorporate household-demographics, assets,
social capital factors, climatic as well as geographic variables, and specific characteristics such as risk
behaviour, awareness, and the perceived tenure status, would reduce the possibility of omitted variable
bias. Nevertheless, in this case, the variance of the estimates would be high, which means that for
different samples, the estimates will vary strongly with the result of inaccurate predictions. Therefore,
as a remedy, this study uses a statistical model selection procedure, the adaptive lasso [51] given by:

A - logistic  aremin N E 5o ]
(Boav Bar) = "2 Y vilBo+ XiB) +log (14 exp (Bo + XiB) +A Y, &[B| ()
This procedure is an extension of the lasso by Tibshirani [52], where ;i = (X,1,...Xi)" is the |

5
linearly independent predictors, 3 is the intercept, and § = (B1,... By) is the parameter vector.

The important part of this equation is the regulation parameter A > 0. It controls the amount
of shrinkage applied to the estimates and is chosen using k-fold-cross-validation. If the regulation
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parameter is exactly A = 0, lasso nests the standard ordinary least squares estimation. When A increases,
the coefficients continuously shrink towards zero, with the result that for very high A, some coefficients
are exactly zero. Variable selection and parameter estimation are executed simultaneously, meaning an
increase in squared bias is thereby traded in for a larger decrease in variance of the estimates. As this
paper considers a dichotomous classification, the dependent variable is binary. When applying a linear
model to this problem, the probability of y; = 1 given, the values Xj are estimated. To ensure that the
estimated probabilities of the dependent variable are in the interval [0,1], the logistic regression model
can be used [18].

In addition to the ordinary lasso, it has weights w =1/ Bjl¥ assigned to the coefficients. The

weights are calculated by determining E for the full set of explanatory variables using logistic regression.
The adaptive lasso has consistency in variable selection for | > 2 and asymptotic normality of the
estimates, meaning the adaptive lasso fulfils the oracle property [51]. The results of the computation of
the adaptive lasso is done in R.

As a third step, binary and multinomial logistic regressions are applied to the subset of variables.
After identifying factors that influence the adoption decision with the adaptive lasso, the logistic
regression detects the magnitude and direction of the factors. It can be represented as follows [53,54]:

1

E(y;[X;) = Pr(y; = 1/X;) = —r=0,1,23i=12,.,820 o)

1+exp (—Bo - XiB)

The binary model describes the probability of whether adoption has taken place y; = 1 or the
alternative 1-Pr for nonadoption y; = 0. Since three UPS are used in this study, the multinomial logistic
regression holds that r = {1, 2, 3}, where r = 1 corresponds to the probability that household i adopts the
first UPS, r = 2 the second UPS, r = 3 the third UPS, and r = 0 corresponds to the case for no adoption.

The coefficients in the logistic regression model are estimated using the maximum likelihood
estimation method. Furthermore, to determine the magnitude, direction, and likelihood, the marginal
effects are calculated using the delta method [55]. Additionally, to test if the two independent samples
correspond to the same distribution, the Wilcoxon (Mann—-Whitney test) rank-sum test is used [56].

2.2.2. Propensity Score Matching to Measure Impacts on Well-being of Rural Households

Estimating the impact of UPS adoption on the well-being of rural farmers using observational
data is not an easy task—because of the necessity to identify the counterfactual situation had they not
adopted the UPS. This is due to the fact that the farmers are not randomly distributed across the two
groups (adopters and nonadopters); rather they are systematically selected by developing agencies
based on similar characteristics [23,40]. To overcome the selection bias in the results, this study uses
propensity score matching (PSM) [57]. PSM is a common method used when a small treated group
needs to be compared to a large control group as it is the case in this study [58,59]. This study uses
observational cross-sectional data, where the surveyed households declared if they adopted a certain
UPS or not. It is impossible that the same household is observed with and without the adoption of a
certain UPS at the same time.

The basic idea of PSM in this study is to build up groups of explanatory variables. Each group
possesses relatively similar characteristics with the only difference being the adoption decision.
Therefore, the outcome for each household that received the treatment is compared to a similar
household that did not received the treatment. To appraise the similarity of characteristics, the

propensity score p(?i) is applied as a balancing score, describing the probability of being an adopter

given the observed characteristics of xi [58]. Applying the adaptive lasso causes another beneficial
effect. The variable selection model reduces the used variables, making it easier to build up groups
with characteristics similar to those of the explanatory variables. Eliminating irrelevant variables is
only useful when there is a clear census on the unrelated outcome [60].
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After computing propensity scores, the average treatment effect on the treated based on propensity
score matching can be estimated as follows [61]:

ATTPM = E{E[Y1|A = 1,p(x;)] - E[YOIA = 0,p(X;)]|A = 1} &)
where (Y1) is an outcome variable in the form of an income indicator for a specific household which
is compared to a similar household outcome (Y0). For A =1, the household received the treatment
meaning that it adopted an UPS, while for A = 0, it did not.

This study uses three different matching algorithms to calculate similar propensity scores
following Caliendo and Kopeinig [57]. These include Nearest Neighbour Matching (NNM), Kernel
Based Matching (KBM), and Radius Caliper Matching (RCM). For NNM, the five nearest neighbours
of household adopters vs. nonadopters were matched with the most similar propensity scores.
While simultaneously increasing the variance of the matches and reducing bias, the matching will
be executed with replacements, meaning that nonadopters can be used more than once [57,62]. If the
distance between households becomes too large, it will likely result in bad matches. To circumvent
this risk, RCM is suggested as an altered approach. RCM only includes control units within
the given propensity score caliper of 0.01 [63]. KBM utilizes weighted averages to compose the
counterfactual outcome. Higher weights are allocated to those with a propensity score close to the
treated observations and vice versa. Figure 2 displays propensity score distribution and common
support areas. Lastly, Rosenbaum boundaries were calculated as a robustness check. The boundaries
identify hidden biases caused by possible unobservable factor heterogeneity. The hidden bias adjusts
for the chance to receive the treatment by a factor I' > 1 and misstates the implication about the ATT [64].

Adopter vs. Non-Adopter Maize-Sheller Adopter vs. Non-Adopter
T T T T T T T T T T T T
0 2 4 8 8 1 0 2 4 8 8 1
Propensity Score Propensity Score
I Untreated I Treated: On support I untreated I Treated: On support
B Treated: O support B reated: Off support
Millet-Thresher Adopter vs. Non-Adopter Optimised-Storage Adopter vs. Non-Adopter

T T T T T T
A &= 3 ¥, | 2 3
Propensity Score Propensity Score

o
o
ad

[ urveates I Treated | C Il e

Figure 2. Propensity score distribution and common support for treated and untreated groups. Source:
Own calculation based on Trans-SEC data (2014).

The impact variables of the three UPS and their expected impact on the well-being of rural farmers
are presented in Table 1 based on previous literature presented in Section 1.
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Table 1. Well-being indicators.

Variable Description Exp. Direction Source
Total annual net income Total available net income of 4 Graef et al.; Shiferaw
household (PPP US $ 2010) [11,41]
Income generated from crops .
Income from crops (PPP US $ 2010) + Kassie et al. [65]
Postharvest loss Loss after harvest of crops and _ Bokusheva et al.;
grains in % Tefera [66,67]
Household Commercia-lization 1 = fully commercialized 0 =
Index (HCI) fully subsistence-oriented * Carletto et al. [68]
accounts for goods with Amare et al.; Asfaw
Total value of durable goods durability <1 year + etal. [23,40]

3. Results and Discussion

3.1. Characteristics of Adoption

As illustrated in Annex Table A3, 91 households adopted the maize-sheller, millet-thresher, or
storage superbags, representing approximately 11% of the whole population in the sample, while 729
did not adopt. About one-third of the adopters and about half of the 729 nonadopters are located in the
Dodoma region. Although sociodemographic characteristics such as age, gender, or household size do
not differ significantly between adopters and nonadopters, education and household assets such as
asset score, farm size, and off-farm wage employment differ significantly. Adopters also differ most
strongly from nonadopters with respect to social capital factors such as being a member in agricultural
cooperatives. In addition, adopters have on average a higher awareness of changing soil fertility, they
experienced more environmental shocks, and suffered from higher income losses due to shock in
comparison to nonadopters.

Annex Table A4 reports differences between adopters and nonadopters regarding well-being
indicators. Strong significant differences exist for the value of durable goods. Adopters in the Morogoro
region have a significantly higher value of durable goods (75.26), in comparison to the nonadopters
(25.67). In the Dodoma region, the adopters’ value of durable goods is below average (25.43) for
the adopters with a value of (13.98) as well for the nonadopters accounting for a value of (18.45).
Furthermore, the HCI of the adopters is slightly higher than of the nonadopters in Morogoro but
a lot higher than the average of the two sample sites. This indicates that FVCs in Morogoro are
more developed than in Dodoma and that the component market interaction in the FVC are utilized
with a higher density. In contrast, the descriptive results of the HCI in Dodoma indicate a rather
subsistence-oriented agriculture. The total income from crop production in the two different regions
does not seem to differ significantly between the adopters and nonadopters. Results indicate that
Dodoma has lower income from crop production for adopters (372 PPP US $) and for nonadopters
(342 PPP US $) than Morogoro and, furthermore, the incomes are below the average of the sample
(414 PPP US $). Although the total annual income per HH does not differ significantly between adopters
and nonadopters in Dodoma, the adopters in Morogoro are slightly better off than the nonadopters.

3.2. Determinants of Adoption

To analyse the determinants of the decision to adopt an UPS, the logistic regression with all
variables, the adaptive lasso and the logistic regression with only a few selected variables are
applied. The regression results are shown in Table 2. When comparing the three methods, it can
be seen that nine out of eleven variables, which the adaptive lasso indicated to be relevant, are
significant. Furthermore, the coefficients corresponding to these variables are similar for all three
methods. The interpretation of the adaptive lasso coefficients is the same as in the logistic regression.
The standard deviation of the parameters is, however, much smaller when using only the relevant
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variables. This emphasizes that the adaptive lasso works as intended. In the following, only the
variables, which the adaptive lasso indicated to be relevant, are discussed.

With regard to off-farm wage employment, households that are additionally involved in off-farm
activities outside the farming sector are significantly less likely (—0.997) to adopt an UPS. These results
are in contrast to the study of Ellis and Freeman [30] who reported that the off-farm income could act as
an income buffer to diminish the constraint of obtaining high capital-intense agricultural technologies.
Nevertheless, the results are reasonable since farmers who additionally generate income from off-farm
activities are less dependent on agriculture and hence adopt less agriculture-intense UPS [31].

The logistic regression also indicates that a household shows a significantly lower probability of
adoption (-0.921), if there is a higher awareness about changing soil fertility. This is not necessarily
surprising because changing soil fertility can mean that it may change to the better or to the worse.
If the soil quality changes to the worse, then the yields and, accordingly, the output are likely to decrease
and the household might not want to invest into processing machines or storage bags. This result is
expected to be different if the UPS would be related to any soil fertility-enhancing investments as in
the case of Lee [32] and Afolami et al. [69]. Then, the probability of adoption would likely increase in
order to halt the deterioration and degradation of the soil. If the above result, however, relates to the
less likely event that the soil fertility changes to the better, the household is more likely to invest also in
processing and storage facilities in anticipation of higher yields. Further research is needed to verify
these assumptions.

Contrary to expectations, the results show, on the 5% significance level, that the experience of
environmental shocks is positively correlated with the decision to adopt. In an earlier study about
improved processing methods in Ethiopia, Cavatassi et al. [37] found a negative relation between
experiencing an environmental shock and adoption. However, the results indicate that farmers use
adoption as an ex ante coping strategy to mitigate the climatic risks. In Tanzania, environmental
shocks such as droughts or floods occur frequently. Especially, the semiarid Dodoma region is prone to
droughts. Therefore, the adoption of UPS, especially of the storage superbags, helps rural farmers
to cope because they can store their crops for a longer time period. Additionally, farmers are able to
sustain their families with food, in case of flooding or storms that destroy their harvest.

As expected, being part of a microcredit group facilitates the likelihood (0.863) of adopting an UPS
in our case study. On the one hand, this shows that social capital facilitates the adoption, especially
since several investors are needed to make first, the financial plan and then, to buy any of the two
processing machines as a group. Furthermore, the idea of a microcredit group is to enhance the access
of poor farmers to financial capital. Being member in such a group may thus open the access to credit
for such an investment. This is in line with findings from several studies, as access to credit helps
rural dwellers overcome the constraint barrier of capital-intense resources, such as agricultural inputs
and technologies of greater costs in the form of machinery devices [18,25,70]. At the same time, it has
to be noted that a much higher proportion of adopters are members in microcredit groups but that
the adoption rate is generally very low. The descriptive results of Annex Table A3 underline the
importance of accessing credit in facilitating the adoption decision. Most households stated they did
not adopt due to high costs.
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Table 2. Factors that influence the adoption decision of upgrading strategies (UPS) in Tanzania—estimates
from logistic regression and the adaptive lasso.

Adoption Variables
Logit Regression Logit Regression (Adaptive ~ Adaptive Lasso
(All Variables) Lasso) Computation
N=91
Coef m.e Coef m.e BaL
HH head is male 0.067 0.052 - - -
(0.342) 0.272)
Age of HH head in years 0.01 0.007 - - -
(0.008) (0.006)
Education years of
schooling HH head —0.019 ~0.001 - B B
(0.044) (0.035)
Household size -0.013 -0.001 - - -
(0.055) (0.004)
Livestock keeping —-0.427 -0.033 —0.404 -0.0323 —0.3677549
(0.319) (0.025) (0.311) (0.024)
Offfarm wage —0.948 % 0,075+ ~0.997 *** ~0.0798 *** ~0.9905171
employment
(0.29) (0.023) 0.277) (0.022)
Farm size -0.015 -0.012 - - -
(0.091) (0.007)
Perceived land security 0.176 0.013 0.194 * 0.01552 * 0.1453635
(0.113) (0.008) (0.11) (0.008)
Awareness —0.875 *** —0.069 *** —0.921 *** —0.073 *** —-0.9037974
0.32) (0.025) (0.322) (0.025)
Asset Score 0 0 - - -
(0.001) (0)
Microcredit group 0.756 ** 0.060 ** 0.863 ** 0.069 ** 0.8305872
(0.372) (0.029) (0.358) (0.028)
Store for selling 0.533 0.042 0.525 0.042 0.4643561
(0.434) (0.034) (0.414) (0.033)
Collective processing 2.850 *** 0.226 *** 2.764 *** 0.221 *** 2.7129524
(0.447) (0.033) (0.437) (0.032)
Collective production 0.712* 0.056 * 0.695 * 0.055 * 0.6982264
(0.372) (0.029) (0.36) (0.028)
Income loss due to shock 0.001 0.001 - - -
(0.001) (0.001)
[Experienced 0.977 ** 0.077 ** 0.865 ** 0.069 ** 0.8168528
environmental shock
(0.387) (0.031) (0.384) (0.03)
Member in an agricultural = og) s 0.071 *** 0.988 *+* 0.079 *+* 09699722
organization
(0.271) (0.022) (0.259) (0.021)
Prepared to take risk 0.047 0.003 - - -
(0.05) (0.003)
Distance to next market 0.012 0 - - -
(0.011) (0)
Located in Morogoro 0.328 0.026 0.460 * 0.036 * 0.4145265
(0.309) (0.024) (0.268) (0.021)
Constant —4.308 *** - —3.495 *** - —3.3054075
(1.009) (0.698)
Pseudo R? 0.205 0.198
Wald Chi squared o st
(20:1136) 102.54 93.69
Prob > Chi? 0 0
Log pseudolikelihood -227 —-229
N 820 820

Standard error in parentheses; marginal effects are displayed for logistic regression; f ,; applied for the logistic
regression and the multinomial logistic regression; p-value p-values: * p < 0.10, ** p < 0.05, *** p < 0.01.
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Our results further show that also other social network factors, such as being a member of
an agricultural organization or doing collective processing activities for postharvest handling, both
facilitate the adoption of UPS at the 1% significance level. Based on the innovation-diffusion theory,
it has been shown that information spreads more easily and faster in such networks because the
farmers constantly exchange new information and constraints to the technology itself diminishes.
Furthermore, as mentioned above, social capital is likely to trigger such group investment as needed in
the case of a processing machine because there is trust among the members and because it might be
easier to get access to the needed investment. Additionally, collective processing activities enhance
the learning process of postharvest handling. These findings are in line with those from Lee [32] and
Kassie et al. [33] and also correspond to the earlier mentioned descriptive results in Annex Table A2,
which highlight that adopters are significantly more engaged in social networks than nonadopters

The results of our analysis also show that living in the Morogoro region favours the likelihood
of households to adopt an UPS (0.460). Living in Morogoro as compared to Dodoma increases the
probability for adoption by approximately 4%. This may indicate that the region around Morogoro
offers higher diversity in terms of agroecological conditions and cultivation, higher productivity on
average, and better access to markets. Indeed, these factors have been identified as the most important
barriers for adoption as pointed out by a study in Nigeria [12]. Therefore, when a household is located
at the Morogoro region, these barriers are on average lower than in Dodoma, and therefore, our farm
households located in the Morogoro region are more likely to adopt an UPS than those from the
Dodoma region.

The perceived land security status significantly favours the probability to adopt an UPS but
only at the 10% level. This is feasible because the most frequent answers of the households on plot
characteristics reveal that most of the plots are government owned and since Tanzania’s development
is relatively low in terms of political stability, the government plays a crucial role in everyday life.
The district of Kilosa has been suffering, which is augmented by bloody land conflicts between
pastoralists and crop farmers. Farmers that perceive their land as more secure are more willing to try
out new agricultural technologies, thus, knowing that they can realize returns from their investments
on several farm activities [9].

When running the multinomial logistic regression to further analyse the determinants of the three
individual UPS, some further interesting insights are revealed Annex Table A5. First, the same variables
turn significant as in the binary case but not for every UPS alike. Then, the social capital variables
such as being a member in an agricultural organization or being involved in collective processing
strongly favour the likelihood of adopting the millet-thresher and maize-sheller. According to the
study conducted by Isham [21] and Barrett [22], not only is the exchange of workers beneficial inside
collective cooperatives but also the share and flow of information is higher than in noncooperatives.
This enables farmers to take part in higher quality FVCs, which positively correlates with the likelihood
of adoption. The nature of the collective activity seems to be dependent on the specific UPS, because
for storage superbags adopters only, collective production is significant at the 1% level. This indicates
that each UPS is different in usage and one needs to consider regional and local farmer’s needs [32].
As expected, the higher experience of an income loss due to a shock increases the probability to adopt
the superbags (0.002). This result support the hypothesis that the farmers act either proactively with
long-term strategies to avoid losing more fractions of their anyhow subsistence-oriented FVC, or act
only reactively, which yields to the same result of preventing upcoming loss [38].

3.3. Upgrading Strategies to Improve the Agriculture Value Chains

To assess the impact of UPS adoption, the households that adopted are compared to nonadopters
based on indicators covering the well-being of rural households. The assessment is performed through
the average treatment effect on the treated (ATT) based on PSM. As a robustness check, the ATTPSM
is estimated using three matching algorithms, including NNM, RCM, and KBM. For the case of
multinomial adoption, the common support condition, kernel density plots are used to assess the
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probability of receiving each treatment level for all observations. The kernel density plot Annex
Figure Al suggests sufficient overlap among the treatment levels, despite a slightly left-skewed
distribution for the treatment millet-thresher and storage superbags.

Assessing the impact of UPS adoption, the results for the ATT in Table 3 demonstrate that
the adopter of the three presented UPS have a significant higher well-being than nonadopters.
Table 3 provides evidence that the calculated ATT of NNM adopters are slightly better off in terms of
value of durable goods (18.25), with a significance level of 10%. If the value of durable goods increases,
more expenditure on the consumption of durable goods is spent, which further indicates a better
well-being of the rural households. This would suggest that the additional income generated out of
the increased output by adopting UPS is rather spent on primary needs to sustain sufficient nutrition.
Therefore, according to Maslow (1943), primary needs need to be satisfied first before realizing higher
overall improvement. The well-being impact results on consumption expenditures on durable goods
match the studies conducted by Afolami et al. [69], Amare et al. [23], as well as Asfaw et al. [40].
This finding is highly important because UPS are not only process-enhancing innovations but they also
consider the whole improvement sequence of an agricultural FVC.

Table 3. Propensity score matching: the impact of UPS adoption on well-being in Tanzania.

Nearest .
Neighbour Radius Kernel T
ATT S.E ATT S.E ATT S.E

Adopter vs. Nonadopter 6226 38424 201.66  323.80 12543  337.8

Total annual net income per HH

(PPP $2010)

Total net income from crop production per

HH (PPP $2010) -126.95  120.11 12.61 113.27 -95.18 110.79
Total value of durable goods per HH 18.25* 9.49 10.91 8.64 9.62 1017 -
HCI per HH 0.03 0.044 0.056 0.038  0.02 0.033

% of postharvest loss 0.008 0.017  -0.004 0.016 0.13 0.012

Maize-Sheller vs. Nonadopter 6636 57522 7390 72271 —4212 70354

Total annual net income per HH

(PPP $2010)

Total net income from crop production per B B

HH (PPP $2010) 132.53  230.63 81.67 25446 -119.19  290.41
Total value of durable goods per HH 35.09 * 21.08 34.29*  18.67  26.67 26.87 3.6
HCI per HH 0.11* 0.067  0.14* 0071 013* 0062 35
% of postharvest loss 0.048 0.035 0.053 0.034  0.05 0.034

Millet-Thresher vs. Nonadopter 5193 79624 32832 57159 54673 50555

Total annual net income per HH

(PPP $2010)

Total net income from crop production per B

HH (PPP $2010) 1457 18548  51.84 176.65 —8.46 154.08

Total value of durable goods per HH —28.02 19.31 -18.24 1257 -17.84 13.99

HCI per HH -0.18*  0.077 -0.14* 0.073 -0.16*  0.060 3.4
% of postharvest loss -0.005 0.018 -0.006  0.011 -0.011 0.010

Optimized Storage vs. Nonadopter _57755 380.65 —193.17 24632 —1646  233.82

Total annual net income per HH

(PPP $2010)

Total net income from crop production per B N

HH (PPP $2010) 184.72 18212 120.05  166.13 -96.00  141.14
Total value of durable goods per HH 437 13.88 4.67 13.73  8.67 11.47

HCI per HH 0.06 0.076 0.05 0.058  0.05 0.065

% of postharvest loss -0.016 0.16 -0.02* 010 -0.016* 0.01 4.4

ATT: average treatment effect on the treated; * p < 0.1, ** p < 0.05, *** p < 0.01 when compared to nonadopting
farmers; S.E.: bootstrapped standard errors; I': Rosenbaum bounds (critical level for hidden bias).
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Taking a closer look at each UPS separately gives a clearer picture of the dynamics and impact of
adopting UPS in Tanzania. For all three matching algorithms, the adoption of the maize-sheller has a
positive and significant ATT for the HCI at the 5% level for RCM as well as KM and 10% for NNM.
Adopters of the machinery device maize-sheller improve the process of shelling, therefore, increasing
the amount produced for maize with the same amount of input. Following this, the UPS triggers the
FVC process that further allows selling more at markets and achieving higher prices for the crops.
The higher HCI indicates that more of the grains shelled by the adoption of a maize-sheller is traded at
local spot markets or handling centres. The Morogoro region is especially favoured by the geographical
proximity next to Dar es Salam. Then again, the increase of the HCI might lead to more economic
surplus, resulting in higher income, which is further spent on durable goods, again increasing the
well-being of rural households. This is confirmed by the statistical significance for the adoption of
the maize-sheller on the value of durable goods for NNM and RCM. The results are consistent with a
study conducted by Carletto et al. [68], who measured the degree of commercialization. The study
concludes the positive linkage between increased commercialization and improved nutritional status,
which reflects the results of the adoption of maize-sheller in this study [68]. Nonetheless, the results of
the ATT for NNM at the 5% level for the HCI (-0.18) suggest that for the millet-thresher adopters in
Dodoma region, especially, market infrastructures are dysfunctional, meaning the UPS cannot embrace
its full potential.

Regarding storage superbags adopters, the ATT shows a significantly negative impact for RCM
and KM at the 10% level. Adopters of this UPS have approximately 2% lower postharvest losses.
As expected, the results suggest that the superbags decrease the postharvest losses due to the nature of
the innovation [67,71]. The superbags enhance the quality of the grains because they are not affected
by insects or pesticides. Accordingly, the outcome of the FVC is increased in terms of higher income
generated when selling the grains at local spot markets. [12]. Nonetheless, even if the postharvest
losses decrease, it does not reflect an increase in higher income or better well-being. The result itself
does not show a clear relation to the crops produced. If the farmers do not produce sufficient staple
crops, the reduction is not that high to achieve the overall goal of improved well-being.

Regarding the influence of hidden bias represented by I', Table 3 lists the Rosenbaum bounds for all
significant results. The results concerning total value of durable goods are very robust against hidden
bias, since even a three-fold increase of hidden bias does not affect their significance. To continue, the
same holds true for the HCI index per household as well as percentage loss of postharvest handling.

4. Summary and Conclusions

This study evaluated the determinants of adopting an upgrading strategy and their potential
impacts on household well-being measured by different indicators in rural Tanzania. The analysis
used cross-sectional data collected from 820 farm households in Tanzania. In order to investigate
factors that influenced the adoption decision, the adaptive lasso was utilized. The causal impact of
UPS adoption was then estimated by using the average treatment effect on the treated with propensity
score matching. This allowed the estimation of a more accurate effect of UPS adoption on well-being of
the households by controlling for the selection bias.

Results of the adaptive lasso highlighted the importance of social capital variables for the likelihood
of adopting UPS. Particularly, collective processing and production as well as membership in an
agriculture-related organization act as the main factors circumventing constraints to UPS adoption.
This suggests that the promotion of social capital is pivotal in enhancing the adoption of innovations
and technologies in the farming sector. However, further research on a more detailed differentiation of
social network factors is necessary for developing a clearer understanding of how the information
exchange of farmers can be used more effectively. In addition, access to credit has been found to be of
great importance for promoting technology adoption. Poor farmers without adequate collateral tend
to be excluded from formal financial services due to high transaction costs and incomplete information.
Thus, financial institutions hesitate to offer them services. Consequently, poor farmers may not be
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able to invest in new technologies and agricultural productivity-enhancing activities. With respect
to the factor “Awareness” (—0.921) about changing soil fertility, further research is needed to better
understand the direction of the changes. If farmers are aware of a declining soil fertility, then it is
understandable that they have no interest in investing into processing technologies as they are likely to
expect declining yields in the future. At the same time, the government should offer UPS to improve
soil fertility. Such an innovation is then more likely to be taken up by the farmers.

The impact estimation of the PSM revealed that the adoption of UPS has a significant positive
impact on household well-being in rural Tanzania. Results confirmed that the three UPS have a
positive impact on the value of durable goods, although the results are not consistent for each UPS
separately. This demonstrates the importance of differentiating each UPS individually. The results
generally highlighted the potential role of UPS in enhancing rural household welfare, as indicated
by the HCI, which should eventually result in higher income. This would translate into higher food
security, lower poverty levels and greater ability to withstand environmental risks.

Despite the comprehensiveness of the data, it cannot account for time-varying influences. Therefore,
panel data is needed. Furthermore, as already mentioned, another limitation to this study is the limited
adoption rate by participants throughout the questionnaire. Therefore, the results of the determinants
as well as for the impact need to be approached with caution. Moreover, the definition of an adopter
in the present study could lead to the misinterpretation of the impact of individual UPS, because
households were able to adopt multiple UPS in addition to the three examined ones.

Nonetheless, the beneficial outcomes of adopting UPS raise the question why such a high
proportion of rural households in Tanzania did not adopt UPS. Furthermore, it poses the question why
households that adopted the improved machinery did not simultaneously adopt the improved bags to
benefit from synergy effects. Overall, the analysis of the determinants of adoption identified lack of
access to credit, absence of social networks and lack of information resulting in insufficient awareness
as major key constraints to adoption of UPS. The results indicated possible policy interventions which
enhance the adoption of UPS. Policy makers could create incentives for rural farmers to establish
agricultural cooperatives, both financially and institutionally, to strengthen social capital and access to
physical capital. Policy should also focus on the integration of rural farmers who have been unable to
build sufficient social network links to increase agricultural productivity and welfare among them.
Additionally, the government could improve infrastructure to make financial services more accessible
or facilitate microcredit schemes to poor rural farmers. Extension services could promote awareness
campaigns on UPS to improve soil fertility, combined with tailored information services on local farms’
soil characteristics, enabling a policy mix that facilitates and accelerates adoption. Overall, a strategic
approach of upgrading FVCs is indispensable for an effective and efficient improvement of rural
farmer’s livelihood in Tanzania.
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Appendix A

Table A1l. Basic characteristics of the two sample sites.

Category

Chamwino—Dodoma Region

Kilosa—Morogoro Region

Crop system

Commercialization
Poverty

Highland

Livestock
Climate

Markets

Productivity
Land pressure

Based on sorghum and millet

Subsistence
GDP per capita 690,000 T.Sh,

Flat plains and small hills

Highly dependent on livestock
Semiarid (350-500 mm)

Bad infrastructure and weak market

access
Low to medium
Medium and high

Based on maize, sorghum, legumes, rice,
and horticulture

Subsistence to semi-commercial

GDP per capita 1,000,000 T.Sh.

Flat plains, highlands and more divers
dry alluvial valleys

Partly dependent on livestock
Predominantly subhumid (600-800 mm)
Medium infrastructure and weak
market access

Low to high

High

Source: Own compilation based on [10,13].

Table A2. Summary of variables used in this study based on literature.

Variables Description Exp. Direction Source
Household
Demographics
_ . o Seymour et al.; Doss and
gender 1 = If household head is male +/=/ Morris [24,72]
Age Age of household head in years +/=/— Kassie et [agl.l; ;eder etal.
Education Years of schooling of household + Amare et al.; Feder et al.
head [18,23]
. Number of nucleus household Adeyele et al.; Doss
Household size +
members [12,25]
Household Assets
Asset score Value of assets in USD (ratio) + Teklevilzoglcil_);‘)l]\/[orns
Livestock 1 = Household keeps livestock - Barrett [22]
Farm size Size of agricultural land owned by + Uaiene et al.; Feder et al.
household (ha) [18,26]
Off-farm 1 = Household has off-farm Ellis a.nd Freen'}an;
o +/— Goodwin and Mishra
wage-employment employment activities 130,31]
Household Social
Capital
. . 1 = Household head is part of a Abdulai and Huffmann
Microcredit group . . +
microcredit group [70]
Member in agricultural 1 = Household head is member of + Isham; Kassie et al.
organization any agricultural organization [21,33]
Store for selling 1 = Household stores for selling + Tefera [67]
. . 1 = Household does collective
Collective processing . + Lee [32]
processing
Collective production 1= Household does collective + Lee [32]

production
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Table A2. Cont.

Variables Description Exp. Direction Source
Household Specific
Characteristics
1 = Household head is aware of
Awareness changing soil fertility (better or + Afolami et al. [69]
worse)
0 = Household head is absolutely I
Prepared to take risk risk averse 10 = HH head is + Teklewol?gz?d Kohlin
willing to take risk :
Perceived tenure status of land
Perceived land security  security (0 = not secure) — (3 = + Kassie et al. [9]
very secure)
Household Climate
Change
Experienced 1 = Household experienced .
environmental shock environmental shock Cavatassi [37]
Income loss due to shock Average on household income loss - Grothmann and Patt [38]
due to environmental shock
Geographics
Distance to next market Distance from homestead to next _ Mwangi and Kariuki;
market (km) Idrisa et al. [34,73]
Located in Morogoro 1 = Household located in + URT [2]

Morogoro

Source: Own consideration based on previous studies.

Table A3. Summary statistics of rural farmer’s adoption scheme in Tanzania.

Variable Pooled Sample By Subsample
Total Maize- Millet- Storage
Sample Adopter  Nonadopter Sheller Thresher  Superbags
N=80 N=91 N=729 N=37(1) N=23() N=3103)
Household Demographics
B . 0.76 0.79 076 0.91 ** 0.74 0.67
Gender (1 = HH head is male) (0.42) (0.4) (0.42) (0.28) (0.45) (0.47)
) 51.15 51.22 51.14 474 55.6 5251
Age (HH head in years) (16.55) (16.2) (16.6) (13.47) (11.87) (20.76)
) ) 455 5.00 ** 4.46 6.27 *** 447 451
Education (HH head years schooling) (3.44) (327) (3.45) 27) (3.19) 3.67)
) 525 527 524 5.46 5.13 5.16
Household size (member) (2.35) (2.51) (2.32) (1.79) (2,00) (3.48)
Household Assets
58.87 74.4 % 56.93 97.33 #+* 82.27 ** 41.18
Asset score (PP US § 2010) (125.86)  (98.66)  (129.77) (114) (119.19) (36.79)
) B . 0.8 0.75 0.81 076 0.96 0.61 *+*
Livestock (1 = HH owns livestock) (0.39) (0.43) (0.39) (0.43) ©0.21) 0.49)
Farm size (ha) 221 2.65 ** 2.16 2.94 2,69 #* 2.26
(1.71) (1.58) (1.72) (1.52) (1.4) (1.74)
Off.farm wage employment (1 = yes) 0.42 0.24 #4 0.44 027 ** 0.08 *+* 0.32
ge employ ¥ (0.49) (0.43) (0.49) (0.45) (0.28) (0.47)
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Table A3. Cont.

Variable Pooled Sample By Subsample
Total Maize- Millet- Storage
Sample Adopter  Nonadopter Sheller Thresher  Superbags
N =820 N=91 N =729 N=37(1) N=23() N=310)
Household Social Capital
. _ 0.09 0.17 ** 0.08 0.24 *** 0.13 0.13
Access to credit (1 = yes) (0.29) (0.38) 0.28) (0.44) (0.34) (0.34)
Member in organization (1 = yes) 0.37 0.59 *** 0.34 0.70 *** 0.65 *** 0.42
& =y (0.48) (0.49) (0.47) (0.46) (0.49) (0.5)

. . 0.89 0.92 0.89 0.89 1* 0.9
Storing (1 = HH does store for selling) 03) (026) ©03) 031) ©) ©03)
Collective processing (1 = HH does 0.04 0.20 *+** 0.01 0.38 *** 0.17 *** 0.03
collective processing) (0.19) 0.4) (0.13) (0.49) (0.38) (0.18)
Collective production (1 = HH does 0.1 0.14 0.09 0.1 0.04 0.25 ***
collective production) (0.29) (0.35) (0.29) 0.31) (0.21) (0.44)
Household Specific Characteristics
Awareness (1 = yes) 0.45 0.30 *** 0.47 0.20 *** 0.52 0.25 ***

Y (0.43) (0.38) (0.43) (0.33) (0.43) (0.35)
Risk attitude HH head (0 = fully risk 5.56 6.21% 5.48 6.86 *** 6.34 5.35
averse) (10 = fully prepared to take risk) (2.73) (2.56) (2.74) (2.2) (2.51) (2.82)
Perceived land security (0 = not secure at 1.87 1.89 1.86 1.74 2.05 1.96
all) (3 = very secure) (1.11) (1.02) (1.13) (0.98) (1.19) (0.92)
Household Climate Effect

. _ 0.47 0.56 * 0.46 0.63 ** 0.41 0.59 **

Environmental shock (1 = yes) (0.34) (0.34) (0.33) (0.33) (0.38) (0.31)
708.1 106.5 *** 663.5 1371.17 *** 860.79 * 853.44
Income loss due to shock (PPPUS$2010) g7 0y (13186)  (91091)  (1572.94) (978.13) (1162.52)
Geographics
. 9.55 12.27 9.21 13.24 ** 6.56 15.35
Distance to market (km) a13l) (1477 (1077 17.2) ) (16.14)
Region (1 = Morogoro) 0.48 0.66 *** 0.46 R 0.00 *** 0.74 ***
& 8 (0.5) (0.47) (0.49) 0) ) (0.44)

Mean values (with standard deviation in parentheses) across schemes tested for statistically significant differences
compared to nonadopting farmers using Mann-Whitney test; * p < 0.1, ** p < 0.05, *** p < 0.01//Max VIF 1.45.

Table A4. Well-being indicators of rural farmers in Tanzania.

Variable Semi-arid Dodoma Region Semi-humid Morogoro Region  Total Sample
Adopter Nonadopter Adopter Nonadopter
N =820
N=31 N =390 N =60 N =339
HH well-being indicators
Total annual income per 1657.12 1411.68 1764.47 * 1311.49 1405.35
HH (PPP US $ 2010) (1575.77) (1966.44) (2335.7) (2508.95) (2221.26)
g‘r’:g&xgﬁ:‘g";@% 372.55 342.45 447.39 496.15 414.81
Us $ 2010) (386.27) (496.41) (992.87) (771.02) (666.51)
Total value of durable 13.98 18,45 75.26 *** 25.67 25.43
goods per HH (11.53) (35.19) (107.08) (41.37) (48.33)
Percentage of postharvest 0.016 0.021 0.057 *** 0.031 0.028
loss (0.31) (0.06) (0.13) (0.08) (0.07)
0.13 0.17 0.50* 0.44 0.3

HCl per HH (0.16) 0.22) (0.29) (0.28) (0.29)

Mean values (with standard deviation in parentheses) across schemes tested for statistically significant differences
compared to nonadopting farmers using Mann-Whitney test; * p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A5. Factors that influence the adoption decision of UPS in Tanzania—estimates from multinomial
logistic regression and the adaptive lasso.

Multinomial Logistic Regression

Adoption Variables Base = 0

(Adaptive Lasso)
Maize-Sheller Millet-Thresher Storage Superbags
1 2 3
Adopter N = 37 Adopter N =23 Adopter N =31
Coef = Coef = Coef 4
Bar Bar Bar
HH head is male 1.524 1.38 -0.106 -0.012 0.6 —0.468
(0.936) (0.515) (0.395)
Age of HH head in years - - - - - -
Education years of schooling _ B B _ _ B
HH head
Household size 0.068 0.042 —-0.169 —-0.125 0.041 0
(0.069) (0.106) (0.083)
Livestock keeping -
Off-farm wage employment - - -
Farm size (ha) - - -
Perceived land security - - -
Awareness - - -
Asset score - - -
Microcredit group - - -
Store for selling - - -
Collective processing 3.384 *** 1.555 2.478 *** 0.641 0.382 —0.641
(0.576) (0.75) (0.848)
Collective production 0.318 0.153 —0.469 —0.436 1.204 *+* 1.022
(0.672) (1.067) (0.428)
Income loss due to shock 0.002 0.008 0.002 * 0.002 0.005 —0.002
(0.001) (0.001) (0.002)
fﬁgfﬁ“’med environmental 1.393 * 0.692 0.093 ~0.445 1.184 * 0.445
(0.768) * (0.766) (0.571)
Member in any agricultural . -
- 0.997 0.356 1.208 0.63 0.274 —0.356
organization
(0.462) (0.491) (0.384)
Prepared to take risk 0.084 0.034 0.154 0.065 -0.019 -0.039
(0.084) (0.099) (0.071)
Distance to next market - - -
Located in Morogoro 17.60 *** 2.42 —18.04 *** -3.329 1.246 *** 0.425
(0.351) (0.35) (0.438)
Constant —24.07 *** -4.793 —3.712 % 4.938 —4.593 *** —-0.138
(2.281) (1.218) (0.894)
Pseudo R? 0.264
Wald Chi squared (20;11;36) 14,990.16 ***
Prob > Chi? 0.000
Log pseudolikelihood —-282.75
N 820

Standard error in parentheses; marginal effects are displayed for Logistic regression; 8 AL applied for the logistic
regression and the multinomial logistic regression; p-values: * p < 0.10, ** p < 0.05, *** p < 0.01.
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Figure A1. Kernel densities of the probability of treatment level r =1, ... ,3. Note: Matching on Nearest
Neighbour Matching (NNM) for upgrading strategies (UPS) [1,2,3] and binary case [0,1].
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Abstract: Increasing longevity, along with an aging population in Europe, has caused serious concerns
about diet-related chronic diseases such as obesity, diabetes, cardiovascular diseases, and certain
cancers. As recently noted during the coronavirus pandemic, regular exercise and a robust immune
system complemented by adequate consumption of fruit and vegetables are recommended due
to their known health benefits. Although the volume of fresh vegetable consumption in the EU
is barely growing, demand for diversified, nutritious, and exotic vegetables has been increasing.
Therefore, the European market for fresh Asian vegetables is expected to expand across the EU
member states, and the introduction of new vegetables has enormous potential. We conducted this
review to address the high number and wide range of Asian vegetable species with a commercial
potential for introduction into the current European vegetable market. Many of them have not
received any attention yet. Four Asian vegetables: (1) Korean ginseng sprout, (2) Korean cabbage,
(3) Coastal hog fennel and (4) Japanese (Chinese or Korean) angelica tree, are further discussed. All of
these vegetables possess several health benefits, are increasingly in demand, are easy to cultivate, and
align with current trends of the European vegetable market, e.g., vegetables having a unique taste,
higher value, are decorative and small. Introducing Asian vegetables will enhance the diversity of
nutritious horticultural products in Europe, associated with all their respective consumption benefits.
Future research on the Asian vegetable market within Europe is needed. In addition, experimental
studies of Asian vegetables under practical conditions for their production in different European
environments are required. Economic, social, and ecological aspects also ought to be considered.

Keywords: health; aging population; consumption of fruit and vegetables; diversification; market
trend; Korean ginseng sprout; Ssamchoo; Peucedanum japonicum; Aralia elata (Miq.) Seem

1. Introduction

Health and well-being are important factors of a modern lifestyle. The health conditions of
individuals and households have economic significance for both developing and developed countries,
including the EU member states [1]. Additionally, an aging population is considered a significant
challenge in the coming decades for the European Union [2]. Worldwide chronic diseases are increasing
as leading causes of death every year, with scientific evidence linking these chronic diseases to diet [3].
These diet-related chronic diseases include obesity, diabetes, cardiovascular diseases (CVDs), and
certain cancers [3-6].

Obesity is associated with various health problems including CVD, type 2 diabetes mellitus,
musculoskeletal disorders such as osteoarthritis, work disability and respiratory disorders [7].
According to a 2016 report from the Organization for Economic Co-operation and Development/
European Union (OECD/EU [8], 16% of adults in the EU member states were obese in 2004, an increase
from 11% in 2000. Moreover, overweight or obese children have a higher risk of poor health
in adulthood [9].
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Diabetes causes a higher risk of developing cardiovascular diseases such as heart attack and
stroke [8]. Across EU countries, 7% of adults reported having diabetes in a self-reported interview
survey in 2014. The rate of diabetes is associated with the level of education and age [8].

CVDs are the leading cause of mortality in nearly all EU countries [8]. CVDs caused almost
40% of all deaths in 2013 [8]. CVDs include a wide range of diseases, such as ischemic heart diseases
(e.g., heart attack) and cerebrovascular diseases (e.g., stroke) [8].

Cancer is the second leading cause of mortality after cardiovascular diseases in EU countries [8].
26% of all deaths were caused by cancer in 2013 [8]. Cancer mortality rates for men are higher than for
women in all EU countries [8]. Considered risk factors for colorectal cancer are age, a diet high in fat,
and genetic background [8].

According to WHO, the COVID-19 pandemic is caused by a novel coronavirus [10,11]. A study
in China reported that approximately 50% of patients confirmed with COVID-19 had underlying
chronic diseases such as CVDs (40%) and diabetes [12]. Another retrospective analysis in Wuhan
showed that obesity was commonly observed in critical patients and death from COVID-19 [13].
According to this study, 88.24% of patients with a BMI (body mass index) over 25 kg/m? were in the
non-survivor group [13]. Based on current evidence, COVID-19 is considered to be highly associated
with a compromised immune system of individuals that are affected by age, gender and comorbidities
(CVDs, diabetes, cancer) [14]. Understanding the significant correlation among diet, nutrition, infection,
and immunity [15], a diversified, balanced, and healthy diet with macro-, micro- and phytonutrients,
mainly found in vegetables, may promote healthy immune responses for prevention of chronic
diseases [16].

European consumers are growing more interested in diversified, nutritious, and exotic vegetables.
The cultivation and consumption of Asian vegetables are increasing in Europe. For instance, Chinese
cabbage (Brassica pekinensis) [17-20] and pak choi (Brassica chinensis) [17,18,20,21], which were unknown
some years ago, are the two most popular Asian vegetables in Europe. These leafy vegetables originating
from China [22] are essential in northeastern Asia. However, as they started to be commercially
cultivated in Europe, bolting was a significant concern for European growers [23]. Bolting is induced
by vernalization which is a process of accelerated flowering by exposure to prolonged cold [24] that
results in elongation of the flower stalk [25]. Vernalization lets the plants bloom and produce seeds
instead of leafy heads [26], which then lead to low yield and quality loss of pak choi [27] and Chinese
cabbage. As a result, many research studies of cultivation have shown how to control bolting and early
flowering of Chinese cabbage and pak choi.

Mizuna [17,20], a cultivar of Brassica rapa var. niposinica, and water spinach (Ipomoea aquatica) [17,20,21]
are other Asian vegetables introduced to Europe. They both are less well known than Chinese cabbage
and pak choi in Europe. Mizuna is a Japanese vegetable [28] that is mostly cultivated in open fields but
also inside greenhouses in Italy [29,30]. There is also a concern about bolting for commercial production
of mizuna [28]. In contrast, to our knowledge, water spinach is consumed but is not commercially
cultivated in Europe.

Currently, shiso (Perilla frutescens var. crispa), which is a Japanese herb, is cultivated in greenhouses
in Germany [31]. Choy sum (Brassica rapa var. parachinensis), kai choi (Brassica juncea) [17-21],
edamame (Glycine hispida), Japanese murasaki sweet potato (Ipomoea batatas), Okinawa sweet potato
(Ipomoea batatas cv. ‘Ayamurasaki’) are produced in Portugal [32].

Carotenoids, anthocyanins, flavonoids, and other phenolic compounds in vegetables may prevent
and counter many common diseases such as high blood pressure, diabetes, cancer, vision loss, heart
disease, and several intestinal disorders. The link between fruit and vegetable consumption and
a lower risk of mortality has been increasing [33-35]. Cardiovascular mortality may notably decrease
with high consumption of fruit and vegetables [36]. It was also noticed that not only the elderly and
chronic disease sufferers, but also smokers and alcohol drinkers were in the high-risk patient group
during the Covid-19 pandemic. Thus, eating vegetables is suggested together with sporting activities
to boost the immune system [16,37].
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To our best knowledge, no published literature to date provides a comprehensive review of
Asian vegetables that have the potential to be introduced in Europe. The objective of this paper is to
contribute to an increasing diversity of vegetable consumption in Europe.

2. Vegetable Consumption in Europe

According to Shahbaz et al. [38], vegetables provide a variety of health benefits. They are generally
low in fat and calories yet rich in vitamins and dietary fibers. Moreover, they present a valuable source
of mineral nutrients, essential amino acids, antioxidants and phytochemicals such as carotenoids,
anthocyanins, flavonoids, and other phenolic compounds.

Besides the nutritional attributes, vegetables also provide a diverse range of taste, aroma,
texture, and color, which significantly increase the variety in food and satisfy a myriad of personal
preferences [39]. Although increased daily vegetable intake has been recommended for health benefits,
and the EU has made efforts to advocate it, European vegetable consumption remains below the
recommended level [40—42]

2.1. *5-A-day’ Campaign of Daily Vegetable & Fruits Consumption

WHO recommended daily consumption of a minimum 400 g of fruits and vegetables to prevent
chronic diseases in 1990 [43]. After that, the ‘5-a-day’ fruit and vegetable campaign was launched
in several European countries such as the UK, Germany, and France [43]. The ‘5-a-day’ fruit and
vegetable campaign recommended at least five portions of fruits and vegetables a day, excluding
potatoes and other starchy tubers [44]. Indeed, evidence provided by a meta-analysis showed that
consumption of vegetables and fruit—up to five servings a day—was associated with a lower risk
of all causes of mortality, especially cardiovascular mortality [36]. In addition, the consumption of
similar amounts of vegetables appears to be significantly healthier than that of fruits [43,45] because
the fructose found in fruit can be a major factor of obesity [46-48].

2.2. EU Policy to Promote Vegetable & Fruits Consumption

The EU has made efforts to promote a well-balanced diet to prevent chronic diseases. One of
the policy objectives of the EU is the promotion of fruit and vegetable consumption, especially
in schools and workplaces [49]. The European School Fruit Scheme, which supplies fresh fruit and
vegetables to children together with educational measures, was introduced in the schools of 24 EU
countries in 2009-2010 [8]. Since then, the European School Fruit Scheme has been positively showing
a significant increase in fruit and vegetable intake frequency by children [8]. Caton et al. [40], reported
the importance of learning to eat vegetables at an early age. The European Commission is monitoring
progress in the consumption of fruit and vegetables to maintain a balance against a worsening trend of
poor diets [8,50]. The WHO European Food and Nutrition Action Plan 2015-20 was designed to reduce
the burden of preventable diet-related NCDs (Noncommunicable diseases) and obesity [8].

2.3. Daily Vegetable (& Fruits) Consumption of Young (Girls & Boys) and Adults in the EU

According to OECD/EU [8], over one in three girls and one in four boys ate vegetables daily
in EU countries in 2013-14. The average daily vegetable consumption of adults was 51% in 28 EU
countries in 2014. More women eat vegetables daily than men and older adults eat more fruits and
vegetables daily than younger people do. About 12% of adults in 28 EU countries have reported a daily
consumption of at least five fruits and vegetables. People with higher education levels tend to eat
fruits and vegetables more often than those with lower education levels.

2.4. Daily Vegetable Consumption of European Countries—A Systematic Comparison with Asian Countries

According to the Food and Agriculture Organization of the United Nations (FAO) (1999) [51],
about 75 percent of the world’s food is generated from only 12 plants and five animal species. A recent
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study by international scientists in collaboration with the FAO identified a total of 1097 vegetable species
worldwide [52] of which 392 vegetable crops are cultivated and consumed [39]. However, even in the current
globalization era, there are significant differences between countries. More than 200 species are known to be
produced in Asian countries whereas the maximum number of vegetable species is only 60 coming from 16
plant families in Germany. Considering the fact that approximately 81% of the consumption/capita/year is
concentrated on 23 vegetable species, it is clear that the diversity of vegetables in Germany is relatively
weak [53]. This situation is reflected in the average rate of daily vegetable consumption.

Data sourced by OECD Health Statistics (2017) [54] showed that the average rate of daily vegetable
consumption among adults in OECD 32 member countries is 59.8%. The data of European countries
are all lower than of those other countries including Korea (99.1%), Australia (99.0%), New Zealand
(95.3%) and the United States (92.4%) (unfortunately, no data for China were recorded) [54].

China was the world’s largest fresh vegetable producer in 2017 [55] and was the world’s biggest
vegetable exporter in 2018 [56]. The FAO and World Bank reported in 2017 [57] that China was likely to
consume the most vegetables per capita (1033 g/day). In other Asian countries, South Korea consumed
540.14 g, Vietnam 467.25 g, Japan 249.61 g, and Thailand 109.3 g per day [57].

Among the Mediterranean countries, Croatia consumed the most vegetables per capita
(699.03 g/day), followed by Portugal (418.62 g/day), Greece (410.84 g/day), and Spain (401.52 g/day) [57].
In Northwestern Europe, Belgium consumed the most vegetables (379.46 g/day), followed by Denmark
(276.44 g/day), France (264.85 g/day) and Germany (261.29 g/day) [57].

Despite the current recommendations and the apparent health benefits, vegetable consumption
in European countries is below the recommended level [40—42]. For instance, in Germany, the consumption
per capita has increased from 186.3 g to 261.38 g in the past 30 years [53,57]. However, consumption has
stagnated at approximately 94-95 kgj/capita/year for many years now. The recent numbers include the
comprehensive campaigns that were previously mentioned, including the 5X a day campaigns, activities
for pre- and school-children, as well as information targeting adults concerning health issues.

Therefore, one possible way to increase the consumption of vegetables in EU countries could be
diversification. Consumers are looking for new products, especially in the winter with reduced varieties
available, which could be an excellent opportunity for new vegetables coming from Asian countries.

3. The Potential for the Introduction of New Asian Vegetables in Europe and the Market Trends

The consumption of fresh vegetables in the EU is barely increasing, and the European vegetable
market is highly competitive. However, the current demand for healthy, high-quality and attractive
exotic vegetables is growing steadily. Therefore, the market for fresh Asian vegetables has the potential
to expand across the EU member states. But, how can we define Asian vegetables?

The meaning of “Asian vegetables” varies and the term is often used ambiguously as “Oriental
vegetables” in literature. Asian vegetables can be defined as vegetables that have originated, are
cultivated or are commonly consumed in Northeast Asia (China, Korea, and Japan) or in Southeast
Asia (Thailand, Indonesia, Vietnam, the Philippines, and Malaysia). In this study, we will use the term
Asian vegetables to mean the vegetables from both regions.

A list of Asian vegetables is provided in Tables 1-6. In the list, some well-known vegetables that can
be found in other countries are not included, such as onions (Allium cepa), potatoes (Solanum tuberosum),
sweet potatoes (Ipomoea batatas), tomatoes (Solanum lycopersicum), and okra (Abelmoschus esculentus) even
though they are commonly used in Asian cuisines. However, we still included these vegetables if they
are unique from their western counterparts, such as Asian green onions (Allium fistulosum), Japanese
pumpkin (Cucurbita maxima), and Korean zucchini (Cucurbita moschata). Native Asian vegetables such
as soybeans and Chinese cabbage are also included.
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Due to the limited number of publications and information in Europe, we added some commonly
consumed or unique Asian vegetables to the list. Interestingly, some vegetables that had been
traditionally gathered in the wild have recently been cultivated to provide more choice for consumers
looking for diversity and health benefits. These vegetables are becoming more available in both online
and offline markets.

Since vegetables have various common English names in the literature, we use their scientific
names to avoid confusion and for better accuracy. The Asian vegetables are categorized under six
groups: (i) sprout vegetables (Table 1), (ii) tree vegetables (Table 2), (iii) leaf and stem vegetables
(Table 3), (iv) fruit, pod and seed vegetables (Table 4), (v) root vegetables (Table 5), and (vi) mushrooms
(Table 6).

For the list of Asian vegetables in Tables 1-6, we gathered information from three published
sources in English which introduce Asian vegetables, mainly from China, Japan and Southeast Asia.
We also referred to information from published literature in Korean from various South Korean
government ministries for more specific data. Additionally, we searched for the popularity of each
species on the Internet. If the vegetable name did not appear in offline or online markets or in recipes
and comments of internet users, we did not include the vegetable name in the list. Furthermore, we
discuss four Asian vegetables and their future potential in the European market.

4. Four Recommended Asian Vegetables

Several Asian vegetables that were traditionally gathered wild, harvested from fields or forests,
are now sold in online and offline markets in South Korea as ‘Ssam’ or ‘Namul’ vegetables.
Vegetable-consuming cultures can also be found in other Asian countries. Pickled vegetables are
consumed in China as ‘Pao Cai’ and in Japan as “Tsukemono’ and ‘Asazuke’. Additionally, most
Southeast Asian countries and China typically consume vegetables by using the stir-fried cooking
method. The vegetables are consumed mostly in the forms of ‘Kimchi’, ‘Ssam” and ‘Namul’ as we
explain further below.

‘Kimchi’ consists of salted and fermented vegetables. Itis served as a side dish in almost every meal
and can be made with various kinds of vegetables such as Chinese cabbage, radish (Raphanus sativus),
cucumber (Cucumis sativus), and spring onion (Allium fistulosum). Approximately 300 varieties of
‘Kimchi” are estimated to exist in Korea [60]. ‘Ssam’ consists of wrapping fillings such as cooked
meat, rice (Oryza sativa) with fresh leafy vegetables such as lettuce (Lactuca sativa) and perilla leaves
(Perilla frutescens). Recently, various new leafy vegetables have been introduced for ‘Ssam” and landed
successfully in the vegetable market. ‘Namul’ are seasoned fresh vegetables prepared either blanched
or raw as side dishes. Various vegetables, not only cultivated but also gathered wild, are used for
‘Namul'.

Below, we present four Asian vegetables. They possess health benefits and exhibit increasing
demand in the vegetable market. Additionally, they are easy to cultivate and fit the current trends
in the European vegetable market because of their unique taste, higher value, decorative ability and
small size. We strongly believe that these crops have the potential to be introduced in the European
market in the future.

4.1. Korean Ginseng Sprouts (Panax Ginseng Meyer)

Korean ginseng is a perennial plant in the Araliaceae family. Korean ginseng has been used
as a medicinal plant in East Asia [61] for more than 2,000 years [62]. Ginsenoside (triterpene
glycoside saponin) is the main bioactive ingredient in Korean ginseng and is known to have
various pharmacological and physiological benefits [61] such as anti-cancer [63], anti-diabetic [64,65],
immunomodulatory [63,66], neuroprotective [63], radioprotective [67], anti-amnestic [63], and
anti-stress properties [68,69].

Korean ginseng sprout [59] is a new medicinal vegetable recently introduced in the South Korean
vegetable market with demand increasing [59]. Korean ginseng is customarily used only for its roots
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and should be grown for about 5-6 years before harvest [70]. Because of this length of time, it is
a high-priced product for consumers (Figure 1). In contrast, Korean ginseng sprout uses all parts of the
plant, not only roots, but especially the leaves due to their young tender texture. Leaves contain higher
levels of certain types of ginsenosides (Rgl, Rg2+Rh1, Rd, and Rg3) than roots [71]. It can be grown
in a hydroponic cultivation system either without soil [72,73] or with nursery soil [59,74] Therefore,
ginseng sprouts can be produced all year round without using pesticides in appropriate conditions.
It only needs to be grown for 2-8 weeks after transplanting of one-year-old-ginseng-seedlings [59,72].

Figure 1. Mountain-cultivated Korean ginseng (Panax ginseng Meyer).

These plants are found in mountainous regions (Gangwon-do, South Korea). Compared to
intensive field-cultivated plants, mountain-cultivated ginseng is more expensive. Since wild mountain
ginseng is rare and Eastern Asians strongly believe in its health benefits, its value is highly appreciated.
Intensively cultivated ginseng needs 5-6 years until harvest, while wild mountain ginseng has a slow
growth rate and requires a longer time. Mountain ginseng has a smaller size than intensively cultivated
ginseng. Korean ginseng is not usually sold in supermarkets, but in particular markets only for Korean
ginseng products or online markets (Source: Hong, personal communication)

Korean ginseng sprouts are a small sized vegetable with a mild, bitter flavor. Soil-less ginseng
sprouts can provide health benefits and a pesticide-free alternative for consumers. It can be consumed
in a variety of ways, including in salads, milkshakes, deep-fried, sushi, soups, and tea. Furthermore,
Korean ginseng sprout can be used in health food supplements and cosmetics.

4.2. Ssamchoo (Brassica lee ssp. Namai cv. Ssamchoo) and Red Ssamchoo (Brassica koreana Lee var. Redleaf)

Ssamchoo [18] is a hybrid plant species. This handle-fan-shaped leafy vegetable was developed
by aneuploidy crossing Chinese cabbage with regular cabbage as ‘Ssam’ leafy vegetables [75,76].
Therefore, Ssamchoo combines the advantages of Chinese cabbage and cabbage [76]. Red Ssamchoo
(Brassica koreana Lee var. redleaf) is a variety of Green Ssamchoo [76].

According to a leafy vegetables-agricultural technology guide from the Rural Development
Association (RDA) South Korea [76], Ssamchoo has all the benefits of Chinese cabbage and cabbage,
and a very high fiber content making it easier to digest. Overall contents of calcium, iron, vitamin A
and ascorbic acid in Ssamchoo are higher than Chinese cabbage, cabbage and lettuce [76].

Producers can grow Ssamchoo either in soil or hydroponic systems. The method of cultivation
is similar to that of lettuce. Ssamchoo can be harvested one month after sowing [76]. However, this
vegetable is intolerant to hot and humid weather [76].
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Ssamchoo has a smaller leaf size (Figure 2) than those of Chinese cabbage and regular cabbage [76].
Red Ssamchoo draws attention due to its red leaf and stem color [76]. Ssamchoo brings together the
slight bitterness from Chinese cabbage and nutty sweetness from regular cabbage [76]. This leafy
vegetable is lightly aromatic, sweet, juicy, mini-sized, and can be used in salads and soups and may be
deep-fried [76].

Figure 2. Ssamchoo (Brassica lee ssp. namai cv. Ssamchoo).

Leaves of Ssamchoo can be easily found in open showcases fitted with a cool-mist humidifier
in supermarkets. This vegetable is displayed with other various types of fresh leafy vegetables
in a ‘Ssam-leafy-vegetables-section” of supermarkets. Ssamchoo can be purchased in offline or online
stores. Some online stores deliver fresh Ssamchoo leaves within 24 h after placing an order, even in the
early morning of the next day of purchase (Source: Hong, personal collection).

4.3. Peucedanum Japonicum

Peucedanum japonicum [18,19,58] is a perennial herb [77] that belongs to the Umdbelliferae family
and is used as a medicinal plant [78]. This herb is found in China, South Korea, Japan, Taiwan,
and the Philippines [79]. Its leaves are consumed traditionally to treat coughs in the Okinawa
islands in Japan [78]. Peucedanum japonicum is reported to possess pharmacological benefits such as
anti-obesity [78,80,81], anti-oxidant [82], anti-bacterial [83], anti-diabetic [81], tyrosinase inhibition [84],
and anti-platelet aggregation [77].

Peucedanum japonicum is traditionally had been foraged from the wild. However, the plant is
now cultivated in South Korea for its health benefits (Figure 3). The leaves contain a fragrant aroma,
a little bitter and sweet taste. This leafy vegetable can be eaten raw as a salad, blanched, pickled
or deep-fried. Peucedanum japonicum can be cultivated in an open field, greenhouse or hydroponic
cultivation system [85,86].

Figure 3. Peucedanum japonicum.
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Young leaves with stems, packed in a plastic bag are sold in ‘Namul-leafy vegetable section” of
supermarkets. Peucedanum japonicum can be purchased in offline or online stores. Some online stores
deliver this fresh leafy vegetable within 24 h after placing an order, even in the early morning of the
day after purchase (Source: Hong, personal collection).

4.4. Aralia Elata (Miq.) Seem.

Aralia elata (Miq.) Seem. [18,19,59] is a shrub that is found across Northeastern China, Korea,
Japan [87,88] and eastern Russia [89]. In Chinese traditional medicine, its root cortex has been used as a
tonic, anti-arthritic and anti-diabetic agent [90]. In the leaves and root cortex, many saponins are isolated
and reported to possess an anti-diabetic [90] and a cytoprotective effect [91]. Additionally, a study
found specific anti-tumor activity in the extract of the shoots [92].

The young shoots of Aralia elata (Miq.) Seem. have been generally foraged from the wild, but it
is cultivated in Japan and South Korea for its expected health benefits (Figure 4). This young shoot
has a mildly bitter and sweet taste, fragrant aroma, and a crunchy texture. This shoot vegetable is
enough to be an ornament itself in dishes, and thus this young shoot is used as a garnish in Japanese
cuisine [93]. In South Korea, the shoots are simply blanched and consumed with a spicy-sour sauce.
This aromatic vegetable can also be pickled and deep-fried.

‘ .' ’ ‘,Z'ﬂ‘ 2 \\\:i)

;ZE\,\\‘ |

Figure 4. Aralia elata (Miq.) Seem.

Young shoots of Aralia, packed in clear transparent disposable plastic containers can be found
in the leafy vegetable section of supermarkets. The shoots are still attached to a small part of woody
stems to keep the shoots fresh. Consumers should carefully remove woody stems covered with sharp
thorns. Young shoots can be purchased in offline or online stores. Some online stores deliver this fresh
young shoots within 24 h after placing an order, even in the early morning of the day after purchase
(Source: Hong, personal collection).

Young shoots of Aralia elata (Miq.) Seem. can be harvested (April-May) in open field cultivation
from a whole tree [94,95]. If the shoots are harvested in the greenhouse (February—April), stem
cuttings must be prepared [95]. Shoots will develop naturally from the stem cuttings given appropriate
humidity [95]. Producers following forcing culture practices need a simple cultivation system such as
a double-layer plastic greenhouse, heater, and white greenhouse felt for insulation [95]. Stem cuttings
can sprout in immersion cultivation, in which shoots can be harvested after 15 days (30-35 days
long) [94]. This method results in harvest at least two weeks earlier than from forcing cultivation [94].

5. The European Market for Asian Vegetables

Fresh fruit and vegetable consumption in Europe started to recover slightly in 2014 after suffering
declines since 2000 [96]. Daily consumption in the EU-28 stood at 353 g of fresh fruit and vegetables
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per capita in 2014 [96]. This was split, on average, between 192 g of fruits and 161 g of vegetables
consumed each day [96]. The consumption of fruits and vegetables in the EU market is expected to
increase in the coming decades until 2030 [97]. The main reasons for this phenomenon are increasing
interests in a healthy diet and the easier access to fruits and vegetables at new marketplaces, including
petrol stations and snack bars [97].

According to Florkowski [98], the market of Asian fruit and vegetables is still small in Europe.
However, it is expected to expand across the EU member states, due to increasing consumer interests
in diverse, balanced and healthy foods, exchange with Asian people, and contact with the Asian
food culture.

When people migrate from one country to another, they have to change their consumption patterns
because some vegetables are not available, i.e., the people moving from the Mediterranean region to
northern Europe. However, the migrants asking for the vegetables that they were used to eating in their
home country find that they cannot be found easily in the new country. In this way, they stimulated the
introduction of new vegetables into Europe. An analogous mechanism can be seen during holidays
abroad. In foreign countries, people are acquainted with new vegetables. After returning from
holiday, they then desire to buy these products in their home country. The introduction of eggplant
(Solanum melongena) and zucchini (Cucurbita pepo subsp. pepo convar. giromontiina) to the Dutch [99]
and German markets are examples of this.

The small market share of Asian fruits and vegetables in Europe could be further increased through
consumer education and safety assurances, as well as marketing campaigns focused on their unique
taste, health benefits, ease of preparation, and reasonable price [98]. On the other hand, we believe that
the total European fresh vegetable market size will increase over the long term due to strong trends,
such as vegetarianism, health and well-being. There is also rising demand from consumers for organic,
local, seasonal, fresh, sustainable and new vegetable species and varieties, quality labels, and specific
nutrients of vegetables [100]. Thus, increasing demand for locally grown and organic vegetables can
lead to the cultivation of Asian vegetables in Europe as a promising business opportunity, especially
when these products possess new and additional quality attributes.

Due to stricter European import regulations concerning organic and safety standards of fruits and
vegetables, locally-based producers may have comparative advantages in meeting the requirements for
supplying fresh Asian vegetables to the European market. For instance, southeastern Asian countries
including Malaysia, Thailand and Vietnam which export exotic fruits and vegetables to Europe will
need to invest in cultivation practices and laboratory testing for certifications ensuring the hygiene
standards of their products [101]. Since most southeastern Asian fruit and vegetable producers are
small and live under relatively lower socio-economic conditions, the stricter European regulations are
very challenging to meet [102,103].

5.1. Import from Developing and Asian Countries

The import of exotic products from developing countries into Europe is continuously
increasing [104]. According to a statistical overview from Eurostat on the fruit and vegetable
sector in the EU [105], the value of imported fruit and vegetables from developing countries into the EU
was approximately 20.1 billion euros in 2017, while the value of exports from the EU to non-Member
States was 4.6 billion euros [105]. Fruit imports accounted for 84.7%, while vegetable imports made up
15.3% of the total value [105]. The reason for this large difference is the relatively higher self-production
of vegetables than fruits in Europe [106].

Among Asian countries, China is the leading exporter of vegetables and fruit to the EU. According
to data sourced from Eurostat Comext, of total agri-food imports to the EU from China in 2017, fresh,
chilled and dried vegetables accounted for 12% (623 million euros) and prepared vegetables, fruit or
nuts accounted for 8% (416 million euros) [107]. The EU also imports vegetables from South Korea and
Japan [108]. Although the European market for fresh fruit and vegetables is highly competitive, this
market is large, mature, and has a relatively stable demand [106].
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5.2. Exotic and Higher-Value Products

European consumers have become more interested in exotic and higher-value fruits and vegetables,
with the market for these exclusive niche products growing [104]. Niche products and new varieties
are expected to continuously emerge, particularly within the high-end market, due to their unique
taste and consumer demands [104].

The fruit and vegetable market in Europe focused on unique produces with specific nutritional
value is expected to continuously grow. For example, products with specific health benefits such as
blueberries, avocados, and pomegranates known commercially as ‘superfoods” have become more
popular, especially in northwestern Europe [104].

According to CBI research [106], the past five years (2014-2018) have seen the highest growth rates
and values from the import of certain fruits from developing countries. For instance, blueberries at
249% (449 million euro in 2018), avocados at 180% (1115 million euro) and mangoes at 51% (778 million
euro) [106]. Compared to these exotic fruits, specific vegetables imported from non-EU suppliers are
considered to be niche products due to the smaller market in Europe. However, these vegetables
showed continuous growth in the European market from 2014 to 2018 with items as chili pepper
(Capsicum annuum) at 33% (48,000 tons in 2018), asparagus (Asparagus officinalis) at 12% (42,000 tons),
tamarinds (Tamarindus indica) at 14% (41,000 tons), sugar snaps (Pisum sativum var. macrocarpon), SNow
peas (Pisum sativum var. saccharatum) and other peas (Pisum sativum) at 12% (30,000 tons) [106].

5.3. Taste and Emotional Connection

According to Rabobank [109], the evolving tastes and preferences in developed countries drive
the growing value in global trade of fresh fruits and vegetables. The top three drivers are related to
the level of customer satisfaction with the quality, fresh appearance, taste, and the size and shape of
the products [110]. Taste has recently become a deciding factor for purchase [110]. Additionally, taste
preferences are the factors that essentially prevent the consumption of vegetables, especially for
younger adults and women in Europe [111]. However, by appealing to the senses - seeing, touching,
feeling and smelling - trust and loyalty can be established with customers. Building the emotional
connection between consumers and vegetables plays an important role in encouraging customers
to make repeated purchases [110]. Even the current Dutch Nationaal Actieplan Groenten en Fruit
(National Action-Plan for Vegetables and Fruits) is designed to focus more on emotions and health
issues (https://nagf.nl). Besides, sensory appeals of food products, such as taste, texture, quality, smell
and appearance, influence consumers to choose an item [112], even if the taste of vegetables does
not match the high market price [100,113]. Therefore, in-store demonstrations or cooking classes
with simple and delicious recipes can provide excellent opportunities for new and unfamiliar Asian
vegetables for a successful launch in the European market. With various consumer marketing strategies,
the unique tastes and qualities of Asian vegetables can be efficiently introduced to future consumers.

5.4. Communication with Consumers

In order to increase the consumption of newly introduced Asian vegetables in the European market,
potential European consumers need to aware of these unfamiliar vegetables. For instance, consumers
need to know how to select, store, prepare or cook these vegetables. In other words, a successful
entry of new Asian vegetables into the European market requires various ways of communication
with consumers. Communication channels need to be developed based on the lifestyle and culture of
targeted consumers [98]. Websites with easy recipes, such as salads or stir fry, information about health
benefits or the use of vegetables can inspire consumers. In addition, social media such as Instagram
where people can take, edit, and share photos and videos [114] might contribute to increased demand
for new vegetables. For instance, avocado was globally one of the 20 most hash-tagged vegetables
on Instagram in 2018 [115]. Avocados had been imported into the European market with the highest
growth rate of 180% for 5 years (2014-2018) and in value in 2018 [106].
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6. Asian Vegetables from the Perspective of Climate Change and Cultivation Method

Trending vegetables in the European market are convenient, healthy, colorful, decorative, organic,
local, seasonal [100], mini-sized, and have exceptional nutritional value. Therefore, for a successful
entry in the European vegetable market, the introduced Asian vegetables must be tasty, not too exotic,
functional, and easy to prepare [98]. For European growers, the new Asian vegetables must be easy to
cultivate and should promise a good harvest with high yield. Moreover, these vegetables must be
nutritious, clean, fresh, and high-quality to fulfill consumer demands [100,116].

To ensure a holistically sustainable development trajectory, the transformation towards
vegetable-rich production and food systems should support climate change adaptation and protection of
human and environmental health [117]. Production and the quality of vegetables are being threatened
by exposure to an extreme environment, primarily due to climate change—summer heat-waves,
heavy rains, drought, possible increasing infestation of weeds, pests, diseases and changes of CO2
concentrations in the air [116-119]. Although traditional outdoor cultivation is cheaper in regards to
energy and technology [120], innovative greenhouse cultivation technologies with evaporative cooling,
shading, adequate water supply, and drainage systems can secure better vegetable quality [116,121,122].

7. Difficulties in the Introduction of New Vegetables and Other Ideas of Diversification

Promoting diverse vegetable supply should be accompanied by different measures—a selection
of the best cultivar-genotypes to be grown in the new region, the development of cultivation
techniques, avoidance of post-harvest facilities and providing consumers with information about
the new ingredients and advice for cocking and preparation. However, the way of introducing
new vegetables in the market is not always based on the same pattern. Introduction of kiwi and
broccoli in the European market are examples. Even though kiwifruit is originally from China, it
was introduced through New Zealand, where the fruit was named after the national “kiwi” bird, to
Europe. Broccoli, a native European vegetable with origins in primitive cultivars grown in the Roman
Empire, gained its reputation in the European market only after being re-introduced from the USA
in the last century.

In many areas of the world, increased consumption of vegetables has been not only because
of a growing understanding of the health benefits but also because of increasing availability of
various vegetables [39]. Consumers want a continuous supply of vegetables, as well as diversity
and novelty, which have become important selling points in modern markets—people are always
looking for something new [123]. Introducing new Asian vegetables is just one of the ways to
increase the consumption of vegetables in Europe. Introducing colorful vegetables, mini-vegetables,
sprout-vegetables, and microgreens are other ways to increase consumption. The new vegetables
that have been introduced to the European market include cherry and pear-shaped tomatoes
(Solanum lycopersicum), baby-carrots (Daucus carota subsp. sativus), mini-cauliflowers (Brassica oleracea
var. botrytis), mini-broccoli (Brassica oleracea var. italica), artichoke hearts (Cynara scolymus), fresh baby
leaf curly kale (Brassica oleracea var. sabellica), pickling cucumbers (Cucumis sativus), beans sprouts
(Vigna radiata), and different microgreens. The demand for lightly processed, ready-to-eat vegetables is
also increasing [39].

Another way to increase vegetable consumption is the time of availability of the products.
Year-round vegetable production is possible by using protected cultivation methods. Thus, colorful
vegetables could be marketed in the winter period, especially in regions where the vegetable
assortment is poor. Even well-known plants in the Mediterranean region, such as eggplant and
sweet pepper (Capsicum annuum var. grossum), have been only recently available thanks to greenhouses.
Besides, soil-less culture is popularly used because of its advantage in optimizing the root system and
efficient control of pathogens without soil fumigation. Therefore, producers can achieve high-quality
products as well as higher yields at a reasonable production cost using minimal pesticides [124-126].
Different cultivation methods with porous growing media and water culture systems (floating system,
nutrient film technique, and aeroponics) are practiced in commercial greenhouse production [124].
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In Asia, the indoor production of high-priced and high-quality vegetables is a well-known
tradition. Farms use so-called plant factories as highly controlled environments. Figure 5 presents
different cultivation steps and plant development stages for Korean ginseng sprouts from a farm
in Korea. The vegetable growers of tomatoes, leafy greens, cucumbers, peppers, and others in Europe
are progressively using hydroponics primarily because of the high-profit margins and ten times higher
yields than traditional cultivation [127]. By using all-environment controlling technologies, producers
in Europe can cultivate new Asian vegetables easily and efficiently, meeting food safety standards, only
if they are rightly informed about the optimal cultivation conditions of these vegetables. New light
processing and packaging technologies will enable fresh vegetables to be presented in a convenient
form, e.g., with increased shelf life of pre-cut vegetables while maintaining nutritional value, safety,
and freshness [39].

(d)
Figure 5. Cont.
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Figure 5. Plant development stages of Korean ginseng sprouts (Panax ginseng Meyer). Korean ginseng
sprouts in a modern plant factory using aquaponics. (a) one-year-old-ginseng-seedlings, freshly
transplanted in holes of sponge-hydroponic-floating-rafts; (b) roots of one-year-old-ginseng; (c) roots of
about ten-day old cultivated ginseng; (d) at about 21-27 days cultivating ginseng; (e) at about 21-27 days
cultivating ginseng seedlings under LED lights. Lighting time: 1-15 days (10 h exposure/day), after
15 days (13 h exposure/day). Lighting lamps: LED blending ratio (blue:red = 2:1). The distance between
leaves and LED lights about 10 cm (Source: kindly provided by K. Farm Factory).

8. Conclusions

Although the volume of fresh vegetable consumption in the EU is barely increasing, the outlook
for the fresh vegetable market is positive. Some of the current trends in the market are the increasing
demand for diverse, healthy, and exotic vegetables. In this regard, certain Asian vegetables may have
good potential to be introduced and land successfully in the European vegetable market. Here, we
discussed the potential of different Asian vegetables for introduction in the European market in the
future and shared practical information for the cultivation of four species.

Asian vegetables can be introduced to European consumers not only as fresh vegetables but also
as processed products with new and modern ideas, for instance, as Asian vegetable salad bags, as
healthy juices, or as cosmetics. In the expanding European health product market, Asian vegetables
may play an essential role due to their health benefits and pharmacological properties.

The cultivation of new Asian vegetables within Europe can provide a good opportunity for
European vegetable growers to open a new premium niche market with safe, local/seasonal and organic
products. For a successful introduction of new Asian vegetables into the European market, appropriate
marketing strategies are essential.

Although interest in Asian vegetables is increasing in the European vegetable market, there have
been very few studies conducted on Asian vegetables in Europe. From a marketing point of view, the
consumer needs and preferences are the key factors leading the production. In complex markets and
especially in export-markets, information about consumer needs and wishes does not reach producers
all by itself. Thus producers must conduct market research in order to track consumer preferences and
to monitor their changes continuously [99]. Further research is required on the Asian vegetable market
within Europe and also on the cultivation of potential Asian vegetables under European climatic
conditions. Economic, social, and ecological aspects also have to be considered. Further research will
provide the basis for all those aspects.
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Abstract: The development of fruit ripening of “Valencia” orange trees [Citrus sinensis (L.) Osb.]
grafted on the following “Trifoliata” hybrid rootstocks: ‘US-852’, IPEACS-256 and IPEACS-264
citrandarins, and F.80-3, “W-2’ citrumelo, and ‘Swingle’ citrumelo (control), was assessed in three
different subtropical locations: Rancho Alegre (RA); Sdo Sebastidao da Amoreira (SSA); and Sao
Jeronimo da Serra (SJS), Parana state, Brazil. The climate of the RA and SSA locations was classified
as Cfa with hot summers, whereas that of the SJS location was Cfb with temperate summers, which
are located at 380, 650, and 835 m a.s.l., respectively. A completely randomized block design with
four replications and four trees per plot was used as a statistical model for each location. The soluble
solids (SS) content, titratable acidity (TA), and the maturation index (MI) or ratio (SS/TA) of the
juice, as well as the citrus color index (CCI) of fruit skin, were assessed monthly, beginning 200 days
after flowering until harvest, totaling seven sampling dates. The data sets of each location were
analyzed independently through a two-way analysis of variance (ANOVA) involving rootstocks in
a split plot array in time (days) to allow for the assessment of the significance of the main effects,
complemented by regression analysis. In general, the ripening of ‘Valencia” orange fruits was
influenced by the different ‘Trifoliata” hybrid rootstocks. At the RA location, trees on IPEACS-256 and’
US-852’ citrandarins had the highest SS, and on ‘US-852” citrandarin had the highest MI, reaching the
My, earlier than the other rootstocks. The highest CCI was achieved when trees were on IPEACS-256
citrandarin. At the SSA location, trees on “US-852’, IPEACS-256, and IPEACS-264 citrandarins had
the highest SS, but on ‘US-852" had the highest MI, reaching the earliest MI;,, among the rootstocks.
The highest CCI was achieved when trees were on ‘US-852" and IPEACS-256 citrandarins. In the SSJ
location, there was no significant effect of the rootstocks on and of the variables of “Valencia” orange
fruit. This assessment can be useful in the planning of new orchards producing high-quality fruit
with desirable features for the orange juice industry.

Keywords: Citrus sinensis (L.) Osb.; rootstocks; maturation index; citrus color index

1. Introduction

“Valencia’ sweet orange [Citrus sinensis (L.) Osb.] is grown in the most citrus-producing
countries and commonly represents the leading commercial variety [1,2]. In Brazil, this
species is prominent among producers owing to high fruit yield and quality. Further, this
variety has late-maturing fruit, which are intended for both fresh fruit markets as well as
industrial processing into juice [3,4]. The production of ‘Valencia” oranges for industrial
processing in the form of frozen concentrated juice (FCOJ) and not from concentrated juice
(NFC) serves as one of the main activities of the citrus industry with a broad economic
impact worldwide [5]. However, the production of raw materials must be of high quality
to maintain the sector’s market competitiveness. The quality attributes of the fruits are
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determined by their physicochemical characteristics, which in turn vary during the ripening
period [6,7].

The ripening of citrus fruit passes through different phenological stages, and the final
stage is characterized by a reduced growth rate with an increase in soluble solids (SS)
content, a decrease in titratable acidity (TA), and changes in skin color [8]. The SS content
and TA, along with the relationship between them, also known as the maturation index (MI)
or ratio (55/TA), are considered the main indicators of harvest quality [9-11]. MI represents
the balance between the content of sugars and organic acids in fruit, is associated with
juice taste, and is widely used by the processing industry as an indicator of maturation and
internal quality of fruit [7,12]. MIis considered when adjusting harvest-to-fruit destinations,
either for fresh fruit markets or processing, depending on the demand from the importing
country. Thus, analyzing these indicators throughout the ripening process allows for the
establishment of optimal harvesting time and, consequently, improved quality of fruit for
the production sector.

In citrus and other fruit species, including grapes (Vitis spp.) and apples (Malus domestica),
grafting is a well-developed technique which combines a scion and a rootstock to form
a new tree with a blend of characteristics, and the interaction between the rootstock and
scion in a grafted tree is based on various physiological parameters [13-16]. In addition,
the ripening of orange fruit is strongly influenced by the climatic conditions of the growing
region [6,8,17]. The rootstock can manipulate a grafted citrus tree in many ways. It can
induce tolerance or resistance to soil-borne stresses and diseases while manipulating
horticultural attributes, such as tree size, yield, nutrient uptake, water potential, and
fruit quality, including the development of ripening, color of skin and juice, SS and TA
contents, and other juice characteristics [18,19]. Moreover, selection of an appropriate graft
combination should prioritize those that provide better fruit quality to meet the demands
of the orange juice industry.

The search for new rootstocks that positively affect the characteristics of sweet oranges
has led to the introduction of hybrids of “Trifoliata” [Poncirus trifoliata (L.) Raf.] with
mandarin (Citrus reticulata Blanco) or grapefruit (Citrus paradisi Macf.), also known as
citrandarins and citrumelos, respectively. These have been evaluated as alternatives for
the diversification of rootstocks in Brazil and several other countries [20-23]. Among the
alternatives are ‘US-852’, IPEACS-256", and ‘IPEACS-264’ citrandarins and ‘Swingle” and
‘E.80-3’ citrumelos [20,23-29].

When grafted on “Trifoliata’” hybrid rootstocks, orange trees produce high-quality
fruit with desirable attributes for the juice industry, such as high SS content and juice
yield [20,23,30-33]. “‘Swingle” is the best-known citrumelo in Brazil and globally. It is among
the main rootstocks used for diversifying orange groves, providing scions with high-quality
fruit, increased juice yield, SS content and yield, and reduced scion vigor [21,30].

Analysis of orange fruit ripening development enables the identification of groups of
scion/rootstock combinations with different physicochemical characteristics and harvest
dates, permitting improved planning of the establishment of new orchards for producing
high-quality orange juice [17,34]. Thus, it is possible to establish the optimal harvest point
for each scion/rootstock combination within specific regions [35]. Therefore, we aimed to
assess the ripening development of ‘Valencia” oranges when trees are grafted on different
‘Trifoliata” hybrid rootstocks grown in different subtropical locations.

2. Materials and Methods
2.1. Locations and Plant Material

The fruit ripening development of “Valencia’ orange tree clone IAC [Citrus sinensis (L.)
Osb.] grafted on different ‘Trifoliata’ [Poncirus trifoliata (L.) Raf.] hybrid rootstocks was
assessed, and the experiment included the following rootstocks: “US-852’, IPEACS-256, and
IPEACS-264 citrandarins [Citrus reticulata Blanco x P. trifoliata (L.) Raf.]; E80-3 and “W-2’
citrumelo; ‘Swingle’ citrumelo (considered as control) [Citrus paradisi Macf. x P. trifoliata
(L.) Raf.].
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The work was assessed concomitantly in three humid subtropical areas without a
dry season in the State of Parana, Brazil, as follows: Rancho Alegre (RA) (23°03'15" S,
50°55'50" W, elevation 380 m a.s.L.); Sao Sebastido da Amoreira (SSA) (23°24/47" S,50°43/45"" W,
elevation 650 m a.s.l.); and Sao Jeronimo da Serra (SJS) (23°44’04" S, 50°52/32" W, elevation
835 m a.s.l.). The three locations were chosen because they represent different citrus
growing conditions in this subtropical region.

According to the Képpen classification, the climate of the RA and SSA locations is Cfa
with hot summers, whereas that of the SJS location is Cfb with temperate summers [36].
The higher the elevation of the location, the greater the thermal amplitude, which is the
variation of the air temperature between day and night. The average annual rainfall
at the RA and SSA locations is 1300 mm, and the average temperatures are 22.1 and
21.1 °C, respectively. At the SJS location, the average rainfall is 1500 mm, and the average
temperature is 20.1 °C. The relative humidity is between 75 and 80%, with higher rainfall
during spring and summer [37].

The budded trees were transplanted into the trials in mid-summer 2013 at commercial
field sites, with a spacing of 6.0 x 2.5 m (between-row x in-row) and were non-irrigated.
A completely randomized block design with four replications of each rootstock and four
trees per replicate plot was used as a statistical model for each location. In each plot, the
two outer trees were considered side borders, and the two inner trees were subjected to
evaluations. The rootstock trial plantings were adjacent to a commercial orchard of “Valen-
cia’ orange trees, and the management of the trial blocks was the same as the contiguous
commercial blocks.

The “US-852’ citrandarin used in these trials is a cross between the ‘Changsha’ man-
darin and the ‘English Large’ trifoliate created by Joe Furr at Indio, California, USA in
1965, officially released in 1999 by Kim D. Bowman of the USDA /ARS/HRL, Fort Pierce,
FL, USA [25,27]. It was introduced to Brazil in 1982 through deposition into the Active
Germplasm Bank (Banco Ativo do Germoplasma-BAG) at the Sylvio Moreira Citriculture
Center, Agronomic Institute of Campinas (Centro de Citricultura Sylvio Moreira, Instituto
Agronémico de Campinas-CCSM/IAC), Cordeirdpolis, SP under access code #1454.

The IPEACS-256 citrandarin is a cross between the ‘Cleopatra’” mandarin and the
‘English’ trifoliata, with no official record of its origin or the breeder responsible for obtain-
ing it. It was first made available by the former Research and Agricultural Experimentation
Institute of Central-South Region (Instituto de Pesquisas e Experimentacao Agropecudria
do Centro-Sul-IPEACS), Itaguai, R], Brazil. It was introduced in 1975 through deposition
into the BAG of CCSM/IAC under access code #1483. The IPEACS-264 citrandarin is a
cross between the ‘Sunki” mandarin and the “English’” trifoliata, and also does not have
any official record of its origin. It was first made available by the former IPEACS and was
introduced in 1970 through deposition to the CCSM/IAC BAG under access code #1628.
However, the IPEACS-256 and IPEACS-264 citrandarins were referred to as ‘Indio” and
‘Riverside’, respectively [38].

The F.80-3 citrumelo is a cross, originally performed in 1955 by Mortimer Cohen at the
Indian River Field Laboratory, Fort Pierce, FL, USA [39], and was introduced through de-
position into the BAG of CCSM/IAC in 1990 under access code #1460. The “W-2’ citrumelo
is another hybrid of USA origin and was introduced into the BAG of CCSM/IAC in 1990
under the access code #1455.

The ‘Swingle’ citrumelo is a cross between the ‘Duncan’ grapefruit and “Trifoliata’,
performed in 1907 by Walter T. Swingle of the USDA, Eustis, FL, USA [20]. The acronym,
CPB4475, was first used and the fruit was only officially released in 1974 under the name
‘Swingle” in honor of its creator [39]. It was introduced into the BAG of CCSM/IAC in 1990
under access code #401.

All citrandarins and citrumelos evaluated in the present study were introduced into the
BAG of CCSM/IAC by the researcher Jorgino Pompeu Jr. The nursery trees of the different
scion/rootstock combinations used in the present study were produced by Pratinha Citrus
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Nurseries, a certified nursery of citrus trees located in Paranavai, PR, and the propagation
material was provided by CCSM/IAC, Cordeirépolis, SP.

2.2. Physicochemical Analysis of Fruits

The fruit samples were collected during the 2017 and 2018 seasons, and the analyses
were performed at the Citrus Laboratory of Cooperativa Integrada Agroindustry processing
plant, located at Urai, PR. The fruit ripening development of ‘Valencia’ orange trees grafted
on each rootstock was assessed monthly by collecting samples of 16 fruits from each
plot. Fruit samples were juiced using an FMC citrus juice extractor, and juice quality
was analyzed using standard laboratory methods. The evaluations began approximately
200 days after the beginning of flowering when the fruit were approximately 90% of their
final size, which corresponds to phenological stage #79 according to the BBCH phenological
growth stages and identification keys for citrus trees [40]. The zero time was defined for
the first fruit sampling (late summer), extending until fruit harvest (early spring), totaling
seven monthly samplings from March to September. The samples were randomly collected
from the periphery of the trees between 1.0 and 2.0 m from the soil, with one fruit collected
from each quadrant of each evaluated tree. At the SJS location, only the ‘Swingle’ and ‘W-2’
citrumelos were evaluated as the fruit production of trees grafted on the other rootstocks
was insulfficient for evaluation.

Aiming at assessing the effect of the different rootstocks on ripening development
of “Valencia’ orange fruits at each location independently, the samples were submitted to
physicochemical analysis, such as the SS contents, TA, and MI (or SS/TA) of the juice, as
well the color of fruit skin by means of the citrus color index-CCI.

SS content was determined by direct reading of the juice on a refractometer (model
PAL-ALPHA, Atago®, Tokyo, Japan) with automatic temperature compensation, and the
result was expressed in °Brix. The TA was determined by titration of 25 mL of juice with
0.1 N NaOH solution, with the endpoint adjusted to pH 8.2, and the result was expressed as
the percentage of citric acid [41]. The MI was calculated as SS/TA. MI = 14 was considered
the ideal mean (Mliy,) for processing “Valencia” oranges, either for the production of FCOJ
or NFC orange juice [42].

The CCI was determined using a digital color reader (model CR10 Plus, Konica-
Minolta, Tokyo, Japan) to obtain the variables, L*, a*, and b*. Readings were performed on
the outer equatorial part of the skin of eight fruit per plot. These variables were then used
to calculate the CCI using the formula: CCI = (1000 x a*)/(L* x b*). The CCI values below
—7 represent green with increased intensity and more negative values. Values ranging
from —7 to 0 represent shades starting from light green, passing through yellowish-green,
and reaching pale yellow, and values between 0 and 7 represent shades ranging from pale
yellow to orange. Values above 7 represent orange, which rose in intensity as CCI increased.
The time when CCI = 0 corresponds to the color of the fruit skins beginning to change
from green to pale yellow [43]. Figure 1 illustrates the development of the CCI of fruits of
“Valencia’ orange according to different stages of ripening.

—8.4

10.6

Figure 1. Representation of the development of the citrus color index (CCI) of ‘Valencia” orange fruits when trees are grafted

on different “Trifoliata” hybrid rootstocks in different stages of ripening.
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2.3. Statistical Analyses

The data sets of SS, TA, MI, and CCI, obtained from the monthly samplings from each
of the three locations, were analyzed independently in a two-way analysis of variance
(ANOVA) involving rootstocks in a split plot array in time (days) to allow the assessment of
the significance of the main effects. Means were compared by Tukey’s honestly significant
difference (HSD) test at p < 0.05. To determine the effect of the “Trifoliata” hybrid rootstocks
on fruit ripening development of “Valencia” orange at each location, a regression analysis
was carried out. The model with the best fit was determined considering the coefficient of
determination (R2), which was adjusted to the number of parameters using the SISVAR
software [44] and R [45]. Next, the number of days was predicted so that fruits of ‘Valencia’
orange trees on each rootstock reached Mljy, = 14 and CCI = 0 at the three locations.

3. Results and Discussion

At the RA location, significant differences among the “Trifoliata” hybrid rootstocks
were observed for SS, MI, and CCI of ‘Valencia” orange fruit (Table 1). An effect of time
(in days) for all variables analyzed was also observed. For SS content, significant differences
were observed after 60 days of the beginning of the evaluations, and the rootstocks IPEACS-
256 and ‘US-852’ citrandarins had the highest means until the last evaluation (Table 2).
A similar pattern was observed for MI, and during the last evaluation, the ‘US-852’ cit-
randarin exhibited the highest mean, and the ‘Swingle’ citrumelo the lowest (Table 2).
Regarding the CClI, differences among rootstocks were also observed from the 60th day
after the beginning of the evaluations, and on the last day, the IPEACS-256 citrandarin had
the highest mean, and the citrumelos had the lowest (Table 2).

At the SSA location, the effect of the different “Trifoliata” hybrid rootstocks on “Valencia’
orange fruits was observed for SS, MI, and CCI (Table 3). A significant interaction between
rootstocks and time in days was only verified for SS content. For this juice characteristic,
the differences were observed after 90 days from the beginning of the evaluations, and
for the last one, the highest means were noted when the trees were grafted on ‘US-852’,
IPEACS-256, and IPEACS-264 citrandarins (Table 4).

Regarding MI, the “US-852’ citrandarin had the highest mean among the evaluations
(Table 4). The effect of the rootstocks on the CCI of orange skins was observed during
harvest, where the ‘US-852" and IPEACS-256 citrandarins resulted in the highest means,
and the ‘Swingle’ citrumelo the lowest (Table 4).

At the SSJ location, there was no significant effects of rootstocks on “Valencia’ orange
fruits for all variables evaluated (Tables 5 and 6). However, the effect of the time in days
was significant, but it must be noted that, at this location, only the “‘W-2" and ‘Swingle’
citrumelos were assessed as the fruit production of trees grafted on the other “Trifoliata’
hybrid rootstocks was inadequate for evaluation.

Table 1. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio,
and citrus color index (CCI) over time of ‘Valencia’ orange fruits when trees are grafted on different ‘Trifoliata’ hybrid
rootstocks at Rancho Alegre.

Sources of Variance Df 2 SS TA MI CCrvy
Blocks 3 0.2766 0.0343 1.64 3.47
Rootstocks (R) 5 5.11 0.0114 4.86 ** 8.82 **
Error A 15 0.364 0.032 0.95 1.28
Days (D) 6 45.43 ** 7.69 ** 415.07 ** 925.67 **
RxD 30 0.3587 ** 0.0409 0.72 ** 2.81 **
Error B 108 0.1519 0.0353 0.57 1.23
CV1(%)™W 6.4 12.6 11.1 43
CV 2 (%) 41 132 8.6 42

# df: degrees of freedom. Y Original data transformed into x + 30. * **: significant (p < 0.05). ¥ CV = coefficient of variation.

155



Horticulturae 2021, 7, 3

Considering the regression analysis of the fruit ripening development of ‘Valencia’ or-
ange grafted on different Trifoliata hybrid rootstocks, the SS content exhibited an increasing
pattern, adjusting to the quadratic model for all three locations (Figures 2A, 3A and 4A).
The TA development of fruit was better adjusted by the linear regression model with
decreasing values for all locations and all evaluated rootstocks. The “Trifoliata” hybrid root-
stocks induced very similar TA values throughout the ripening period (Figures 2B, 3B and 4B).

The MI of the “Valencia’ fruits of the three locations all demonstrated increasing de-
velopment, and this characteristic of maturation was better adjusted to the linear model
(Figures 5A, 6A and 7A). Moreover, the CCI of ‘Valencia’” orange fruits at all three loca-
tions assessed also increased over time and was better adjusted to the quadratic model
(Figures 5B, 6B and 7B).

At the RA location, a subtropical region with a hot summer and at low elevation (380 m a.s.L.),
the fruits of trees grafted on ‘US-852’ citrandarin reached the Ml;y, earlier than the other
‘Trifoliata” hybrid rootstocks, in an estimated period of 158 days after the beginning of
the evaluations, followed by IPEACS-256 citrandarin, F.80-3 citrumelo, IPEACS-264 cit-
randarin, “‘W-2" and ‘Swingle’ citrumelos (162, 173, 182, 182, and 187 days, respectively)
(Figure 5A). The earliest estimated period that fruits changed skin color from green to pale
yellow, corresponding to a CCI = 0, was also observed when the orange trees were grafted
on ‘US-852’ citrandarin, with an estimated period of 107 days after the beginning of the
evaluations, followed by IPEACS-256 and IPEACS-264 citrandarins, and F.80-3, ‘W-2’, and
‘Swingle’ citrumelos (110, 124, 135, 136, and 141 days, respectively) (Figure 5B). At this
location, considering the Mli,, the main characteristic for fruit processing, the evaluated
rootstocks strongly influenced the ripening of “Valencia’ oranges, with a maximum variation of
29 days from the earliest ("US-852’ citrandarin) to the latest ("Swingle’ citrumelo) ripening.

Table 2. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia” orange fruits when trees are grafted on
different “Trifoliata” hybrid rootstocks at Rancho Alegre at different times after the phenological stage BBCH #79.

Soluble Solids-SS (°Brix)

Rootstocks Days after the Phenological Stage BBCH #79 2
0 30 60 90 120 150 180
“US-852’ citrandarin 6.9bY 8.1a 9.1ab 10.1ab 10.8ab 11.3ab 10.7ab
IPEACS-256 citrandarin 7.9a 8.1a 9.9a 10.7a 11.5a 11.8a 11.4a
IPEACS-264 citrandarin 6.9b 8.0a 8.9b 9.8b 10.3b 10.5bc 9.6¢
F.80-3 citrumelo 7.2ab 8.1a 8.9b 9.6b 10.4b 10.2¢ 9.3¢c
‘“W-2’ citrumelo 7.1ab 7.8a 8.9b 9.3b 10.0b 10.3¢ 9.6¢
‘Swingle’ citrumelo 6.7b 8.1a 9.2b 10.0ab 10.6ab 10.7bc 10.1bc

Maturation index-MI or ratio

0 30 60 90 120 150 180
“US-852’ citrandarin 2.8a 4.9a 7.1a 9.2a 12.9a 13.3ab 14.8a
IPEACS-256 citrandarin 3.1a 4.7a 6.7a 8.9ab 12.6ab 13.3a 14.4ab
IPEACS-264 citrandarin 2.9a 5.1a 5.8a 7.3b 11.9ab 11.7b 13.7ab
F.80-3 citrumelo 3.4a 4.9a 6.6a 8.8ab 12.4ab 12.4ab 13.7ab
“W=-2’ citrumelo 3.4a 4.7a 6.8a 7.5ab 11.0b 12.3ab 13.8ab
‘Swingle’ citrumelo 3.1a 5.0a 6.2a 7.9ab 11.2b 11.9ab 13.1b
Citrus color index-CCI
0 30 60 90 120 150 180
‘US-852’ citrandarin —11.8a —11.3a —5.2ab —0.8ab 1.8a 3.2a 3.4ab
IPEACS-256 citrandarin —12.5a —12.5a —3.9a 0.4a 0.8ab 3.8a 4.0a
IPEACS-264 citrandarin —12.5a —10.7a —6.2b —1.3ab 0.1ab 1.9ab 3.6ab
F.80-3 citrumelo —10.7a —10.9a —4.5ab —1.2ab —0.4ab 1.0b 1.1c
‘“W=2’ citrumelo —12.2a —11.0a —6.5b —2.2b —0.7b 2.1ab 2.3bc
‘Swingle’ citrumelo —12.5a 17.5a —5.8ab —2.2b —0.1ab 1.6ab 1.7bc

» Approximately 200 days after flowering (Meier, 2001). ¥ Means with the same letter are not significantly different from each other by
Tukey “s honestly significant difference test at p < 0.05.

156



Horticulturae 2021, 7, 3

Table 3. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio

(SS/TA), and citrus color index (CCI) over time of “Valencia” orange fruits when trees are grafted on different ‘Trifoliata

’

hybrid rootstocks at Sao Sebastiao da Amoreira.

Sources of Variance df = SS TA MI CCrvy
Blocks 3 0.2887 0.0343 1.28 0.20
Rootstocks (R) 5 2.7578 **x 0.01114 1.77 ** 14.20 **
Error A 15 0.3239 0.032 0.84 2.11
Days (D) 6 42.37 ** 7.69 ** 345.07 ** 948.43 **
RxD 30 0.3597 ** 0.0409 0.94 1.72
Error B 108 0.2270 0.0353 0.74 1.96
CV1(%W 6.0 12.6 11.4 52
CV 2 (%) 5.0 13.2 10.7 5.0

# df: degrees of freedom. Y Original data transformed into x + 30. * **: significant (p < 0.05). ¥ CV = coefficient of variation.

At the SSA location, a subtropical region with a hot summer and at an intermediate
elevation (650 m a.s.1.), the Ml;,, of “Valencia’ fruits was also reached earlier when grafted
on ‘US-852 citrandarin, with an estimated period of 177 days after the beginning of
the evaluations (Figure 6A), followed by ‘Swingle” and F.80-3 citrumelos, IPEACS-264
and IPEACS-256 citrandarins, and ‘W-2” citrumelo (191, 192, 194, 194, and 202 days,
respectively) (Figure 6A). The fruits of “Valencia’ orange trees grafted on the “Trifoliata’
hybrid rootstocks reached CCI = 0 in a smaller range, from 85 to 93 days (IPEACS-256 and
"US-852’, respectively), except for the ‘Swingle’ citrumelo, which reached this index at 105
days after the beginning of the evaluations (Figure 6B).

At this location, considering the Mlj,, the rootstocks also influenced the development
of ripening of ‘Valencia’ orange fruit, with a variation of 25 days from the earliest (‘US-852"
citrandarin) to the latest (“W-2’ citrumelo) ripening.

At the SJS location, a subtropical region with temperate summers and at high eleva-
tions (835 m a.s.l.), the orange fruit did not reach the M, for processing until the last
evaluation. Nevertheless, according to the regression analysis, both ‘Swingle” and “W-2’
citrumelos expressed a similar late ripening behavior, and the Ml;,, was estimated to be
reached at 254 days after the beginning of the evaluations (Figure 7A). On the other hand,
under the specific weather conditions of this location, with temperate summer and wide
temperature range, with warm days and mild nights, both ‘Swingle” and “W-2’ citrumelos
induced very early pale-yellow skin color (CCI = 0) of ‘Valencia’ orange fruits at 67 days
after the beginning of the evaluations (Figure 7B).

Although external and internal ripening of orange fruits in general coincide, skin and
pulp behave in many respects as separate organs and thus can be considered to undergo
different physiological processes. Mature citrus pulp contains a very high percentage of
water (85-90%) and many different constituents, including carbohydrates; organic acids;
amino acids; vitamin C; minerals; and small quantities of lipids, proteins, and secondary
metabolites, such as carotenoids, flavonoids, and volatiles [46].

SS comprises 10-20% of the fresh weight of the fruit and consists mainly of carbo-
hydrates (70-80%) and relatively minor quantities of organic acids, proteins, lipids, and
minerals [46]. The accumulation of SS content during the ripening period occurs in growth
stage III of sweet oranges, also known as the stage of cell expansion, and it is characterized
by a rapid increase in fruit size and SS content, lasting up to 6 months according to the
region and growing conditions [8]. The rootstock plays an important role in fruit ripening
because it can speed up or delay citrus tree development. In this work, it was shown that
the ‘US-852" and IPEACS-256 citrandarins anticipated ripening of fruits. In addition, in
subtropical regions with hot summers and at low elevations, the duration of stage III can
be anticipated to be 3 to 4 months, whereas in subtropical regions with temperate summers,
this stage tends to be prolonged, extending up to 10 months. At the end of stage III, fruits
tend to accumulate considerable SS content, which is determined by the climatic conditions
of the growing regions, particularly water availability.
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Table 4. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on
different “Trifoliata” hybrid rootstocks at Sao Sebastiao da Amoreira at different times after the phenological stage BBCH #79.

Soluble Solids-SS (°Brix)

Rootstocks Days after the Phenological Stage BBCH #79 *
0 30 60 90 120 150 180
‘US-852’ citrandarin 71aY 8.0a 9.7a 10.4ab 10.9a 10.9ab 10.3a
IPEACS-256 citrandarin 7.5a 8.4a 10.0a 10.7a 10.9a 11.1ab 10.6a
IPEACS-264 citrandarin 7.1a 8.2a 9.1a 10.3ab 10.5a 10.1b 10.3a
F.80-3 citrumelo 7.4a 8.0a 9.4a 9.9ab 10.3a 10.3b 9.3bc
“W=2’ citrumelo 6.8a 7.8a 9.4a 9.6b 10.2a 10.6ab 8.7¢
‘Swingle’ citrumelo 7.2a 8.2a 9.6a 10.3ab 10.8a 11.3a 9.5bc
Maturation index-MI or ratio
0 30 60 90 120 150 180
‘US-852’ citrandarin 2.7a 5.2a 6.5a 7.9a 10.5a 12.6a 14.9a
IPEACS-256 citrandarin 3.5a 4.9a 5.4b 7.8a 11.1a 11.2b 13.0b
IPEACS-264 citrandarin 3.1a 4.4a 5.3b 8.0a 10.7a 11.8b 12.5b
F.80-3 citrumelo 3.1a 4.5a 5.5b 8.0a 9.4a 11.1b 13.2b
‘“W=-2’ citrumelo 3.0a 4.4a 5.2b 7.1a 10.0a 11.5b 12.4b
‘Swingle’ citrumelo 3.0a 4.7a 5.3b 7.6a 10.9a 10.8b 12.9b
Citrus color index-CCI
0 30 60 90 120 150 180
“US-852’ citrandarin —12.0a 11.4a —3.0ab 0.7a 2.3a 3.7a 4.6a
IPEACS-256 citrandarin —9.8a —9.8a —1.2a 0.9a 2.8a 4.0a 44a
IPEACS-264 citrandarin —11.2a —10.8a —1.4a 1.5a 2.0a 3.2a 4.0ab
F.80-3 citrumelo —10.7a —10.5a —1.6a 0.8a 1.8a 3.1a 4.1ab
‘W=2’ citrumelo —10.9a —9.1a —2.2a 0.1a 1.3a 2.7a 3.4bc
‘Swingle’ citrumelo —12.0a —10.9a —5.5b —0.2a 1.0a 1.8a 2.2¢

* Approximately 200 days after flowering (Meier, 2001). ¥ Means with the same letter are not significantly different from each other by

Tukey “s honestly significant difference test at p < 0.05.

Table 5. Analysis of variance and mean squares of soluble solids (SS), titratable acidity (TA), maturation index (MI) or ratio
(SS/TA), and citrus color index (CCI) over time of “Valencia” orange fruits when trees are grafted on different ‘Trifoliata’

hybrid rootstocks at Sao Jerénimo da Serra.

Sources of Variance df = SS TA MI CCrvy
Blocks 3 0.2196 0.1178 1.1933 2.70
Rootstocks (R) 1 0.0460 0.0240 0.3600 2.89
Error A 3 0.213 0.0393 0.4400 3.01
Days (D) 6 19.32 X 2.0653 ** 67.49 ** 284.25 **
R x D 6 0.405 0.1057 0.35 1.63
Error B 36 0.3193 0.0651 0.76 2.38
CV1(%)W 4.6 119 9.8 8.9
CV 2 (%) 5.7 15.3 12.8 7.9

# df: degrees of freedom. Y Original data transformed into x + 30. * **: significant (p < 0.05). ¥ CV = coefficient of variation.
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Table 6. Soluble solids, maturation index or ratio, and citrus color index of ‘Valencia’ orange fruits when trees are grafted on

different ‘Trifoliata” hybrid rootstocks at Sao Jeronimo da Serra-SJS location at different times after the phenological stage

BBCH #79.
Soluble Solids-SS (°Brix)
Rootstocks Days after the Phenological Stage BBCH #79 *
0 30 60 90 120 150 180
‘W=2’ citrumelo 7.5aY 7.8a 9.7a 10.4a 11.2a 11.8a 10.9a
‘Swingle’ citrumelo 7.7a 8.0a 10.0a 10.7a 11.6a 11.1a 10.4a

Maturation index—MI or ratio

0 30 60 90 120 150 180
‘W=2’ citrumelo 3.7a 3.6a 5.0a 6.0a 8.4a 9.6a 10.6a
‘Swingle’ citrumelo 3.4a 3.7a 4.9a 7.0a 8.7a 9.8a 10.7a

Citrus color index-CCI

0 30 60 90 120 150 180
‘“W=2’ citrumelo —10.4a —9.4a —0.4a 3.4a 3.5a 4.0a 4.1a
‘Swingle’ citrumelo —10.1a —8.7a —0.8a 2.4a 3.4a 3.8a 4.0a

7 Approximately 200 days after flowering (Meier, 2001). ¥ Means with the same letter are not significantly different from each other by
Tukey “s honestly significant difference test at p < 0.05.

It is known that increasing rainfall during stage IIl may lead to a decrease in SS content
by diluting the juice in response to excessive water absorption by trees [47,48]. Therefore,
the decrease in the SS content of “Valencia’ orange fruits grafted on different rootstocks
after reaching the maximum content, which is indicated by quadratic behavior, may have
occurred because of the higher rainfall season during the period of SS accumulation in
the three locations evaluated. This is a recurrent situation in the ripening of late orange
varieties, such as ‘Valencia’, grown in subtropical regions, where considerable rainfall
periods usually coincide with lower concentrations of these sugars.

Generally, fruits of “Valencia’ orange grown at the SJS location, with temperate sum-
mers, exhibited a slow decrease in TA during the maturation period. Some authors have
reported that fruits grown in regions with hot summers tend to exhibit a rapid decrease in
acidity compared with regions with temperate summers owing to the increased respiration
rate [9,12,48,49].

Considering the My, the fruits of ‘Valencia” orange trees grafted on different “Trifoli-
ata’ hybrid rootstocks grown at the RA location presented early ripeness, with an estimated
time to reach this phase from 158 to 187 days after the beginning of the evaluations when
grafted on “US-852’ citrandarin and ‘Swingle’ citrumelo, respectively (Figure 2A). The same
trend was observed for both rootstocks when the “Valencia” orange trees were grown at
the SSA location, but the estimated periods that these two rootstocks took to reach this
phase were 177 and 191 days, respectively (Figure 2B). According to the regression model
adjusted for the SJS location, late ripeness of fruits was observed, as the estimated time to
reach the Ml ranged from 246 and 261 days after the beginning of the evaluations for
‘Swingle” and ‘W-2’ citrumelos, respectively (Figure 4B).

Rootstocks have been demonstrated to change the ripening development of ‘Folha
Murcha’ sweet orange [C. sinensis (L.) Osb.] by inducing different fruit harvest dates, and
this difference may range from 8 to 28 days [17]. These authors also found that fruits grown
in regions with higher temperatures reached full ripeness up to 92 days earlier. Under
subtropical conditions with hot summers, orange fruits ripen and become marketable in
a shorter period of time, whereas in milder climates, ripening takes longer [8,12]. Thus,
this behavior corresponds to the “Valencia” orange grown at the RA location, with early
ripeness. Moreover, the rootstocks induced different harvest dates in ‘Valencia” oranges,
with emphasis on “US-852’ citrandarin grown in the RA and SSA locations.
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Figure 2. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata” hybrid rootstocks
at Rancho Alegre. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH #79 (Meier,
2001), approximately to 200 days after flowering.
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Figure 3. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different “Trifoliata” hybrid rootstocks
at Rancho Alegre. (A): maturation index (Mi) or ratio (SS/TA); (B): citrus color index (CCI). Mljy, = ideal mean maturation
index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering.
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Figure 4. Development of ‘Valencia’ orange fruit ripening when trees are grafted on different ‘Trifoliata” hybrid rootstocks
at Sdo Sebastiao da Amoreira. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH
#79 (Meier, 2001), approximately to 200 days after flowering.
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Figure 5. Development of “Valencia’ orange fruit ripening when trees are grafted on different “Trifoliata” hybrid rootstocks
at Sao Sebastiao da Amoreira. (A): maturation index (MI) or ratio (SS/TA); (B): citrus color index (CCI). MIj;;, = ideal mean
maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering.
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Figure 6. Development of “Valencia’ orange fruit ripening when trees are grafted on different “Trifoliata” hybrid rootstocks
at Sao Jeronimo da Serra. (A): soluble solids (SS as °Brix); (B): titratable acidity (TA as %). Phenological stage BBCH #79
(Meier, 2001), approximately to 200 days after flowering.
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Figure 7. Development of “Valencia’ orange fruit ripening when trees are grafted on different “Trifoliata” hybrid rootstocks
at Sao Jeronimo da Serra. (A): maturation index (MI) or ratio (SS5/TA); (B): citrus color index (CCI). MIj,, = ideal mean
maturation index = 14. Phenological stage BBCH #79 (Meier, 2001), approximately to 200 days after flowering.

Maximum and minimum temperatures differ even within a small interval between
the latitudes of orange-producing areas, which may cause changes in fruit maturation and
harvest dates as well as the behavior of scion varieties over each rootstock. Therefore, the
ripening behavior found for “Valencia” orange on “Trifoliata” hybrid rootstocks in different
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subtropical growing scenarios is an important source of information for planning the
marketing of fresh fruits or the industrial processing of fruits. In other words, the optimum
date for harvesting can be estimated, helping to select the most appropriate rootstock
genotypes according to production and processing from a commercial point of view.

The fruits of ‘Valencia” orange trees grafted on “Trifoliata” hybrid rootstocks grown
at the RA location, with hot summers and low thermal amplitude during the ripening
period, exhibited certain difficulty in terms of skin color change, remaining a shade of
green for a long time, requiring an extended period from the beginning of the evaluations
to reach CCI = 0, from 107 to 141 days (Figure 2B). When grown at the SSA and SJS
locations, this period ranged from 93 to 105 days (Figure 3B) and from 64 to 69 days
(Figure 3B), respectively.

The change in fruit skin color occurs due to the degradation of chlorophyll, which is
responsible for the green color of fruits, and an increase in carotenoid pigments, which
gives the fruit intense yellow and orange hues [50,51]. Color breaks in subtropical areas
generally occur in mid-autumn when temperatures decrease, and day length diminishes.
The decline in rind chlorophyll proceeds over several months, and the onset of carotenoid
accumulation almost coincides with the disappearance of chlorophyll [46].

Air temperature has the greatest influence on the external color of oranges throughout
maturation. Usually, the skin color of fruits grown in colder regions changes earlier. In
contrast, with fruits grown in warm regions, changes occur later, and in some cases, the
external color of the fruits may not develop satisfactorily [51-53]. Moreover, the genetic
differences in rootstocks and their relationships with different scion varieties may influence
the CCI [54-56], and it was shown in this work that citrandarins, in general, had higher
CClI values than citrumelos.

Color is considered one of the most important external factors for the quality of
orange fruits, as they are mainly marketed as fresh fruits, and the visual aspect of the
product is considered an index of quality and maturation. However, skin maturation
or morphological maturation does not always coincide with juice maturation in oranges
grown in warmer tropical regions [7,12]. In addition, citrus is harvested based on internal
quality (edibility), and skin changes have not been related to the best harvest times [57].
Although the ‘Valencia” oranges grown at the SJS location underwent rapid development
of CCI, it took a long time to reach the Ml;,,, confirming that CCI should not be used
as a ripening reference alone for juice processing when growing this variety in regions
with temperate summers and at high elevations. The fruits grown at the RA location,
correspondingly, took less time to reach the Mljy,, but reaching a CCI = 0 of the skin took a
long time; thus, if the aim is to market fruit with a more attractive appearance, then it is
necessary to extend the timing of harvest until they reach the desired skin color.

The ‘Valencia’ orange fruits grafted on ‘US-852" or IPEACS-256 citrandarins grown in
locations with hot summers presented an earliness characteristic, they reached the Ml
over a short period when compared with the other rootstocks evaluated. These genotypes
are, therefore, a robust option for anticipating fruit harvest in order for citrus processing
plants to operate earlier, over a wider period of the year.

In general, the basic quality of orange juice is determined by the fruit processor, that
is, by the quality of fruit juice accepted at the reception area. Subsequent processing
steps cannot improve the main quality parameters of a given production batch, except by
blending a particular juice with superior quality orange juice or concentrate. In extracted
juice, the concentration of sugar typically varies from 9 °Brix for early season varieties
to 12 °Brix for fruit harvested late in the season. However, citrus processors usually
consider 11.8 °Brix and 11.0 °Brix as the minimum grade of orange juice for FCOJ and
NEFC, respectively, or an MI ranging from 12.5 to 20.5 for both [42,58]. MI offers a more
comprehensive analysis of orange juice quality because it also considers its organic acid
content. Nevertheless, the removal of acid from the juice, also known as deacidification,
would also increase MI but is not permitted for orange juice in most countries [42,59]. Thus,
the SS content in fact had a major impact on MI in these trials, as the “Trifoliata’ hybrid
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rootstocks had no influence on this juice characteristic (Tables 1, 3 and 5). This range of
MI permits processors to market different kinds of juices according to their consumer
preference, but off-specification oranges are rejected to ensure robust quality juices. Thus,
the monitoring of orange ripening when trees are grafted on different rootstocks at a given
location is essential to improve juice quality.

Although earliness is a characteristic of the scion, the rootstock may change the
ripening development of orange fruits [30,33,35]; thus, rootstock selection plays a crucial
role in new citrus orchards. The rootstock is an important component of a healthy and
productive citrus tree, influencing the fruit yield, fruit quality, tree size, and tolerance of
diseases [60,61]. However, the selection of rootstocks in many growing countries has been
based mainly on disease control.

Currently, in Sao Paulo State, Brazil, ‘Rangpur’ lime and ‘Swingle’ citrumelo are the
main rootstocks, while in Florida, US, ‘Carrizo’ citrange and ‘Swingle’ citrumelo are the
main rootstocks [62,63]. As demonstrated in this work, some citrandarin rootstocks, such
as ‘US-852" and IPEACS-256, are strong options for improving the quality of orange juice,
and diversification is an important tool to avoid emerging and destructive diseases that
put the citrus industry at risk.

The results of this study provide new information in terms of rootstock selection for
‘Valencia” orange trees, taking into consideration the location, climatic conditions, and
demands of each market, using certain important characteristics of orange fruit ripening
development, such as the Mlj,, and CCL

4. Conclusions

The aim of this work was to assess the ripening development of “Valencia’ orange
fruits when trees are grafted on different ‘Trifoliata” hybrid rootstocks, grown in different
subtropical locations, to obtain high-quality fruits. In general, the rootstocks influenced
the main features of orange ripening, such as soluble solids content, maturation index,
and citrus color index. At the RA location (380 m a.s.l), trees on IPEACS-256 and ‘US-852’
citrandarins had the highest SS and the “US-852’ citrandarin the highest MI, reaching the
My, earlier than the other rootstocks. The highest CCI was achieved when trees were on
IPEACS-256 citrandarin. At the SSA location (650 m a.s.l.), trees on “US-852’, IPEACS-256,
and IPEACS-264 citrandarins had the highest SS, but on “US-852" had the highest MI,
reaching the earliest Ml;;,, among the rootstocks. The highest CCI was achieved when
trees were on‘US-852" and IPEACS-256 citrandarins. At the SSJ location (835 m a.s.l.), there
was no significant effect of rootstocks on ‘Valencia’ orange fruits for any of the variables
evaluated. This assessment can be useful in the planning of new orchards producing
high-quality fruits with desirable features for the orange juice industry.
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Abstract: (1) Background: Climate change associated with a warm autumn often hampers the de-
velopment of colouration of many fruits including late ripening apple varieties in New Zealand.
(2) Objective: This study will provide detailed information on the possibility of enhancing colouration
of apples under the diffuse light conditions in autumn in the southern hemisphere (SH). The aim is
to obtain a larger proportion of fruit meeting the (red) colour market specifications, especially within
the first picks, and to identify both the side of the fruit and its position within the tall trees canopy
(3.5 m) as affected by reflective mulch on the ground spread at and over different times. (3) Material
and methods: Reflective white textile mulch (Extenday®) was spread in the grassed alleyways 4
weeks or 2 weeks before the anticipated harvest in April on cv. Fuji and Pacific Rose apple trees
without hail nets in the Northern Part of the South Island (41° S) of NZ. Fruit colour (blush) was
determined by scoring and colourimeter during fruit maturation and at harvest, and fruit quality was
determined at harvest by standard methods. (4) Results: (a) In cv. Pacific Rose apple, the reflective
mulch increased the scored blush value from 1.5 (<50% blush) to 3.9 (ca. 75% blush) before the first
pick, whereas the control fruit (without Exter\dayR) reached a final score value of only 3.0. (b) Fruit
colour improved after one week of exposure to reflective mulch in the SH. (c) The scored blush
on fruit near the trunk with reflective mulch doubled (Pacific Rose) or tripled (Fuji) at harvest in
comparison with trees with grass alleyways (control). (d) Two and four weeks of reflective mulch
enhanced colouration of the down facing side for fruit of both cultivars, especially for fruit from the
inside of the canopy near the tree trunk. However, reflective mulch significantly improved blush by
20% on fruit from the periphery of the canopies of the tall trees in both cultivars without significantly
affecting fruit firmness, soluble solids, starch breakdown or ripeness. (5) Conclusions: The results
from ca. 2000 colour measurements showed that the short exposure of at least two weeks of reflective
mulch was sufficient for enhancing colouration for outside, inside and down facing sides of the fruit
of both cultivars. As a result of this surprisingly short and efficient exposure time for these tall trees
(3.5 m), the reflective mulch increased the portion of fruit harvested in the first pick by 8% (Fuji)
and by 27% (Pacific Rose) with improved fruit storability or export quality and thereby increased
financial returns to the grower in the SH.

Keywords: apple (Malus domestica Borkh.); anthocyanin; colouration; Envy, Extenday®; fruit quality;
Fuji; Jazz; light reflection; PAL—Phenylalanine-amminia-lyase; reflective mulch; shading

1. Introduction

For the consumer, fruit colour is one of the predominant incentives for purchasing
a fruit. From apricot to persimmon and from apple to grape, the red colour is associated
with ripeness, good taste and sweetness (Hamadziripi et al., 2014) [1]. Therefore, colour
management is an important issue for fruit production around the world. New Zealand'’s
apple industry provides markets all over the world with a wide range of red coloured apple
varieties, such as Gala, Braeburn, Jazz, Envy and Fuji, during the Northern hemisphere
(NH) spring and summer before local fruit in the NH become available. The formation
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of anthocyanin pigments in the fruit skin, which are responsible for the red colouration
of fruits, including of the apple, depends mainly on environmental factors such as light
quality (PAR, UV) and quantity and temperature (cool night), which are sensed by the
MYB 10 gene (Wang et al., 2011) [2]. Fruit colouration i.e., blush can also be influenced to
some extent by cultural practices such as pruning, thinning, fertilization, biostimulants
and plant growth regulators (Andris and Crisoto, 1996) [3].

New Zealand exhibits record apple yields of 100-120 t/ha compared with 60-80 t/ha
in Bonn, Germany. In New Zealand, late ripening apple cultivars, especially Fuji, are
commonly grown on tall trees of 3.5 m height on semi-vigorous rootstocks and can fail
to form red colour. This is due to the mutual shading, shorter autumn day length (pho-
toperiod), decreasing light intensity (PAR and UV), decreasing solar angle (Meinhold et al.,
2010a) [4] and the occurrence of warm autumns with warm nights. Reflective mulches,
either metallised polyethylene or white woven polypropylene plastic, placed between
tree rows on the ground, have been used in a number of NH countries to improve light
distribution within the canopy and thus to enhance colouration of ripening fruits. In trials
carried out on cv. Fuji apples under the high light conditions in California, the percentage
area of skin red colour was increased by up to 65% (Andris and Crisosto, 1996) [3]; more
fruit from the white reflective mulch treatment were packed in the well-coloured premium
marketing categories “Fancy” and “Extra Fancy” than the control. Referring to Standard
Fruit Specifications for apple cv. Fuji (T&G Specifications Manual, 2018) [5], high Grade
fruits must have predominant pink or red colour > 75% of the fruit surface area and Stan-
dard Grade fruit must have > 50%. Therefore, using reflective mulches in New Zealand’s
Fuji orchards, with overcast autumn weather conditions and a large portion of diffuse light,
could increase the export packout due to better colouration and would justify the cost of
the material, which can be repeatedly used. First, we need to understand the underlying
mechanisms and identify the target fruit within the canopy. With insufficient blush and
colour (°hue) development of attached fruit in different positions on the tree, the aim of
this study was to evaluate the ways in which reflective mulch influences fruit quality and
colour on large and vigorous trees in New Zealand (NZ) at 41° S latitude in the Southern
Hemisphere (SH), also with future hail nets to come in mind. A white woven reflective
mulch was used 4 or 2 weeks before the predicted harvest date in mid-April to evaluate
the necessary timeframe for sufficient colour development (anthocyanin synthesis) of these
late-ripening cv. Fuji and Pacific Rose apples at Motueka (NZ). To identify how the position
of the fruit on the tree was affected by light reflectance, the colour development on marked
attached fruits from the inside and outer periphery of the tree canopy was monitored at
regular intervals and fruit analysed for quality after harvest. This study was conducted
to provide detailed information on the possibility of enhancing colouration of apples to
obtain a larger proportion of fruit meeting the colour market specifications and therefore
to increase the portion of the desired first pick. Additionally, the aim is to identify, which
side of the fruit and its position within the tree are affected by reflective mulch. This could
therefore lead to a better financial return for the fruit while satisfying both trader and
consumer and providing not only more attractive, but also healthier apple fruit (Overbeck
et al., 2013) [6] (Smrke et al., 2019) [7].

2. Materials and Methods
2.1. Apple Trees, Orchard Location, Management and Experimental Design

For the experiments, two orchards near Motueka were chosen. This Northern part
of the South Island (latitude 40-42° S) is one of the major pipfruit growing areas of New
Zealand. The treatments were carried out on Fuji/MM 106 apple trees without hail nets
in a commercial orchard owned by Michael Moss and on Pacific Rose/MM 106 trees at
HortResearch, Nelson Research Centre at Motueka. Due to the semi-vigorous rootstock,
trees were ca. 3.5 m in height, and the spacing of the trees was relatively wide with
5m x 3 m for Fuji and 4 x 2.5 m for Pacific Rose (Figure 1), respectively. Twelve apple
trees per variety were employed in each location in one (Fuji) or two rows (Pacific Rose).
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Trees planted in N-S-oriented rows were selected on the basis of uniform crop load and
vigour. The girth measurements 20 cm above the graft union ranged from 39 cm to 51 cm
for Fuji and 30 cm to 42 cm for Pacific Rose respectively. The design of the experiment was
a randomized block with 4 replicates. Each block consisted of one tree per treatment (0, 2,
4 weeks) being separated by at least one border tree leaving at least 6 m between exposed
and control trees (Figure 1). A new batch of reflective mulch (Extenday™, Extenday New
Zealand Limited, Auckland) was placed in the alleyways on both sides of a tree 4 weeks
(Fuji 2 March, Pacific Rose 7 March) or 2 weeks (Fuji 16 March, Pacific Rose 21 March)
before the anticipated harvest in April in both locations. Trees with uncovered grass strips
served as control (Figure 1).

Figure 1. Apple trees of cv. Pacific Rose on MM 106 (a) without (left) and (b) with reflective mulch
(right) at HortResearch, Motueka (NZ).

2.2. Colour Scores (Blush) during Fruit Maturation

For each of the four replicates of the three durations, i.e., reflective mulch for 0, 2,
4 weeks prior to harvest, ten attached apple fruit from the inside the tree canopy close to
the tree trunk and ten apple fruit from the outer periphery of the tree canopy were tagged.
Blush development was visually classified every other day on the same 480 attached fruits
in five groups (0 = no blush; 1 = 1-25% blush; 2 = 25-50% blush; 3 = 50-75% and 4 =
75-100% blush). Blush development on 240 tagged cv. Fuji apple fruit was scored ten times
starting 6 March and ending 29 March, six days before the first pick. Similarly, 240 tagged
Pacific Rose fruit were scored nine times starting 8 March and ending 30 March, 11 days
before the first pick.

2.3. Colour Measurement during Fruit Maturation

Colour development was measured on half (five) of the already tagged fruit for blush
scoring. Colour was measured on the same 240 fruit (120 fruit per variety) in situ non-
destructively three times at weekly intervals prior to the predicted harvest date. Colour
was measured on three spots on opposite sides on the fruit equator, i.e., the side of the
fruit facing the trunk (“green side”) and the side of the fruit facing the outside (“red side”),
with a Minolta Chroma Meter CR-200 (Minolta Co., Osaka, Japan) based on CIE (1976;
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L*, a*, b*) colour space. Colour was described by the parameters chroma and hue angle
according to McGuire (1992) [8].

2.4. Fruit Quality and Colour Assessment at Harvest

To examine the effect of the reflective mulch on fruit quality and colour, eight fruit
from the inside and outside of the tree canopy and 4 fruit from the top of the canopy were
sampled for each treatment and replicated at each pick. Apples, representative of each treat-
ment, were assessed for fruit weight, soluble solids (by refractometry), starch breakdown
(after staining with potassium iodine), background colour, percentage blush on the peel
and flesh firmness (with a penetrometer using standard methodology) (Meinhold et al.,
2010a) [4] (Overbeck et al., 2013) [6]. Streif-Index was calculated by fruit firmness/(soluble
solids x starch breakdown). This resulted in 720 fruit quality values for cv. Fuji (480 for cv.
Pacific Rose).

At harvest, colour was measured as described above again on two opposite sides of
the fruit (“red” and “green” side) and additionally on the down facing side of the fruit
marked while on the tree before harvest.

2.5. Yield and Fruit Grading

For apple cv. Fuji (Pacific Rose), the harvest in Motueka, New Zealand, started with
the first pick on 5 April (11 April) and the second pick on 17 April (no second pick for
Pacific Rose). The initial start date of the first pick was selected according to NZ industry
standards based on the internal quality of the fruit, i.e., the starch breakdown. The first
pick was selective and based on blush and colour (area and brightness), whereas the last
pick on 30 April (23 April) was a strip pick to remove all leftover fruit.

An automated Lynx Grader (LYNX Horticultural Systems, Auckland, New Zealand)
was used to assess yield, fruit weight and fruit number for each pick.

2.6. Statistics

The experiment comprised 24 apple trees, i.e., 12 trees for each of the two varieties.
Each treatment consisted of one tree plus border trees and was repeated four times in a
randomised design. Twenty fruits from each tree were scored for blush development ten
times (Fuji) or nine times (Pacific Rose) prior to harvest, so that 2400 score values could be
obtained. Fruit quality and colour measurements at harvest were done on 20 fruit per tree
per pick and variety.

Colour angle (° hue) and blush scores during fruit maturation were analysed by
ANOVA separately for each side of the fruit and date and the two positions within the tree
canopy for the effects of the treatments.

Percentage blush, colour angle (° hue) and fruit quality parameters at harvest were
analysed by ANOVA separately by pick and the two positions within the tree canopy for
the effects of the treatments.

Yield data were analysed by two-factorial analysis of variance (ANOVA) (treatment x
pick). If there was no significant interaction, the data were analysed for the main effects of
treatment and pick.

Overall, the yield of 24 apple trees, 4800 score values and 720 colour measurements
during maturation as well as 1200 fruit quality assessments and 3600 colour measurements
at harvest were statistically processed by analysis of variance (ANOVA) and post-hoc
Tukey test at the 5% error level using SPSS Statistics package 26 (IBM, Michigan, USA).

3. Results
3.1. Temperature Course in March and April

Figure 2 shows the temperature course during the experiment and probable start of
the induction of anthocyanin synthesis from 28 March with a Ty, and AT of 1.7 °C and
17.5 °C on 31 March.
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Temperature course in March and April
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Figure 2. Temperature curve in March and April at HortResearch, Motueka, New Zealand, during
the experiment- black arrows indicate the dates of laying the reflective material for Fuji (F) and Pacific
Rose (PR) and the red arrows for the begin of the harvest (asterisks).

3.2. Increase in the Portion of the First Pick

In both apple cvs., Fuji and Pacific Rose, the reflective mulch increased the portion of
fruit harvested in the first pick, which is relevant for storage and export quality as only
the first pick goes into storage and is exported. This portion of the first pick of the late
and difficult to colour cv. Fuji increased from 30% in the control to 38% with reflective
mulch 4 weeks prior to harvest (Figure 3). This desired effect was more pronounced for
the other later ripening cv., Pacific Rose, with an increase from 40% in the control to 62%
with reflective mulch 2 weeks prior to harvest and, significantly, to 67% 4 weeks prior to
harvest (Figure 4). For untreated trees, there was a significant difference of the percentage
yield between the second and the third pick. There was no significant difference in mean
fruit weight between the picks (result not shown), ensuring full-sized fruit in the first pick.
Reflective mulches did not significantly affect overall fruit yield in either cvs., Fuji and
Pacific Rose (Figures 3 and 4), thereby preventing any interference with the effects of the
reflective mulch.
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Percentage picks of total yield cv. Fuji
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Figure 3. Summation of yield in each pick of cv. Fuji as dependent on the timing of reflective mulch
in Motueka, New Zealand, (41° S). (Picks with different letter for the same treatment are statistically
different (p < 0.05) (n = 60 fruit per treatment per position)).

Percentage picks of total yield cv. Pacific Rose
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Figure 4. Summation of yield in each pick of cv. Pacific Rose as dependent on the timing of reflective
mulch in Motueka, New Zealand, (41° S). (Picks with different letter for the same treatment are
statistically different (p < 0.05) (n = 60 fruit per treatment per position)).

3.3. Colour Scores (Blush) during Fruit Maturation and at Harvest

When applied four weeks before the anticipated harvest in the late and poorly colour-
ing cv. Fuji, the reflective mulch improved blush development of the fruit significantly
compared to untreated fruit by at least one score value on a 1 to 4 colour viz., blush scale,
as soon as one week after the material had been laid (Figure 5).

176



Horticulturae 2021, 7, 2

Score values of blush development in cv. Fuji in March
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Figure 5. Score values of blush development in cv. Fuji in March as dependent on the timing of
reflective mulch (average of fruit from the inside and outside of the tree canopy). (plus SEs; Different
letters denote statistical differences within the same date at the p = 0.05 level (n = 80 fruit per treatment
per pick.) Arrow indicates day of laying the mulch.

When reflective mulch was applied only two weeks before the anticipated cv. Fuji
harvest, colour improvement could already be observed after one week, which has not been
reported before to our knowledge. The score value of cv. Fuji fruit increased significantly
from 1.5 to 3.9 before the first pick, whereas the control fruit (without mulch) reached a
score value of only 3.0 (Figure 5).

In the difficult to colour cv. Pacific Rose, the blush development also started one
week after the material had been laid out at score values 1.5 for both the control group
(without Extenday™) and the “Extenday 4 weeks prior to harvest” group (Figure 6).

Score values of blush development in cv. Pacific Rose in March
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Figure 6. Score values of blush development in cv. Pacific Rose in March as dependent on the timing
of reflective mulch (average of fruit from the inside and outside of the tree canopy) at Motueka (NZ).
(plus SEs; Different letters denote statistical differences within the same date at the p = 0.05 level (n =
80 fruit per treatment per pick.) Arrow indicates day of laying the mulch.
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Both exposure times for Fuji and Pacific Rose resulted in the same score values
at harvest (Figures 5 and 6) being significantly different to values from fruit without
reflective material.

In addition to the scored colour values recorded repeatedly on the same marked
attached fruit (Figures 5 and 6), blush was also finally measured at harvest, from fruit from
each of the two (Pacific Rose) or three picks (Fuji). The marked effect of the reflective mulch
was on fruit at harvest of both cultivars (Fuji and Pacific Rose) from the otherwise partially
shaded inside of the tree canopy (Tables 1 and 2).

Table 1. Percentage blush of cv. Fuji apple at each pick dependent on fruit position within the canopy.

Fruit Position within the Tree Canopy

Pick and Treatment Inside Periphery Top
First pick
Control (without Extenday) 184 b 658 b 719 b
Extenday 2 weeks prior to harvest  62.0 a 781 a 741 b
Extenday 4 weeks prior to harvest 68.6 a 79.7 a 844 a
Second pick
Control (without Extenday) 439 b 664 b 825 a
Extenday 2 weeks prior to harvest 775 a 770 a 722 a
Extenday 4 weeks prior to harvest 780 a 773 a 79.7 a
Last pick
Control (without Extenday) 372 b 63.1 b 734 a
Extenday 2 weeks prior to harvest  80.5 a 744 a 769 a
Extenday 4 weeks prior to harvest 758 a 772 a 769 a

Different letters denote statistical differences within the same fruit position within the apple tree
and pick at the p = 0.05 level (n = 80 fruit per treatment per pick). Background colours highlight /
visualise significant differences in blush.

Table 2. Percentage blush of cv. Pacific Rose apple at each pick dependent on fruit position within

the canopy.
Fruit Position within the Tree Canopy

Pick and Treatment Inside Periphery Top

First pick
Control (without Extenday) 394 b 748 b 90.0 a
Extenday 2 weeks prior to harvest 863 a 894 a 953 a
Extenday 4 weeks prior to harvest 923 a 911 a 90.3 a

Last pick
Control (without Extenday) 67.0 b 747 b 80.0 a
Extenday 2 weeks prior to harvest 841 a 79.1 ab 862 a
Extenday 4 weeks prior to harvest 89.5 a 89.7 a 883 a

Different letters denote statistical differences within the same fruit position within the apple tree and
pick at the p = 0.05 level (n = 80 fruit per treatment per pick). Background colour highlights significant
differences in blush.

The percentage of blush on inside fruit tripled (Fuji) or doubled (Pacific Rose) at
the first pick with reflective mulch in comparison with the untreated control, i.e., grass
alleyways. Similarly, reflective mulch significantly improved blush by 20% on fruit from
the tree periphery for all picks in cv. Fuji and for the first pick in cv. Pacific Rose (Tables 1
and 2).

The significantly improved colouration (blush) of fruit closer to the tree trunk within
the tree canopy is due to diffuse light reflection from the mulch in the alleyways into the
tree canopy (Meinhold et al., 2010a) [4]. This effect was absent on fruit from the upper
part and periphery of the canopy (Tables 1 and 2) due to the larger distance (3 m) from the
reflective mulch and sufficient solar radiation under NZ autumn weather conditions.
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3.4. Colour Development of the Apple Fruit during Maturation

Reflective mulch 2 or 4 weeks before harvest improved fruit colouration significantly
during maturation of the Fuji apples, as measured by decreased hue colour angle both on
the inner side of fruit (green side) inside the tree canopy (110 °hue to 75 °hue) and those in
the outer tree periphery (100 “hue to 60 *hue) (Figure 7).

Colour development of cv. Fuji - green side of the fuit

120
110
100

a a a
a
I I b a a
b
0 l I
15 22 29 15 22 29

Inside tree canopy Outer tree periphery

N Wk U X0 D
oo oo oo oo

Colour angle [*hue]
S

Day of the month and position

m Control (without Extenday) ® Extenday 2 weeks prior harvest ™ Extenday 4 weeks prior harvest

Figure 7. Colour development dependent on fruit position within the tree of cv. Fuji as measured on
15, 22 and 29 March on the inner green side of the fruit as affected by reflective mulch. (Treatments
with different letter for the same position of the fruit within the same day are statistically different
(p < 0.05) (n = 60 fruit per treatment per position)).

In contrast to the pronounced significant effect of the reflective mulch on the trunk-
oriented green side of the cv. Fuji fruit (Figure 7), the colour effects of the reflective mulch
were lesser on the red side of the fruit. Reflective mulches significantly improved hue
colour angle of the red side of the fruit from the inside the tree canopy, irrespective of
the time. By contrast, the red side of the cv. Fuji fruit in the periphery was already well
coloured with colour angles of ca. 35° hue (Figure 8), so that the application of Extenday™
had no significant effect.

Similarly, the effect of reflective mulch on colour development on the green inner,
trunk-oriented side of the fruit was significant. Larger colour angles of 100-110 °hue
in untreated fruit of cv. Pacific Rose, especially fruit from the inside of the tree canopy
(Figure 9), meant greener apple fruit. Spreading Extenday™ two weeks prior to harvest
was sufficient under NZ weather conditions (SH at 41° S) to significantly enhance fruit
colouration. On the trunk-oriented inner green side of the fruit two weeks prior to harvest,
reflective mulch improved fruit colour viz., decreased the green side from 105° hue to 80°
hue, whereas it remained at 100° hue in the control group. Both treatments of reflective
mulch significantly enhanced colouration on the red side of the fruit in cv. Pacific Rose
(Figure 10), even on the outer tree periphery (Figure 13). Overall, the effect on the green
side inside the tree canopies of both varieties was more pronounced than on the red side of
the fruit.
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Colour development of cv. Fuji - red side of the fuit
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Figure 8. Colour development dependent on fruit position within the tree of cv. Fuji as measured
on 15, 22 and 29 March on the red side of the fruit as affected by reflective mulch. (Treatments with
different letter for the same position of the fruit within the same day are statistically different (p <
0.05) (n = 60 fruit per treatment per position).

Colour development of cv. Pacific Rose - green side of the fuit
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Figure 9. Colour development dependent on fruit position within the tree of cv. Pacific Rose as
measured on 14, 21 and 28 March on the green side of the fruit as affected by reflective mulch spread
4 or 2 weeks prior to anticipated harvest. (Treatments with different letter for the same position of the
fruit within the same day are statistically different (p < 0.05) (n = 60 fruit per treatment per position).
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Colour development of cv. Pacific Rose - red side of the fuit
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Figure 10. Colour development dependent on fruit position within the tree of cv. Pacific Rose
as measured on 14, 21 and 28 March on the red side of the fruit as affected by reflective mulch.
(Treatments with different letter for the same position of the fruit within the same day are statistically
different (p < 0.05) (n = 60 fruit per treatment per position).

3.5. Colour of Apple Fruit at Harvest

Figures 11 and 12 show that two weeks of reflective mulch is sufficient for enhancing
colouration of the down facing side in cv. Fuji and cv. Pacific Rose, especially for apple
fruit from the inside of the canopy near the tree trunk. For Pacific Rose, these values were
massively decreased from 88 “hue to 18 “hue in both cases of 2 and 4 weeks reflective
mulch prior to harvest (Figure 11).

Colour at first pick of cv. Fuji - downfacing side of the fuit
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Figure 11. Colour of the down facing side of the cv. Fuji fruit at first pick as affected by the timing of
reflective mulch. (Treatments with different letter for the same position of the fruit within the same
pick are statistically different (p < 0.05) (n = 60 fruit per treatment per position).
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Colour at first pick of cv. Pacific Rose - downfacing side of the fuit
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Figure 12. Colour of the down facing side of the cv. Pacific Rose fruit at first pick as affected by the
timing of reflective mulch. (Treatments with different letter for the same position of the fruit within
the same pick are statistically different (p < 0.05) (n = 60 fruit per treatment per position).

In cv. Fuji, the colour of the down facing side of the fruit was similarly reduced from
nearly 100 “hue to 40-44 °hue (Figure 12). Interestingly, the down facing side of the fruit
from the top of the tall trees (3.5 m) was already sufficiently coloured with 68 “hue in cv.
Fuji and 40 °hue in cv. Pacific Rose (Figure 13).

REFLECTIVE GROUND COVER

REFLECTIVE GROUND COVER

4 WEEKS BEFORE HARVEST CONTROL
2 WEEKS BEFORE HARVEST

Figure 13. Effect of reflective mulch on fruit colouration of cv. Pacific Rose at harvest- most conspicu-
ous on the (down-facing) apex side of the apple fruit.

3.6. Effect of Reflective Mulches on Fruit Quality at Harvest

Fuji fruit from the periphery of the tree canopy in the first pick and fruit from the
inside for the second pick showed significantly higher Streif index (Table 3). The accelerated
ripeness is mainly caused by differences in starch breakdown (data not shown). These find-
ings for apple trees with Extenday® showed a tendency to enhance starch breakdown as
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described by Meinhold et al. [9]. There was no significant effect on ripening (Streif index)
for apple fruit in cv. Pacific Rose (Table 4).

Table 3. Quality parameter (Streif index) and ripening of cv. Fuji apple at each pick dependent on
fruit position within the tree canopy.

Fruit Position Within the Tree Canopy

Pick and Treatment Inside Periphery Top
First pick
Control (without Extenday) 019 a 015 b 021 a
Extenday 2 weeks prior to harvest 021 a 019 a 025 a
Extenday 4 weeks prior to harvest 020 a 019 a 024 a
Second pick
Control (without Extenday) 013 b 012 a 014 a
Extenday 2 weeks prior to harvest 016 a 013 a 017 a
Extenday 4 weeks prior to harvest 016 a 014 a 013 a
Last pick
Control (without Extenday) 011 a 0.10 a 011 a
Extenday 2 weeks prior to harvest 011 a 010 a 012 a
Extenday 4 weeks prior to harvest 011 a 010 a 010 a

Different letters denote statistical differences within the same fruit position within the apple tree and
pick at the p = 0.05 level (n = 80 fruit per treatment per pick). Background colours highlight significant
differences in fruit maturity (Streif index) between control (grassed alleyway) and reflective mulch
(ExtendayTM).

Table 4. Quality parameter (Streif index) of cv. Pacific Rose apple at each pick dependent on fruit
position within the tree canopy.

Fruit Position Within the Tree Canopy

Pick and Treatment Inside Periphery Top
First pick
Control (without Extenday) 0.44 a 0.19 a 0.40 a
Extenday 2 weeks prior to harvest 0.37 a 0.26 a 0.28 a
Extenday 4 weeks prior to harvest 0.38 a 0.29 a 0.32 a
Last pick
Control (without Extenday) 0.39 a 0.26 El 0.20 a
Extenday 2 weeks prior to harvest 0.33 a 0.25 a 0.19 a
Extenday 4 weeks prior to harvest ~ 0.35 a 0.21 a 0.24 a

In both cultivars, there was no significant effect of the reflective mulch on fruit weight
(result not shown), as expected, given the short time of environmental microclimate modi-
fication in the orchard.

4. Discussion

The objective of the present work was to study the influence of a reflective white
textile mulch (Extenday®) on colouration of fruit at various positions within the canopy of
the tall trees on three sides of the fruit (inside, outside, down-facing) and quality in two
late maturing apple cultivars under Southern hemisphere conditions in New Zealand at
41°S depending on the time of spreading the ground cover.

4.1. Fruit Colouration

In fruit grading, export quality (class I) depends on the overall percentage colouration
of the fruit surface. The down facing side is usually the part of the apple fruit least exposed
to light [10] and least coloured, and therefore, any improvement in its colouration is
relevant for grading and pricing of the fruit.

Satisfactory colour of apple fruit requires a certain amount of available sunlight.
Therefore, fruit or fruit parts grown in shade will not turn red during ripening due to a
lack of anthocyanin synthesis, particularly under hail nets [11,12].
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This may be due to providing a longer exposure to light during the time, when antho-
cyanin synthesis, PAL activity and MYB 1 and MYB 10 gene expression in the apple peel
starts ca. 4-5 weeks prior to harvest (Lancaster, 1992, Wang et al., 2011) [2,13]. The results
show the strong effects of reflective mulch on red colouring, as expressed by an increase in
blush development (Figures 5 and 6) or the decline in colour angle [°hue] (Figures 9 and
10). Both effects can be shown throughout the last weeks before harvest and were more
pronounced on fruit from the inside than from the outside of the canopy (Figures 7 and 8).
This will result in more fruit archiving even red colouring and therefore being chosen for
consumption.

Overall, the most pronounced effects of the reflective mulch on late-ripening apple
cultivars were on

(a)  Fruit from the inner part of the tree (in comparison with the tree periphery),

(b) The inner side of fruit in the tree (as compared with the outer side of these fruit),

(c) The down-facing side of fruit in the tree canopy (as compared to the outer side of the
fruit),

which has not been studied in such detail neither in the NH nor the SH.

4.2. Fruit Picks

Fruit in the first pick are mostly from the outer and upper periphery of the tree canopy.
Because the main influence of the reflective mulches can be observed and explained on
fruit from the inner part of the tree canopy [12], their portion enhances in the first pick.
Sometimes fewer picks have to be carried out to retrieve all fruit from a tree. Any increase
of the portion of fruit in the first pick, such as 8% in cv. Fuji and 27% in cv. Pacific Rose
(Figures 2 and 3), improves labour efficiency; exclusively fruit from the first pick are
suitable for long term storage or export with superior financial returns. Therefore, the use
of reflective mulch can be cost effective, as expensive and scarce labour is saved.

4.3. Fruit Quality

The results in Tables 3 and 4 are in line with findings in Europe, where the weather at
50° N at Bonn is less beneficial with a shortage of autumn radiation. Positive mulching
effects have been shown on soluble solids and starch breakdown in cv. Elstar and Jonagold
on small trees (2.8 m) on dwarfing M9 rootstock (Funke and Blanke 2011) [14].

The amount/ intensity of reflected light decreases with the square of the distance to
the reflective mulch and hence hardly influences fruit in the upper part of the tree canopy.

4.4. Tree Training Size/Rootstock and Colouration

The use of semi-vigorous rootstocks such as MM106, as used in this trial, are common
throughout NZ and some of the SH but can hardly be found on the European continent.
The larger trees of MM106 provide a larger distance of the target fruit from the reflective
mulch. Therefore, the influence of reflective mulch on fruit colouration shows a more
profound effect on small trees such as Braeburn and Elstar and Jonagold all on M9 rootstock
(Funke and Blanke 2005, 2011) [10,14] than on large trees (Table 5).
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Table 5. Influence of latitude and tree size on minimum exposure time of reflective mulches.

Location Latitude Tr.ee Weeks Yield Time
Height
Southern hemisphere
39-41° 90-120 March-
Nelson, Southland, New Zealand S 3.5m 2+ t/ha i
Northern hemisphere-North
America-USA
Washington State, Pacific Northwest, = 46-47° 60-90
USA N 3.5m 34 t/ha September
Geneva, New York, East Coast, USA 46° N 35m 3-4 63_}19: September
Northern hemisphere -Europe
45—
o 60— Aug.—
South Tyrol, Italy 46N.5 3.5m 2+ 90t/ha Sept.
o 60-80 Aug.—
Lake Constance, Germany 47.4° N 3.5m 3+ t/ha Sept.
Bonn/Belgium/Holland /Poland / 50-51° 40-60
Somerset, East Malling, Kent, UK N 2 e t/ha Szl

5. Conclusions

Four weeks use of reflective mulch appeared only slightly more beneficial than 2 weeks
use in the present experiment (Figures 4 and 5), which is in line with NH results with tall
apple trees from South Tyrol (46°), but considerably shorter than the 4 to 6 weeks even
with smaller trees (2.8 m) at 50° N in the “apple belt” along the 50-51° N, e.g., at Bonn,
Belgium, Kent and Somerset etc. (Table 5). The positive results of 2 weeks less of spreading
enables duplicate use in the same year starting with early ripening apple varieties such
as cv. Gala and subsequent use in late ripening varieties such as cv. Fuji, Envy or Jazz
and may extend the overall period of reflective mulch in the orchard. Such repeated use
of these materials, textile or other, makes their use more sustainable and more economic,
since the material is already out in the field and just needs to be pulled onto another plot.

Usually prices are higher in the beginning of the season with better returns for first
picked fruit; long-term storage is restricted to first pick fruit. In both apple cvs Fuji and
Pacific Rose, the reflective mulch increased the portion of fruit harvested in the first pick,
which is the relevant portion for storage and export quality and, to our knowledge, has not
been reported so far for these varieties on such large trees in the southern hemisphere (SH).
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Abbreviations

NH Northern hemisphere (NH)

PAL Phenylalanine-ammonia-lyase
PAR Photosynthetically active radiation
SH Southern hemisphere
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Abstract: The aim of this research was to determine the incidence and possible causal pathogen(s) of
premature apple fruit drop (PAFD), and also to assess some fungicides for controlling the disease
organisms, in order to promote a sustainable system in orchards. The prevalence and natural
incidence of apple fruit drop in cv. Anna was assessed during the 2017-2018 growing seasons in
Nubaria and Cairo—Alexandria regions, Egypt. Phytopathogenic fungi were isolated from dropped
fruit, and four fungicides, pyraclostrobin + boscalid, difenoconazole, carbendazim, and thiophanate
methyl, were tested against the diseases in vitro and under naturally occurring infections in the
field. Several phytopathogenic fungi, including Alternaria alternata, Cladosporium cladosporioides,
Fusarium semitectum, and Penicillium spp., were associated with apple fruit drop. A. alternata was the
most frequently isolated fungus occurring during the investigation. Pathogenicity tests confirmed that
the maximum percentage of apple fruit drop was noted when petioles and fruits were inoculated with
mixed fungal pathogens using branch sections with fruit. In vitro tests showed that the fungicides
had a variable effect against the fungal isolates depending on the concentration used. All fungicides
completely inhibited the growth of A. alternata, C. cladosporioides, and F. semitectum at 400 mg~L‘1.
Under naturally occurring infections, thiophanate methyl applied at fruit set had the greatest effect
(81.68%) against PAFD, followed by difenoconazole (73.76%), pyraclostrobin + boscalid (70.29%),
and carbendazim (66.34%). The results indicated that PAFD may in part be a result of diseases caused
by certain phytopathogenic fungi, which could be controlled using a number of fungicides applied at
the beginning of fruit set.

Keywords: fruit drop; sustainable systems; fungicides; Alternaria alternata

1. Introduction

Apples (Malus domestica Borkh.) ranked third for worldwide fruit production, at 86.1 million
tonnes and with the harvested area around 4,904,305 ha, in 2018. Egyptian apple production during
2018 was estimated to be about 704,727 tonnes and the harvested area nearly 28,085 ha, with a yield
25,092 kg-ha™! [1]. Apples are susceptible to several diseases, including apple scab (Venturia inaequalis),
bitter rot (Colletotrichum spp.), black rot (Botryosphaeria obtuse), powdery mildew (Oidium spp.),
sooty blotch (Gloeodes pomigena), flyspeck (Schizothyrium pomi), cedar-apple rust (Gymnosporangium
juniperi-virgininae), and fire blight (Erwinia amylovora) [2]. Premature fruit drop is one of the major
problems for apple production, leading to substantial losses in apple yield. In Egypt, it generally
appears when the fruit has reached 40-50% of their final size [3]. This problem is especially noted
when fruits are left to ripen for better red color development to meet consumer expectations. In some
years, losses due to premature drop can exceed 50% of the total crop yield, causing significant financial
losses [4].
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Previous studies have indicated an association of several fungi involved in moldy core and core rot
of dropped, as well as fully mature, apple fruit on the trees, but Alternaria alternata is the predominant
fungal pathogen responsible for moldy core and core rot of apples in different regions of the world [5,6].
Basically, in apples after fruit set, there is a period in which fruitlet drop occurs 5-6 weeks after full
bloom due to physiological causes, and this is referred to as June drop. Symptoms of moldy core can
also include premature ripening and fruit drop. This disease is caused by many different species of
fungi that naturally occur in the orchard.

In apple trees, the integration of aminoethoxyvinylglycine (AVG) and naphthalene acetic acid
(NAA) gave excellent premature drop control and did not reduce fruit firmness after controlled
atmosphere storage [7]. In ‘Golden Delicious” apples, AVG inhibited ethylene production, reduced
premature drop, and delayed fruit maturation on the tree, and fruit ripening and softening during
storage [8]. In the current research, we focused on premature fruit drop beginning around four weeks
before the expected apple harvest date. To the best of our knowledge, there is a lack of pathological
studies to determine if disease pathogens may be the causes of premature apple fruit drop (PAFD)
in Egypt. Therefore, this research was designed to determine the incidence and possible causal
pathogen(s) of PAFD, and to verify some means for controlling the diseases, in order to promote
a sustainable system in orchards.

2. Materials and Methods

2.1. Disease Survey

This study was performed during the two growing seasons of 2017 and 2018 in the Nubaria region
(Beheira Governorate) and on the Cairo—Alexandria desert road (Giza Governorate), Egypt. ‘Anna’
apple trees (Malus domestica Borkh.) showed natural fruit drop, and internal sections of dropped fruits
showed core browning. A survey was carried out across 20 orchards at each location, four weeks before
the expected harvest date. The proportion of orchards which had apple fruit drop were considered for
prevalence, determined using the following formula:

Number of fields showing fruit drop « 100

Prevalence (%) = Total number of fields visited

Percentages of naturally infected apple trees, approximately 9-12 years old, showing fruit drop
disease, were recorded in the above mentioned locations during April-May each year (Figure 1).
Disease incidence (%) was calculated using the following Equation:

Apple trees showing fruit drop disease

Disease incidence (%) = x 100

Total number of tested apple trees

2.2. Isolation and Identification of the Causal Agents

Isolation experiments were carried out on different parts of the fruit, calyx end, stem or pedicel
end, and internal parts collected from commercial apple orchards showing fruit drop. Samples were
collected as soon as they dropped after shaking the branches. Collected samples were smaller than
healthy fruit, collapsed, and showed an abnormal appearance. To ensure that dropped fruit had not
picked up the diseases from the soil and ground vegetation, the samples were washed under tap water
then left to dry on folds of filter paper at room temperature. Small pieces, visually observed to contain
both diseased and healthy tissues, were surface sterilized by immersing in 1% sodium hypochlorite
solution for two minutes, rinsed three times in sterilized distilled water, left to dry, then transferred
into 9 cm diameter Petri dishes containing potato dextrose agar (PDA) medium and incubated at
24 + 1 °C for 3-5 days in the dark. The growing fungal colonies were purified using the hyphal tip
technique [9,10]. Purified fungi were identified on the basis of their morphological characteristics,
according to Barnett and Hunter (1986) [11]. Pure culture stocks of the isolated fungi were kept on
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PDA slants at 5 °C for further study. The frequency (%) of each fungal species was calculated using the
following Equation:

Number of colonies of each fungal species

Frequency (%) = Total number of all fungi x 100

Figure 1. An ‘Anna’ apple tree showing natural fruit drop (a), collected dropped apple fruit (b), internal
tissues of dropped apple fruit showing core browning (c,d), fruit were about half their final size.

2.3. Pathogenicity Test

To fulfill Koch’s postulates, pathogenicity tests were conducted on healthy ‘Anna’ apple fruit
collected at 40-50% of full size and still attached to branches and petioles, from a private apple orchard
located on the Cairo—Alexandria desert road (Giza Governorate, Egypt). Apples were thoroughly
washed under tap water, surface sterilized with 0.5% sodium hypochlorite solution for 2 min, followed
by washing three times in sterilized water, and then air-dried on sterilized filter paper. Finally,
branches with prepared fruit were individually inserted into 1 L sterilized glass bottles, each containing
250 mL nutrient solution (1% urea + 2% K;SO4 + 0.5% ZnSO, + 0.3% Borax), as recommended by
Khamis et al. [12].

Conidial suspensions of isolated fungi (Alternaria alternata, Cladosporium cladosporioides, Fusarium
semitectum, and Penicillium spp.), individual or mixed, were prepared from seven-day-old cultures
grown on PDA plates (9 cm in diameter), according to Hussien et al. [13], and adjusted to 10° spores-mL !
following the methods of Lachhab et al. [14]. The same concentration of 10° spores:mL~! was used
for the mixed infection. Inoculation was done according to Youssef et al. [15], by injecting either fruit
petioles or fruit with 50 uL of the spore suspension. A set of petioles and control fruit were injected
with sterilized water only. The wounds were covered with melted (54 °C) wax [16]. Bottles were then
incubated under laboratory conditions (18-25 °C) and high relative humidity for 5-7 days. Five bottles,
each containing a branch with 4-5 attached fruit, were used as replicates for each treatment. The causal

189



Horticulturae 2020, 6, 31

agents of rot were re-isolated for identity confirmation. Dropped fruit (DF) percentages were calculated
using the following Equation:

D d fruit (%) — Number of dropped fruits .
ropped ruit o) = Number of fruits remaining attached to branches

2.4. Effect of Different Fungicides Against Causal Agents In Vitro

Four fungicides, pyraclostrobin + boscalid (Bellis®), difenoconazole (Score®), carbendazim
(Kemazed®), and thiophanate methyl (Onest®), were evaluated in vitro for their efficacy against fungal
mycelial growth. Fungal mycelia plugs (5 mm in diameter), from the growing edge of one-week-old
cultures, were placed in the center of Petri dishes with PDA amended with the tested fungicides at
final concentrations of 100, 200, and 400 mg-L~!. PDA plates without any added fungicide served as
the control. Each fungicide/concentration included three plates as replicates and the whole experiment
was repeated twice. The inoculated plates were incubated at 24 + 1 °C and radial fungal growth
was recorded after 5-7 days of incubation. Fungal growth (mm) was calculated as the average of the
orthogonal diameter [17,18].

2.5. Field Application of Different Fungicides Against Fruit Drop Disease

Four fungicides, pyraclostrobin + boscalid (Bellis®), difenoconazole (Score®), carbendazim
(Kemazed®), and thiophanate methyl (Onest®), were evaluated in the field under natural conditions
of infection at recommended doses (30 g, 50 mL, 50 g, and 65 g per 100 L of water, respectively)
approved by the Agricultural Pesticide Committee (APC) in the Ministry of Agriculture and Land
Reclamation, Egypt. Those fungicides were already registered in Egypt to control apple scab and
powdery mildew. The fungicides were applied by spraying the recommended dose at the beginning of
fruit set on a private farm on the Cairo—Alexandria desert road (Giza Governorate), Egypt. Set fruits
were counted before the fungicide application [15]. The orchards were divided into a randomized
complete block design. Five trees, each with three branches/tree, were used as replicates for each
treatment. Additionally, five trees sprayed with water only were used as the control. The percentage
of dropped fruits was calculated as previously mentioned. Moreover, the efficiencies of the tested
fungicides were calculated according to the following formula:

Dropped fruits (%) in the control group — Dropped fruits (%) in the treated group
= b o — x 100
ropped fruits (%) in the control group

Efficienty (%)

2.6. Statistical Analysis

Percentage data were arcsine-transformed before the analyses to normalize variance. Data were
subjected to one-way analysis of variance (ANOVA) using Statistica Software Ver. 6.0 (Stat Soft Inc.,
Tulsa, OK, USA). Fisher’s protected least significant difference test was used at p < 0.05 to distinguish
the differences among various treatments [19].

3. Results

3.1. Disease Survey

Disease was observed in all locations. Data presented in Table 1 show that the disease incidence
(%) was higher during 2018 than 2017. The maximum disease incidence (75.3%) was recorded in the
Nubaria region followed by the Cairo—Alexandria desert road (73.5%) in 2018, but reached 69.7% and
61.5%, respectively, in 2017.
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Table 1. Disease incidence (%) of dropped apple fruit in the investigated locations.

Disease Incidence (%)

Locations
2017 Season 2018 Season

Nubaria region (Beheira Governorate) 69.7 + 1.46a * 753 £ 1.13a
Cairo-Alexandria desert road (Giza Governorate) 61.5 +1.03a 73.5 + 1.45b

* Means =+ standard error followed by different letters within seasons are significantly different by Fisher’s protected
LSD test at p < 0.05.

3.2. Isolation and Identification of the Causal Organisms

The frequency of fungi isolated from naturally infected apple fruit collected from two different
locations is shown in Table 2. Isolation and identification revealed that four different fungi, Alternaria
alternata, Cladosporium cladosporioides, Fusarium semitectum, and Penicillium spp., were associated with
the naturally infected apple fruit, with average frequencies of 60%, 19%, 11%, and 10%, respectively.
In general, A. alternata was the most prevalent fungus isolated.

Table 2. Frequency (%) of fungal species from naturally infected ‘Anna’apple fruit collected from
different locations in Beheira and Giza Governorates, Egypt.

Fungus Nubaria Region Cairo-Alexandria Desert Road Mean (%)
(Beheira Governorate) (Giza Governorate)

Alternaria alternata 62.0+1.15a % 58.0 + 2.30a 60.0

Cladosporium cladosporioides 18.0 + 2.03b 20.0 £ 0.88b 19.0

Fusarium semitectum 12.0 +£ 1.16b 10.0 + 0.58b 11.0

Penicillium spp. 8.0 £ 0.67b 12.0 + 1.15b 10.0

* Meansz standard error followed by different letters within the same column are statistically different according to
Fisher’s protected LSD test (p < 0.05).

3.3. Pathogenicity of the Isolated Fungi

Koch’s postulates were fulfilled by artificially infecting ‘Anna’apple fruit attached to branches
collected from 12-year-old trees. After seven days, tests confirmed that the pathogenicity of the fungal
isolates varied between them in terms of infection rate, whereas the control treatment did not show any
symptoms. Generally, the maximum percentage of dropped fruit was recorded on petioles and fruits
inoculated with mixed fungal pathogens, at 78% and 62%, respectively (Table 3). Comparing pathogens,
the results showed that the percentages of dropped fruit were higher on petioles and fruits inoculated
with A. alternata, followed by C. cladosporioides, and then F. semitectum. The lowest percentage of
dropped fruits was observed for Penicillium spp., which was ignored for subsequent experiments.

Table 3. Pathogenicity of the isolated fungi on ‘Anna’ apple petioles and fruits expressed as the
percentage of dropped fruits.

Dropped Fruits (%)
Pathogen
Petioles Fruits

Alternaria alternata 62.0 + 0.88b * 52.0 +2.31b
Cladosporium cladosporioides 40.0 £ 1.15¢ 30.0 £2.91c
Fusarium semitectum 22.0 + 1.45d 18.0 + 1.15d
Penicillium spp. 8.0 £ 1.15e 6.0 £ 1.15e
Mixed fungi 78.0 + 0.88a 62.0 +2.30a
Control 0.0 = 0.0f 0.0 = 0.0e

* Means + standard error followed by different letters within the same column are statistically different according to
Fisher’s protected LSD test (p < 0.05).
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3.4. Effect of Different Fungicides against Causal Agents In Vitro

The effectiveness of four fungicides, each applied at three different concentrations, against the
isolated pathogenic fungi is shown in Table 4. Generally, all fungicides completely inhibited the
growth of A. alternata, C. cladosporioides, and F. semitectum at 400 mg-L~!. Additionally, difenoconazole
completely inhibited the growth of A. alternata and C. cladosporioides at 200 mg-L~1; thiophanate methyl
was able to completely inhibit the three pathogens at 200 mg-L~!; carbendazim completely inhibited
C. cladosporioides and F. semitectum at 200 mg-L~1. None of the fungicides suppressed the pathogens at
100 mg.L 1.

Table 4. Effect of four fungicides at 100, 200, and 400 mg-L~" against isolated pathogenic fungi growth
(mm) in vitro recovered from ‘Anna’ apples after premature fruit drop.

Fungal Growth (mm)

A. alternata C. cladosporioides F. semitectum
Active Ingredient 100 200 100 100 200 100 100 200 00
(mgL-1)
gys{,zc‘l;’]z;"bi“ wboscalid 53y 133c2 2675066 00:£00b  587+240b 187£067b  00£00b 493:0.66b 287£067b  00+00b
Difenoconazole (25% EC) ~ 293+0.67d  00+00d  00+00b 207+0.66d 00+00c  00+00b 413+0.67c 233+066c 0.0+ 0.0b
Carbendazim (50% WP) 580+20b  393+066b 00+00b 273+13c  00+00c  00+00b 187+0.66d 00+00d 0.0+ 00b
é%izpvl“]a[;‘)m methyl 20+115¢  00£00d  00£00b 167+067d 00£00c  00£00b 153+0.67 00+00d  0.000b
H,0 900+00a  900+00a 90.0+00a 90.0+00a 90.0+00a 90.0+00a 90.0+00a 900+00a 90.00.0a

* Means + standard error followed by different letters within the same column are statistically different according to
Fisher’s protected LSD test (p < 0.05).

3.5. Field Application of Different Fungicides Against Fruit Drop Disease

The effect of the four fungicides was evaluated for the control of apple fruit drop disease under
natural field infection. Apple fruit drop percentages were 12.0%, 10.6%, 13.6%, and 7.4% on trees treated
with pyraclostrobin + boscalid, difenoconazole, carbendazim, and thiophanate methyl, respectively
(Table 5). The thiophanate methyl fungicide was the best one and recorded an efficiency of 81.6%,
followed by difenoconazole, pyraclostrobin + boscalid, and carbendazim, as compared with the
control group.

Table 5. Efficiency (%) of four fungicides against apple fruit drop in ‘Anna’ apples under naturally
occurring infection in the orchard.

Active Ingredient Applied Dose  Dropped Fruits (%) Efficiency (%)
Pyraclostrobin + boscalid (38% WG) 30 g-100 L1 12.0 + 0.63bc * 70.29
Difenoconazole (25% EC) 50 mL-100 L1 10.6 + 0.98¢ 73.76
Carbendazim (50% WP) 50 g-100 L1 13.6 + 1.32b 66.34
Thiophanate methyl (70% WP) 65 g-100 L! 7.4 +0.50d 81.68
Control - 40.4 + 0.75a -

* Means + standard error followed by different letters within the same column are statistically different according to
Fisher’s protected LSD test (p < 0.05).

4. Discussion

The objectives of this research were to determine the incidence and possible causal pathogens of
PAFD, and to verify the activity of some fungicides to control the disease. PAFD is becoming more
common and severe in apple orchards in Egypt, and is inflicting substantial losses. This phenomenon,
naturally common in fruit trees, usually occurs immediately prior to fruit ripening. A separation zone
occurs either in the proximal end contact area of the pedicel ofthe fruit, or it may occur in the layer of fruit
peel and skin [20]. There are several factors that can trigger early fruit drop, including overcropping,
insufficient pollination, high ethylene levels, excessive summer pruning, insect damage/diseases,
extremes in weather, and poor tree nutrition.
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The results of this study showed that the maximum incidence of fruit drop occurred in the Nubaria
region (75%) followed by the Cairo-Alexandria desert road (73.5%) area in 2018. Several factors,
including the suitability of regular agricultural practices, age of the orchard, types and efficiency
of sanitary methods, and chemical protectant or curative treatments against diseases and insects,
were likelyinvolved, which may explain the differences between the inspected locations and growing
seasons. Similarly, Raja et al. [4] demonstrated that orchard and climatic factors, including mineral
nutrition, summer pruning, insects and mites, water availability, and growing season temperatures,
can affect premature fruit drop.

In addition to the other factors, diseases have an important role in lowering the yield of fruit
trees. In this study, various phytopathogenic fungi, i.e., A. alternata, C. cladosporioides, F. semitectum,
and Penicillium spp., were recovered from dropped apple fruit. A. alternata was the most frequently
isolated fungus. Previously, several fungi, such as Alternaria spp., Penicillium spp., and Fusarium
spp., were isolated from apple fruit. Particularly, Alternaria spp. was the most common fungus
associated with diseased ‘Anna’ apple fruit [6]. Moreover, Gao et al. [21] found that A. alternata,
A. tenuissima, A. arborescens, C. cladosporioides, and C. tenuissimum were the main pathogens causing core
browning and moldy core of ‘Fuji” apple fruit in China. Furthermore, A. alternata, Pleospora herbarum,
Coniothyrium spp., Penicillium funiculosum, P. expansum, and P. ramulosum were associated with core rot
of ‘Starking Delicious’ apple fruit in South Africa [22,23]. In a previous study, four phytopathogenic
fungi, A. alternata, Lasiodiplodia theobromae, F. semitectum, and Pestalotia psidii, were isolated from
dropped guava fruit samples collected from different orchards [15].

Pathogenicity tests confirmed that the maximum percentage of PAFD was noted on petioles
and fruits inoculated with mixed fungal pathogens. In particular, the percentages of PAFD were
higher when the fruit were artificially inoculated with A. alternata, followed by C. cladosporioides and
F. semitectum. Racsko et al. [24] confirmed that fruit drop is often caused by damage due to diseases
and pests. Additionally, a fungus causing peach brown rot (Monilinia fructicola) was recognized as
initiating fruit drop. It is polyphagous, appears in many fruit species, and is responsible for immediate
premature fruit drop. A significant pathogen of larger fruit (apple, pear, apricot, peach), as well as
smaller fruit (sweet and sour cherry, plum), may be due to fruit on trees overwintering as shriveled
mummies [25-27]. Likewise, A. alternata and F. semitectum were associated with brown apical necrosis
and caused fruit drop of English walnut [28].

In vitro tests showed that four fungicides had a variable effect against the isolated fungi,
depending on the concentration used. All fungicides completely inhibited the growth of A. alternata,
C. cladosporioides, and F. semitectum at 400 mg-L~!. Under naturally occurring infection, fruit set
application of thiophanate methyl had the highest efficacy (81.68%) against PAFD, followed by
difenoconazole (73.76%), pyraclostrobin + boscalid (70.29%), and carbendazim (66.34%). The fungicides
used in this research are registered to control apple scab and powdery mildew in several countries,
including Egypt, and farmers frequently use them during the season, depending on the management
program in the orchard. Thus, it is easy to integrate these fungicides in the integrated pest management
program of apple. We believe that the further application of those fungicides to apple trees can play
a role in reducing fruit drop. Fungicide application at fruit set may work since its early application
can help to reduce or prevent primary infections/inocula by the phytopathogenic fungi identified by
this research. In fact, if primary infection by phytopathogenic fungi is not well controlled, secondary
infection will be a problem and be more difficult to manage. Any delay incontrolling the disease is not
recommended, even if adequate fungicides are used. PAFD is variable among orchards, suggesting
that cultural management can influence fruit drop. Strategies to reduce PAFD can help preserve crop
yield, which is an essential factor for the economic success of an orchard [29]. In this context, a previous
study showed that guava fruit drop could be controlled by applying either thiophanate methyl 50% +
thiram 30% or carbendazim (50% WP) at aproportionof 70 g-100 L~! water [15]. The successful control
of a disease is dependent on the reliability of pathogen detection at a latent phase [30]. Raja et al. [4]
summarized some effective compounds to reduce premature drop, such as naphthaleneacetic acid,
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naphthalene acetamide, propionic acid, propanoic acid, 2,4-dichlorophenoxy acetic acid, lactidichlor
ethyl, and butyric acid. Additionally, other plant growth regulators have been investigated for
their ability to reduce fruit drop, such as gibberellic acid (GA3), 2,4-dichlorophenoxyacetic (2,4-D),
and hydrogen peroxide [31].

Flowering and fruit set are probably the most important of allthe events occurring once an apple
tree has reached reproductive maturity. Given favorable environmental conditions, the timing and
intensity of flowering greatly determines when and how much fruit will be produced during the
season. Prolonged flooding may lead to fruit and leaf drop, leaf chlorosis, stem dieback, and tree death.
Trees are generally more tolerant of flooding during cool weather [32]. The majority of phytopathogenic
fungi affecting flowers promotes and speeds up abscission [33]. In apple, the varieties exhibiting less
fruit drop were ‘Stayman’, ‘Gala’, ‘Melrose’, ‘Akane’, and ‘Fuji’ [24]. In citrus species, fruit drop after
bloom was caused by Colletotrichum acutatum and C. gloeosporioides [34]. Nature provides plants with
phenolic compounds that may play an essential role in growth and resistance to pathogens, and exhibit
a wide range of anti-microbial effects [35]. Racsko et al. [24] showed that fruit drop in walnuts was
induced by Gnomonia spp., but the symptoms appeared only on the epicarp. In peaches, premature
fruit drop caused by Venturia carpophila, the causal agent of scab, is dangerous during an extended
period of drought. With a vigorous infection, fruit drop may occur in peaches when infected by
Taphrina deformans, causing leaf-curl disease [24]. Finally, severe fruit drop could contribute to low yield
in apple orchards and lead to great economic losses in many production areas. The role of different
horticultural and climatic factors in apple fruit drop has not been fully investigated. This is the first
research dealing with PAFD disease under Egyptian conditions.

5. Conclusions

Alternaria alternata, Cladosporium cladosporioides, Fusarium semitectun, and Penicillium spp. were
associated with apple fruit drop, with A. alternata being the most prevalent. The maximum percentage
of apple fruit drop in lab tests was observedwhen petioles and fruitswere inoculated with mixed
fungal pathogens. The fungicides pyraclostrobin + boscalid, difenoconazole, carbendazim, and
thiophanate methyl completely inhibited the growth of A. alternata, C. cladosporioides, and F. semitectum
at 400 mg-L ! in in vitro tests. Under natural occurring infection, thiophanate methyl had the highest
efficacy in reducing premature fruit drop, followed by difenoconazole, pyraclostrobin + boscalid,
and carbendazim, when applied at the beginning of fruit set. Premature apple fruit drop is a complex
phenomenon and there are various factors affecting it, such as mineral nutrition, summer pruning,
insects and diseases, moisture availability, and growing season temperatures. This research indicated
that PAFD may also be a result of diseases caused by certain phytopathogenic fungi, which could be
controlled using a number of fungicides at the fruit set stage. We recommend that growers in arid
climates might need to apply fungicides more frequently than is commonly done to overcome this
problem. Finally, further studies are needed to investigate the importance of disease in premature
fruit drop.
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Abstract: (1) Background: With ca. 10 million tons of annual production worldwide, the plum
(Prunus ssp.) ranks as a major fruit crop and can suffer from small fruit size, premature fruit drop and
alternate bearing, which are addressed in this paper using a range of crop load management (CLM)
tools. (2) Methods: Sixty 10-year-old European plum cv. “Ortenauer” trees on dwarfing St. Julien
INRA GF 655/2 rootstock (slender spindle; 4.25 X 2.80 m) in a commercial orchard near Bonn (50°N),
Germany, were thinned in 2 years and flower intensity assessed in the following year. Thinning was
performed either mechanically (type Bonn/Baum) or chemically, with ATS (ammonium thiosulfate) or
ethephon (Flordimex), or by a combination of mechanical and chemical methods, to improve fruit
quality and the proportion of Class 1 fruit. Adjacent un-thinned trees served as controls. (3) Results:
Natural fruit drop in June was reduced from 290 fruits per tree in the un-thinned controls to 265 fruits
after ATS blossom treatment, and to 148 fruits after mechanical thinning at 380 rpm at a 5 km/h tractor
speed at full bloom. The un-thinned control trees developed a large number of small, undersized
fruits. The yield of Class 1 fruits increased per tree from 47% in the un-thinned controls, up to 69%
after crop load management. Sugar content and fruit firmness were unaffected. (4) Conclusions: The
study has shown that fruit quality (i.e., fruit size) and financial returns could be improved by either
mechanical (380 rpm at 5 km/h) or chemical thinning, or a combination of both.

Keywords: European plum (Prunus domestica L.); alternate bearing; crop load management (CLM);
fruit drop; fruit quality; mechanical thinning; reducing chemical input; sustainability

1. Introduction

With 10 million tons of annual production, plums rank among the major horticultural fruit crops
worldwide and in Europe, with cultivation from the Mediterranean island of Skopelos (the “plum
island”; 39°N) to that of the cv. “Opal” plum in Norway (60°N). The plum is classified as a
health-promoting fruit, but the tree is susceptible to alternate bearing, i.e., changes between years,
with low (“OFF”) or high (“ON”) yields.

Crop load management (CLM) and the regulation of fruit set is considerably more difficult in
plums compared with that in pome-fruit trees [1,2]. Few chemical thinning agents are effective and
registered for stone fruit as a result. While fruits are scarce or absent in “OFF” years, trees in “ON” years
are overloaded (Figure 1a), leading to branch breaking (Figure 1b) and an excess of small unmarketable
fruits, which are often not picked, if the picking costs exceed the fruit market value. Markets, bakeries
and consumers require European plums of large size, and this can be achieved by hand, chemical or
mechanical thinning [3]. Plums smaller than 28 mm cannot be marketed as fresh fruit. Fruits larger
than 28 mm qualify as Class 2 fruit, and those larger than 30 mm, as Class 1 (Commission Implementing
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Regulation (EU) No 543/2011), with the potential for higher financial return. Alternate bearing in
European plums can be overcome with blossom thinning [4,5]; however, crop load management (CLM)
becomes ineffective later with progressive fruitlet development.

() (d)

Figure 1. (a) Overloaded plum tree (top left), (b) which can lead to branch breakage (top right);
(c) mechanical thinning in plum cv. “Ortenauer”, using the Bonner thinning device (‘BAUM’) with
three rotors and adapted to the spindle tree (bottom left); and (d) individual flowers mechanically
removed from the branch (red circles, bottom right) in a commercial orchard near Bonn (Photos © M.
Blanke, Bonn).

Due to the scarcity, or lack of success of, research on plum thinning, indicated by there being fewer
than 10 publications worldwide, the objective of the present study was to apply a range of different
CLM mechanisms to improve the fruit quality of the European plum. Field experiments were carried
out in a commercial orchard over two years using the latest technology (Figure 1) for mechanical
thinning, which was a result of interdisciplinary cooperation between horticulture and engineering,
optimized to the needs of previous work [6].

We used this novel technology on its own or in combination with chemical thinning to meet the
requirements of each production system—integrated production (IP) and organic—to reduce chemical
input into agricultural systems.
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2. Materials and Methods

2.1. Plum Trees

Sixty ten-year-old plum cv. “Ortenauer” trees, on dwarfing St. Julien INRA GF 655/2 rootstock,
were grown in a commercial orchard near Bonn (50°N), Germany. Trees trained to slender spindles
with a spacing of 4.25 X 2.80 m in two rows were employed for the trial in the years 2012 and 2013.

2.2. Crop Load Management (CLM)

The plum trees had flowered strongly, with score values of 8-9 on a scale of 0 (no flowers) to
10 (white blossom) after mechanical thinning, in the previous year [6]. The plum trees were either
mechanically thinned with the Bonner thinning device (Miiller Co., Eltville, Germany) with a rotor
speed of 380 rpm at a tractor speed of 5 km/h (Figure 1c) at the beginning of full bloom (BBCH 63, F1)
in 2012 and on 30 April 2013, or at 320 rpm combined with chemical thinner. The ethylene-releasing
compound ethephon (Flordimex at 0.375 L/ha) was applied four weeks after full bloom.

At full bloom, 10 L/ha ATS was applied on 26 April 2012 and 30 April 2013 (Table 1); ATS
(ammonium thiosulfate) is a foliar nitrogen fertilizer that can be used at high concentration to interrupt
pollen tube growth [7]; adjacent un-thinned plum trees served as controls.

Table 1. Mechanical (green) and chemical (blue) thinning treatments on European plums in 2012

and 2013.
Treatment Magnitude Date Flowering Stage
Mechanical treatments (rotor speed)
Mechanical 380 rpm 19 April 2012
- pril
Mecl‘}anlcal (anf:l lafer 320 rpm 30 March 2013 Full bloom
chemical) combination
Chemical treatments (concentration)
ATS 19 April 2012
(Ammonium thiosulfate) 10 kg/ha 30 March 2013 Full bloom
Flordimex (ethephon) alone May 2012
Flordimex (ethephon) (after 0.375 L/ha Ma§ 2013 4 weeks after full bloom

mechanical thinning)
Control (un-thinned)

2.3. Fruit Set and Quality Assessment

Fruit set was determined on 22 May 2012, on 6 June 2013, and after (June) fruit drop on 18 July
2013. Flower clusters were counted on whole trees three days before blossom thinning on each on
the trees in the experiment to calculate fruit set. Fruit set was determined after counting the fruitlets
on the three largest branches of the trees in the experiment and related to the flower clusters on the
respective branch. Fruit quality was assessed using 270 fruits per treatment for firmness measurement
(penetrometer), sugar (refractometer type Atago 32) and acidity (titration) on 18 September 2013 as
previously described [6].

2.4. Financial Returns

Financial returns from the thinning treatments were calculated as the price in Euro cents per kg of
fruit, based on the relative proportions of fruit sizes obtained from the wholesale market according to
fruit size: <30 mm = 4 cents; 30-32 mm = 30 cents/kg; 32-35 mm = 40 cents/kg; >35 mm = 60 cents/kg.

2.5. Statistics

The experiment comprised 60 trees in 2012 and 26 trees in 2013; three branches were employed
for the flower-versus-fruit counts per tree, with nine trees per treatment. The data were subjected to
statistical analysis using multifactorial analysis of variance in SPSS version 21.
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3. Results

3.1. Fruit Set

Crop load regulation by mechanical blossom thinning, as an innovative technology, reduced fruit
set—Viz., the number of fruit—from 75 plums in 2012 and from 90 plums per 100 flowers in 2013 to
40 fruit in 2012 and to 52 fruit in 2013 after mechanical thinning at 380 rpm (Figure 2). The chemical
thinning at full bloom with ATS showed no statistically significant effect on fruit set at this early stage
of fruit development.
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° 70
[
E 60
S 50
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.~ 40
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0
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rpm) + Ethephon rpm)
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Figure 2. Effect of mechanical crop load management (CLM), chemical CLM and their combination on
fruit set in European plum cv. “Ortenauer” in Grafschaft (50°N) near Bonn, Germany, in 2012 and 2013,
expressed as fruits per 100 flower clusters. Error bars represent SDs at the 5% level.

3.2. Fruit Drop

Since all fruit trees undergo one or several natural fruit drop phases [3], one of the objectives
of the present work was to investigate the effect and interaction of crop load management on and
with the natural fruit drop of treated European plum trees. Crop load management with mechanical
thinning only, at a rotor speed of 380 rpm, followed by the combination of 320 rpm at full bloom
and ethephon (Flordimex) four weeks later showed the greatest effect in terms of reducing natural
fruit drop in European plums (Figure 3). In 2013, the un-thinned plum trees shed 290 fruits per tree,
with the largest change of 265 fruits with ATS, and lesser changes of 180 fruits and 150 fruits per tree
after mechanical thinning (Figure 3), inversely reflecting the relative magnitude of the thinning motion.
The greater the number of fruits removed by the thinning motion, the smaller the number of dropped
fruitlets, indicating the good control and promising management of fruit set by crop load management.
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Figure 3. Effect of crop load management (CLM) on fruit drop of the European plum cv. “Ortenauer”

Control ATS mechanical (320 mechanical (380
rpm) + Ethephon rpm)

in Bonn, Germany, in 2013; error bars represent SDs at the 5% error level.

3.3. Fruit Yield

The success of crop load management is a combination of fruit size, yield and farm gate price; the

yields are shown in Figure 4 as the numbers of remaining fruits.
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Figure 4. Effect of crop load management (CLM) on yield of the European plum cv. “Ortenauer” in
Bonn, Germany, in 2012 and 2013; number of fruit per tree; error bars represent SDs at the 5% error level.

3.4. Fruit Quality

Crop load management (CLM) dramatically reduced the number of small undersized fruits at
harvest: from 53% in the un-thinned control to 41% after mechanically thinning at 320 rpm, and from
34% at 380 rpm to 31% with ATS (Figure 5). The sugar content and fruit firmness were not affected by
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any of the treatments (results not shown).

201




Horticulturae 2020, 6, 52

Control ATS
320 rpm + Flordimex 380 rpm

4y AN

m<30mm 30-32mm ®W32-35mm ®>35mm

Figure 5. Relative proportions of fruit sizes and quality, as affected by mechanical and chemical
thinning, in the European plum cv. “Ortenauer” in Grafschaft in 2013; unmarketable fresh fruit, <30
mm, in red; small, 30-32 mm, in orange; medium-sized fruit, 32-35 mm, in green; and large fruit, >35
mm, in black.

4. Discussion

4.1. Fruit Quality

The sugar content and fruit firmness were not affected by any of the treatments (results not
shown) in contrast to previous findings [3,8-11]. One of the latter studies reported a 0.5% increase in
total soluble solids TSS [12], while Weber [10] reported a tendency toward softer fruits after ethylene
(Flordimex) application but—in line with Seehuber [13] and Vandal (1982) [5]—also no difference in
sugar content regardless of the thinning treatment. This may be due to blossom thinning with effects
on phase I of fruit growth and larger fruit rather than larger sugar/TSS content.

4.2. Economics

All the CLM treatments reduced the proportion of undersized, small fruits (Figure 5).
The combination of mechanical and chemical thinning (ethephon 30 days after flowering) improved
financial returns (to 23 cents per kg of fruit) relative to the un-thinned control (19 Euro cents per kg
of fruit), based on the proportions of fruit sizes. Chemical thinning with ATS at flowering improved
the return to 26 Euro cents per kg of fruit; mechanical thinning at 380 rpm at flowering improved the
return to 24 Euro cents per kg (Figure 6). Manual thinning may improve fruit size, but the required
range of 30-90 h/ha may increase labour costs, thereby decreasing the financial returns [11]. With the
mechanical thinning (ca. EUR 110/ha), a portion of the labour costs in the order of EUR 300-900/ha/year
can be saved, assuming a labour cost of EUR 10/h as in Western Europe.
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Figure 6. Financial returns from the thinning treatments, expressed as average prices in Euro cent per kg
of fruit and based on the relative proportions of fruit sizes shown in Figure 5, and the following wholesale
prices: <30 mm = 4 cents/kg; 30-32 mm = 30 cents/kg; 32-35 mm = 40 cents/kg; >35 mm = 60 cents/kg.

4.3. The Sustainability Aspect of Chemical Thinning

Webster and Andrews (1986) [13] used paclobutrazol (PP333, “Cultar” at 1000 and 2000 ppm) as a
one-off application for fruitlet thinning 28 d after full bloom (AFB; “shuck-off phase”), and the results
depended on the cultivar and weather (Table 2), but the compounds failed at full bloom.

Table 2. Features of mechanical thinning.

(4) Improves fruit size and

(1) Reduction of chemical input financial return

(7) Prevents alternate bearing

(5) Prevents over-cropping and (8) Requires spindle trees with

(2) Results immediately visible branch breakage flexible horizontal branches

(6) Reduction of labour cost for (9) Similar settings can be used for

(3) Weather independent hand thinning pome and stone fruit

The use of the compound PP333 has now been discontinued in horticultural food production due
to residue issues in the soil, tree and fruit, similar to those in the one-off trial with hydrogen cyanamide
(Fallahi et al., 1992) [9].

The gibberellin GA3 was used successfully [2,8] to improve fruit size via direct hormonal effects
in two consecutive years but not as a thinning agent. In table grapes, for which GA3 is registered and
enlarges berry size, partly through pedicel elongation, overdoses may lead to complete yield failure in
the subsequent year (Gordon Hoad, 2000, personal communication).

5. Conclusions

The results of this three-year field experiment showed that the three crop load managements
examined for sustainable plum production can have positive effects on the fruit load and quality
of European plums without affecting sugar (TSS) and firmness, improve economic returns to the
grower, mitigate alternate bearing in relevant cultivars, prevent the breakage of overloaded branches,
and provide healthy fruit every year. The best results were obtained with chemical thinning with
a large dose of the foliar fertiliser ATS, or solely mechanical thinning at 380 rpm (Table 2). In the
absence of a registration for ATS for thinning, this latter result provides an option for where chemicals
are not approved or desired, e.g., if unwanted by consumers or not permitted outside of organic
cultivation. Overall, the shortage of chemicals suitable for crop load management in plums necessitates
more research.
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Abstract: The purpose of this research is to test the efficacy of different types of SO,-generating
pads on the incidence of gray mold, and on the physicochemical properties of quality of ‘BRS Nubia’
seeded table grapes grown under protected cultivation. Four types of SO,-generating pads, 5 or 8 g of
sodium metabisulfite dual release pads, and 4 or 7 g of sodium metabisulfite slow release pads, were
used. Grapes bunches were harvested from a vineyard covered with plastic mash and stored in a cold
room at 1 + 1 °C for 45 days followed by 6 days of shelf life at 22 + 1 °C at a high relative humidity
(>95%). The results showed that SO,-generating pads with a dual release of 5 or 8 g completely
inhibited the development of gray mold at all evaluation times. Also, a high reduction of the disease
incidence was achieved by using a slow release of 4 g. The study confirmed that SO,-generating
pads did not alter the physicochemical properties of ‘BRS Nubia’ seeded table grapes including
mass loss, berry firmness, color index, total anthocyanin concentration, total soluble solids (TSS),
titratable acidity (TA), and the TSS/TA ratio. Slow release pads at 4 and 7 g reduced the percentage of
shattered berries by 56 and 48% as compared to control only after 6 days of shelf life. Also, all types
of SO,-generating pads reduced the stem browning score at the end of cold storage. The 5 or 8 g dual
release pads and 4 g slow release pads can be considered for effective controlling of gray mold for
‘BRS Nubia’ table grapes grown under protected cultivation while maintaining grape quality.

Keywords: grapes; fruit quality; SO,; Botrytis cinerea; rots

1. Introduction

The worldwide harvested area of grapes is estimated to be around 7,157,658 ha with a production
of 79,125,982 metric tons. The Brazilian grape industry accounts for about 74,472 ha of harvested area,
producing almost 1,591,986 metric tons [1]. “BRS Nubia” (Vitis sp.) is a new black hybrid seeded table
grape grown in the tropical and subtropical areas that requires less labor to cultivate and has a high
yield, large berries, and uniform color [2]. This cultivar was obtained by crossing ‘Michele Palieri” and
Arkansas 2095 grapevines and has the capability of drawing the attention of customers from internal
and external markets, since there is a large demand for table grapes for extended periods throughout
the year globally [2,3]. ‘BRS Nubia’ is commonly trained on an overhead trellis system protected by a
black screen with 18% shading.

During cold storage and shelf life periods, table grapes face severe postharvest problems including
gray mold [4,5]. This disease is caused by Botrytis cinerea and causes huge losses on grapes worldwide,
even when grapes are packaged in clamshells [6-8]. The control of gray mold is not easy, since

Horticulturae 2020, 6, 20; doi:10.3390/horticulturae6020020 205 www.mdpi.com/journal/horticulturae



Horticulturae 2020, 6, 20

postharvest applications with chemical fungicides are not allowed in many countries. As a standard
preharvest treatment, fungicides such as iprodione, boscalid, chlorothalonil, captan, mancozeb,
procymidone, pyrimethanil, and thiophanate-methyl are commonly used to prevent gray mold of
table grapes [6,9,10]. As a postharvest treatment, the use of SO,-generating pads during cold storage is
commercially implemented to manage gray mold of table grapes [11]. Dual release SO, generators
inside the boxes have been commonly used for grape storage and transportation for periods up to two
months [7,12,13]. Grape exporters are always worried about limited long-distance transport of fresh
grapes, especially when intensive production occurs in subtropical areas where two crops per year is
possible. In this case, grapes can be harvested during situations highly favorable for the development
of gray mold disease. The main importers of grapes, such as the EU and USA, established tolerance
rates for the use of SO, in postharvest control.

The effectiveness of common packaging methods such as plastic bags or carton boxes on the
quality of grapes has been extensively evaluated [14,15]. Nowadays, the use of clamshells has become
a consequential approach for packaging of table grapes for domestic and overseas markets in a
professional way to offer fresh grapes of better quality to consumers. As ‘BRS Nubia’ is a new hybrid
table grape, there is no available data regarding the behavior of this cultivar packaged in vented
clamshells during cold storage and shelf life periods in terms of gray mold incidence and grape quality,
especially when vines are grown under protected cultivation. Under this situation, pathogens may
find different conditions than in open-field production systems, and different postharvest techniques
may be required. In this perspective, the aim of this work was to investigate the effect of different
types of SO,-generating pads on the incidence of gray mold and on physicochemical properties of
‘BRS Nubia’ seeded grapes grown under protected cultivation and packaged in clamshells.

2. Materials and Methods

2.1. Cultivar and Materials Used

‘BRS Nubia’ (Vitis sp.) seeded table grapes were harvested from a commercial vineyard located in
Marialva, State of Parana, Brazil. The vines were 7 years old and were trained on an overhead trellis
system under protected cultivation using a plastic black mesh with 18% shading. This area was chosen
since it has a historical incidence of gray mold disease. At harvest, the total soluble solids (TSS) content
of the grapes was 16.2 °Brix. Four types of SO,-generating pads (Uvas Quality Grape Guard, Suragra
S.A., San Bernardo, Chile) were used: (i) Slow-release pad having 4 g of sodium metabisulfite (SM) was
prepared with coextruded polymer film; (ii) slow-release pad containing 7 g of SM was prepared with
two polymer films including SO; in a solvent-free wax matrix; (iii) dual-release pad having 5 g of SM
was prepared with extruded polymer film and 100% virgin paper pulp (VPP) obtained by a mechanical
procedure, with amount of fast and slow phases of 1 and 4 g of SM, respectively; and (v) dual-release
pad containing 8 g of SM prepared from coextruded paper with polyethylene and 100% (VPP), with fast
and slow release phases of 1 and 7 g of SM, respectively. Macroperforated liners (MLs) with 0.3%
of ventilation area (Suragra S.A., San Bernardo, Chile), and vent holes (70 x 90 mm), were used for
all treatments including the control. Those macroperforated liners were prepared with high-density
plastic and master batch (95 x 65 cm) and 12 um thickness.

2.2. Treatments

Grape bunches free from any disorders or visual symptoms were chosen and arranged according
to bunch size and shape. Grapes were accommodated in 20 X 10 cm vented clamshells (10 holes
distribution) with around 0.5 kg capacity. Clamshells were wrapped in MLs (0.3% ventilation area).
Then ten clamshells were located inside corrugated carton boxes (100 X 60 X 40 cm each). On the base,
a unilaminar sheet of moisture-absorbing paper (33 x 46 cm dimension and 50 g m~2 density) was
located. For each carton box, a SO,-generating pad was placed over the clamshells. Five treatments
were arranged according to the SO,-generating pad used as follow: (i) Slow release 4 g SM; (ii) slow
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release 7 g SM; (iii) dual release 5 g SM; (iv) dual release 8 g SM; and (v) control treatment. All bunches
were treated before harvest with iprodione at 0.2% three times during the season as commonly used
by grape growers in the region. A completely randomized design including five treatments and
four replicates of each was used. Each replicate consisted of 10 clamshells totaling 40 clamshells per
each treatment.

2.3. Storage and Assessments

All carton boxes were stored in a cold room at 1 + 1 °C for 45 days followed by 6 days of shelf-life
at 22 + 1 °C and high RH (>95%). MLs, absorbent paper sheets, and SO,-generating pads were
removed from the boxes at the end of cold storage. Gray mold incidence (%) was evaluated at 30 days
of cold storage (DCS), 45 DCS, 3 days of shelf life (DSL), and 6 DSL according to the following formula:
Disease incidence (%) = (number of affected berries/total of berries) x 100 [4]. At the end of cold storage
(45 DCS) and at the end of shelf life (6 DSL), mass loss (%), shattered berries (%), stem browning, berry
firmness (N), TSS, titratable acidity (TA), and TSS/TA ratio and color index (CIRG) were evaluated
according to Ahmed et al. (2019) [15] and Chaves Junior et al. (2019) [8]. Also, total anthocyanin
concentration was evaluated only at the end of shelf life (6 DSL) following the methods of Shahab et
al., (2019) [16].

Mass loss (%) was calculated by weighing the grape bunches at the initial time of storage and
at the examined time [17]: Loss of mass (%) = (initial mass-mass at examined date/initial mass) x
100. Shattered berries were evaluated as: Shattered berries (%) = (number of shattered berries inside
the clamshells/total number of berries) x 100. Stem browning was measured throughout by a visual
scoring system assessment according to Ngcobo et al. (2012) [18]: (1) fresh and green, (2) some light
browning, (3) significant browning, and (4) severe browning. Berry firmness was determined using
a texture analyzer TA.XT plus (Stable Micro Systems, Surrey, U.K.) with a cylindrical probe (35mm
diameter, P35). Berries placed on the stainless steel platform were compressed in their equatorial
diameter at 1 mm s™! (probe speed), and firmness was measured as the force (N) needed to deform the
berry by 20% at its equatorial diameter, according to Lijavetzky et al., (2012) [19].

To evaluate TSS, TA, and TSS/TA ratio, 40 berries were collected from each treatment and analyzed
following the methods of Youssef et al., (2019) [5]. The berry color was investigated according to
Carreno et al., (1995) [20] using a colorimeter CR-10 Plus (Konica-Minolta®, Tokyo, Japan) to get the
following variables from the equatorial portion of grape berries (n = 2 per berry): L* (lightness), C*
(chroma), and h° (hue angle). The color index for red grapes (CIRG) was calculated following the
formula CIRG = (180 — h°)/(L* + C*). Forty berries were collected to be analyzed from each treatment.

For total anthocyanin concentration, 3 g of berry skin were used from each plot, gently separated
from the flesh using a sterile blade, and washed with distilled and deionized water. Skins were dried
and added to 30 mL of acidified methanol (HCl 1% + methanol 99%) and left in the dark for 48 h. Total
anthocyanin content was evaluated at 520 nm using a spectrophotometer (Genesys™ 10S UV-VIS®,
Thermo Scientific, Waltham, MA, USA), and the results were expressed as mg of total anthocyanins of
malvidin-3-glucoside per g of berry skin (mg/g) [16].

2.4. Statistical Analysis

Data were processed statistically for ANOVA (one-way analysis of variance) using Statistica 6.0
software (Stat Soft Inc., Tulsa, Oklahoma, USA). The experiments were repeated twice and the means
were compared using Fisher’s protected least significant difference (LSD) test at p < 0.05. Data (%)
were arcsine transformed before analyses to normalize variance.
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3. Results

3.1. Incidence of Gray Mold (%)

The natural incidence of gray mold was evaluated at 30 days of cold storage, 45 days of cold
storage, followed by 3 and 6 days of shelf life (Table 1). The results showed that the dual release pads
at 5 or 8 g completely inhibited the development of gray mold at all evaluation intervals. Also, the
slow release pads at 4 g completely inhibited the development of gray mold at 30 days of cold storage
and 45 days of cold storage and reduced the incidence by 97 and 93% at 3 and 6 days of shelf life,
respectively. The results demonstrated that there was no significant difference between slow release at
7 g and the control except at 3 days of shelf life. Generally, the incidence of disease increased overtime
and reached the maximum of 9.7% after 6 days of shelf life.

Table 1. Incidence of gray mold of clamshell-packaged ‘BRS Nubia’ seeded table grapes after 30 and
45 days of storage in cold storage (CS) at 1 + 1 °C followed by 3 and 6 days at shelf-life (SL) at 22 + 1 °C
after the period of cold storage, packaged with different SO,-generating pads.

Gray Mold Incidence (%)

Treatments
30 Days of CS 45 Days of CS 3 Days of SL 6 Days of SL
Slow release—4 g 0.00 £0.00b * 0.00 +0.00 b 0.18+0.18 ¢ 0.60 +0.39b
Slow release—7 g 0.83 +0.31 ab 1.84+0.72a 3.15+1.26b 10.95 + 1.31a
Dual release—5 g 0.00 £ 0.00 b 0.00 +0.00 b 0.00 +£0.00 ¢ 0.00 £0.00b
Dual release—8 g 0.00 £ 0.00 b 0.00 +0.00 b 0.00 +0.00 0.00 +0.00 b
Control 1.81+1.09a 299 +0.68 a 672+1.70a 9.71+29 a

* Means (+ standard error) in columns marked with the same letters are not significantly different by Fisher’s
protected LSD test at p < 0.05.

3.2. Mass Loss (%)

The percentage of mass loss was measured at the end of cold storage (45 days) and at the end of
shelf life (6 days) (Table 2). Results showed no significant difference among treatments as compared to
the control after 45 days of cold storage and at 6 days of shelf life. The mass loss ranged from 3.66-5.30
and 7.44-9.56% at the end of cold storage and end of shelf life, respectively.

Table 2. Mass loss (%) and shattered berries (%) of clamshell-packaged ‘BRS Nubia’ seeded table grapes
after 45 days of storage in cold storage (CS) at 1 + 1 °C followed by 6 days at shelf life (SL) at 22 + 1 °C,
packaged with different SO,-generating pads.

Mass Loss (%) Shattered Berries (%)
Treatments

45 Days in CS 6 Days of SL 45 Days in CS 6 Days of SL

Slow release—4 g 3.66+04la” 9.56 +1.52a 2.48 + 091 ab 516 +0.78b
Slow release—7 g 3.84+0.14a 9.06 +0.58 a 1.69 +£0.63b 6.12+0.75b
Dual release—5 g 401+0.12a 770t 1.14a 3.51 +0.54 ab 10.51 £ 0.84 a
Dual release—8 g 423 +136a 7.69+1.19a 580+1.82a 1141 +152a
Control 530+1.46a 744 +£033a 4.81+0.71 ab 11.87+1.17a

* Means (+ standard error) in columns marked with the same letters are not significantly different by Fisher’s
protected LSD test at p < 0.05.

3.3. Shattered Berries (%)

The percentage of shattered berries was evaluated at the end of cold storage (45 days) and at the
end of shelf life (6 days) (Table 2). The results showed no significant difference among treatments as
compared to the controlat the end of cold storage. After 6 days of shelf life, slow release pads at 4 and
7 g reduced the percentage of shattered berries by 56 and 48% as compared to the control. Overall, the
percentage of shattered berries ranged from1.69-5.8% and 5.16-11.87% at the end of cold storage and
end of shelf life, respectively.
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3.4. Stem Browning

Stem browning, in accordance with the level of darkness, was evaluated at the end of cold
storage (45 days) and at the end of shelf life (6 days) (Table 3). At the end of cold storage, all types
of SO,-generating pads significantly reduced stem browningas compared with control, and this
reduction varied from15.4-23.0%. At the end of shelf life, there was no significant difference between
SO,-generating pads and the control except for dual release at 8 g which reduced stem browning by
27.8% as compared to control treatment due its antioxidant effect.

Table 3. Stem browning scores and berry firmness (N) of clamshell-packaged ‘BRS Nubia’ seeded table
grapes after 45 days of storage in cold storage (CS) at 1 + 1 °C followed by 6 days at shelf life (SL) at
22 + 1 °C, packaged with different SO,-generating pads.

Stem Browning * Berry Firmness (N)
Treatments

45 Days in CS 6 Days of SL 45 Days in CS 6 Days of SL

Slow release—4 g 220+0.14bY 2.75+0.70 ab 12.01 £ 0.21a 1227 £0.59 a
Slow release—7 g 2.05+0.05b 2.55+0.21ab 11.73 £ 0.85a 12.06 £ 0.34 a
Dual release—5 g 2.00 +0.00 b 285+0.13a 11.61 + 0.56a 12.77 £ 0.69 a
Dual release—8 g 2.00 +0.00 b 220+0.16b 11.33 + 0.46a 11.77 £ 0.32a
Control 260+0.14a 3.05+0.27 a 11.62 £ 1.01a 12.74£0.35a

# Stem browning scores: (1) fresh and green, (2) some light browning, (3) significant browning, and (4) severe
browning. ¥ Means (+ standard error) in columns marked with the same letters are not significantly different by
Fisher’s protected LSD test at p < 0.05.

3.5. Berry Firmness (N)

Berry firmness was evaluated at the end of cold storage (45 days) and at the end of shelf life
(6 days) (Table 3). In general, no significant differences were noted between treatments with diverse
SO,-generating pads and control. Berry firmness ranged from11.3-12.0 and 11.8-12.8N at the end of
cold storage and end of shelf life, respectively.

3.6. TSS, TA, and TSS/TA Ratio

TSS, TA, and TSS/TA ratio was evaluated at the end of cold storage (45 days) and at the end of
shelf life (6 days) (Table 4). Generally, none of the SO,-generating pads altered berry TSS, TA, and their
ratio. TSS ranged from15.98-16.95 and 15.65-16.15 °Brix at the end of cold storage and end of shelf life,
respectively. TA ranged from 0.86-0.91 and 0.80-0.86% at the end of cold storage and end of shelf life,
respectively. TSS/TA ratio ranged from17.75-19.23 and 18.31-20.14 at the end of cold storage and end
of shelf life, respectively.

Table 4. Total soluble solids—TSS (°Brix), titratable acidity—TA (tartaric acid %) and their ratio (TSS/TA)
of clamshell-packaged ‘BRS Nubia’ seeded grapes berries at 45 days of cold storage (CS) at1+1 °C
followed by 6 days of shelf life (SL) at 22 + 1 °C.

TSS (°Brix) TA (% of Tartaric Acid) TSS/TA
45 Days CS 6 Days SL 45 Days CS 6 Days SL 45 Days CS 6 Days SL

Slow release—4g 1630+023a* 1610+0.08a 0.86+0.00a 0.83+0.02a 1894+027a 1942 +£0.51a
Slow release—7g 1598 £0.23a 1593 +0.15a 0.89+0.05a 0.82+0.03a 18.06+0.83a 1951 +0.76 a
Dual release—5g 1658 +0.19a 1578 +0.18a 0.88+0.0la 0.86+0.01a 18.89 £0.27 a 1831+042a
Dual release—8 g~ 16.20 £ 0.35a 1565+010a 091+0.02a 086+00la 17.75+0.70a 1831+0.23a

Control 1695+ 044 a 16.15+031a 0.88+0.02a 0.80+0.02a 19.23+0.78a 20.14 +£0.83 a

Treatments

* Means (+ standard error) in columns marked with the same letters are not significantly different by Fisher’s
protected LSD test at p < 0.05.

3.7. Color Index (CIRG)

In all cases, for grape berry color index, no significant difference was recorded among different
types of SO,-generating pads and the control at the end of cold storage and at the end of shelf
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life (Table 5). CIRG ranged from1.7-2.2 and 2.1-3.0 at the end of cold storage and end of shelf
life, respectively.

Table 5. Color index (CIRG) of clamshell-packaged ‘BRS Nubia’ seeded table grapes after 45 days of
storage in cold storage(CS) at 1 + 1 °C followed by 6 days at shelf life (SL) at 22 + 1 °C, packaged with
different SO,-generating pads.

Color Index (CIRG)
Treatments

45 Days of CS 6 Days of SL

Slow release—4 g 2.04+025a* 2.07 £0.07b
Slow release—7 g 2.00+0.26 a 213 +£0.03b
Dual release—5 g 216+0.11a 3.01£0.55a
Dual release—8 g 1.66 +0.37 a 2.43 +0.04 ab
Control 2.04 +0.04a 2.35+0.07 ab

* Means (+ standard error) in columns marked with the same letters are not significantly different by Fisher’s
protected LSD test at p < 0.05.

3.8. Anthocyanins Concentration

At the end of shelf life, the total anthocyanin concentration of the skin was not affected by the use
of different types of SO,-generating pads. This concentration was 4.64, 4.14, 4.81, 4.95, and 4.50 mg/g
for slow release pad at 4 g, slow release pad at 7 g, dual release pad at 5 g, dual release pad at 8 g,
and the control, respectively.

4. Discussion

Generally, grapes are susceptible to severe losses because of some diseases, such as gray mold
caused by B. cinerea. SO,-generating pads areconsidered one of the most important control methods of
this disease, particularly when table grapes are cold stored for extended periods [9,15]. Nowadays,
the trend of ‘BRS Nubia’ seeded grape growers is to prolong postharvest life for both domestic and
international markets.

The results obtained herein showed that SO,-generating pads with dual release at 5or 8 g
completely inhibited the development of gray mold at all evaluation times. Also, a high reduction of
the disease was achieved by using the slow release at 4 g. Those treatments were able to protect the
grapes until 45 days of cold storage followed by 6 days of shelf life. The results revealed that ‘BRS
Nubia’ seeded grapes packaged in clamshells were not affected by the SO, emitted in slow release pads
7 g except at 3 days of shelf life. The gas release associated with dual release at 5 or 8 g or slow release
at 4 g may have worked against the initial disease progress and killed the pathogen more efficiently
when those treatments were applied. Those results are in agreement with previous studies against gray
mold of stored ‘Calmeria’, ‘Red Globe’, and ‘BRS Vitoria“ table grapes [7,21-23]. This performance of
different slow release SO,-generating pads can be variedby diverse types of polymer films, coating
materials, and release forms [8,24] which provide diverse permeability and thus control altitude.

Evaluating the effectiveness of a control method is very important under naturally occurring
infections, and in this research the real situation was simulated for the recent grape packing which
already exists in domestic and overseas markets using clamshells. It is important to mention that the
grape cultivar response to different types of SO,-generating pads also has a significant role in terms of
the control level of the disease. In a previous study, SO,-releasing pads (7 g) were able to control gray
mold of ‘Benitaka’ table grapes kept under the same commercial situation with high and low inoculum
pressure of the pathogen [8]. The results with dual release pads at 5 and 8 g against the disease was
expected because of the contact with air moisture, which leads to the release of a high quantity of gas
and therefore removal of any pathogen spores around the berries. Thus, the highest concentration of
gas could maintain the clamshell-packaged ‘BRS Nubia’ seeded table grapes completely free of mold
growth during cold storage and shelf life periods. The present results are in agreement with other
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investigations reported previously with different grape cultivars [9,11,24-26]. Actually, low decay
incidence was recorded at 30 and 45 days of cold storage even for the control treatment. In the location
where the experiments were carried out, chemical fungicides such as iprodione at 0.2% is the major
means to manage gray mold before harvest by applying the compound three times during the season.
Moreover, when good agricultural practices are applied, low natural incidence is expected [27-29].

Because itis consumed fresh, the appearance and quality of the table grapes are crucial factors for its
marketability. The current study confirmed that SO,-generating pads did not alter the physicochemical
properties of ‘BRS Nubia’ seeded table grapes such as mass loss, berry firmness, color index, anthocyanin
content, TSS, TA, and TSS/TA ratio. Also, minor changes were noted for shattered berries and stem
browning. In particular, slow release pads at 4 and 7 g reduced the percentage of shattered berries
by 56 and 48% as compared to the control only after 6 days of shelf life. In addition, all types of
S0O,-generating pads reduced the stem browning score at the end of cold storage. After 30 days of cold
storage there was no statistical difference among the treatments in stem browning (data not shown).
Additionally, the phase from grape harvest to marketing is very important in terms of the maintenance
of fruit quality [15]. Our results revealed that ‘BRS Nubia’ grapes have a great prospect for internal
and overseas markets, as high fruit quality can be obtained after 45 days of cold storage and also after
6 days of shelf life. Also, it is important to mention that a high initial quality of the grapes is essential.

The efficacy of a treatment on fruit quality is frequently disregarded, especially in laboratory
experiments or small scale trials since those kinds of experiments are focused mainly on the treatment
to control the disease, ignoring the quality of the final products [30-34]. In addition, table grapes
grown under protection cultivation may require specific postharvest treatments, since some fungi may
find a different condition to develop and cause losses [35]. However, the use of plastic mesh to cover
the vineyard did not negatively affect the postharvest conditions of ‘BRS Nubia’ table grapes, and the
use of clamshells did not interfere with SO, circulation inside the boxes. Recently, a strong correlation
was shown between anthocyanin concentration and color index of ‘Benitaka” grape berries [36].

In conclusion, ‘BRS Nubia’ seeded table grape is a promising cultivar for domestic and international
markets. Maintaining quality during cold storage and shelf life periods is an essential requirementfor the
producers with respect to cultivar competition. As a postharvest treatment, dual release SO,-generating
pads at 5 or 8 g and slow release pads at 4 g can be considered as effective control of gray mold for
‘BRS Nubia’ table grapes while maintaining bunch quality, particularly for overseas export markets or
long distance shipment.
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Abstract: The growth of agricultural mechanization has promoted an increase in raspberry production,
and for this reason, the best postharvest storage and processing techniques capable of maintaining
the health beneficial properties of these perishable berry fruits have been widely studied. Indeed,
raspberries are a rich source of bioactive chemical compounds (e.g., ellagitannins, anthocyanins, and
ascorbic acid), but these can be altered by postharvest storage and processing techniques before
consumption. Although there are clear differences in storage times and techniques, the content
of bioactive chemical compounds is relatively stable with some minor changes in ascorbic acid or
anthocyanin content during cold (5 °C) or frozen storage. In the literature, processing techniques
such as juicing or drying have negatively affected the content of bioactive chemical compounds.
Among drying techniques, hot air (oven) drying is the process that alters the content of bioactive
chemical compounds the most. For this reason, new drying technologies such as microwave and
heat pumps have been developed. These novel techniques are more successful in retaining bioactive
chemical compounds with respect to conventional hot air drying. This mini-review surveys recent
literature concerning the effects of postharvest storage and processing techniques on raspberry
bioactive chemical compound content.

Keywords: anthocyanin; ascorbic acid; drying method; phenol; phytochemical; raspberry

1. Introduction

Currently, interest towards fruits and vegetables has been continually increasing due to the
awareness that they are a primary source of bioactive, health-beneficial compounds. Raspberry
(Rubus idaeus L.) belongs to the Rosaceae family and represents one of the oldest fruits that has been
used for millennia for human nutrition and as a folk medicine [1]. Raspberries are a rich source of
bioactive chemical compounds (e.g., ellagitannins, anthocyanins, ascorbic acid) with a high antioxidant
capacity, useful for the prevention of chronic human diseases [2,3]. Indeed, there is a growing interest
by consumers that the consumption of these fruit can exert positive effects on human health [2,4,5] due
to their nutritional and nutraceutical content (Figure 1). Fresh raspberries have low calories, about 50
keal 100 g71, and together with their high content in dietary fibers make them a snack that has a satiating
effect [2]. The most representative bioactive chemical compounds found in red raspberry fruit belong
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to the polyphenol class (normally total phenolic content ranges from ~100 to 600 mg 100 g™ [4,6,7]).
In particular, ellagitannins, such as lambertianin C and sanguiin H-6, and flavonoids, principally
anthocyanins, are the major polyphenols found in raspberry (Figure 1) [6-10]. According to recent
studies, anthocyanins in raspberries are mainly represented (>90%) by cyanidin-glycosides (cyanidin
3-O-glucoside, cyanidin 3-O-rutinoside, cyanidin 3-glucosylrutinoside and cyanidin 3-sophoroside)
and pelargonidin glycosides (pelargonidin 3-glucoside) [7,9]. Another important antioxidant in
raspberry is ascorbic acid, which is contained in this fruit at a lower concentration as compared to
orange and kiwifruit [11,12].

Nutritional properties Major bioactive compounds

Carbohydrates: ~ 11.94 Lambertianin C: 30.84
Proteins: 1.20 Sanguiin H-6: 76.10
Total lipids: 0.65 Cyanidin 3-O-glucoside: 14.89
Dietary fiber: 6.50 Cyanidin 3-O-sophoroside: ~ 37.61
Potassium: 0.15 Ascorbic acid: 26.20

o
=

Figure 1. Nutritional (g 100 g~') and major bioactive compounds (mg 100 g~!) in raw red raspberry
fruits. Values were obtained from ‘Phenol Explorer Database” and the literature [2,10].

The first information about raspberry cultivation comes from the Romans in the 4th century. In the
last 20 years, the production of raspberry has been consistently enhanced, with a yield increase of
106% [13]. The largest production among countries is the Russian Federation with about 148 t year~!
(averaged data from the previous two decades), followed by Serbia (88 t year‘l), Poland (83 t year‘l),
and the United States (80 t year™!). However, in recent years, Mexico has become a major raspberry
producer, with about 60 t year™! (averaged from the last decade) [13]. The increase in the production
of raspberry is likely attributable to a combination of different factors, such as globalization of berry
markets, agricultural mechanization, and, last but not least, the increased interest of consumers for
healthy food products.

However, raspberry is a very perishable soft fruit, and the increasing quantities produced set a
double challenge for the food industry to develop processing techniques that utilize any overproduction
(which results in wasted food) and preserve the fruit nutritional and nutraceutical qualities [14]. The use
of postharvest storage techniques such as cold storage, a controlled atmosphere, and frozen storage
can effectively prolong the postharvest quality of raspberry, making them suitable for their global
commercialization [15-17]. Moreover, raspberry berries can be dry processed in order to not only
preserve their nutritional properties, but also to make new foods with highly health-beneficial qualities
for human consumption. In previous studies, a number of different technologies have been utilised
for raspberry dehydration: freeze-drying, hot air-drying, microwave-drying, and a combination, and
each technique has shown positive and negative effects [18-21]. Juice production is another industrial
technique for processing fresh raspberry fruit and to extend their availability in the global market.
Fruit juices are labelled as functional foods and may be introduced into the diet to increase the daily
intake of functional metabolites [22]. However, the use of the abovementioned postharvest storage
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and processing techniques (which work with different parameters, e.g., temperatures, processing time)
could cause potential variation at physical, biological and biochemical levels, which in turn may alter
fruit bioactive chemical compound content, affecting the nutraceutical properties that have become
appreciated by consumers [23-25]. For example, the red color of raspberries can be significantly
affected by these processing techniques, since the reddish color is due to the presence of flavonoids, i.e.,
anthocyanins, which can be very sensitive to thermal processing techniques [26,27]. The human eye is
attracted by red coloration, and, in particular, a high chromatic reddish coloration of fruit is perceived as
a positive characteristic associated with fruit maturity stage, indirectly providing information about the
fruit sweetness and quality [28-30]. Therefore, studies of new storage and processing/transformation
technologies aimed at reducing negative changes in the content of bioactive chemical compounds of
raspberry fruit represent this continuous challenge for researchers and the food industry. Moreover, as
a large part of raspberry production is industrially processed, the detection of changes of the most
representative bioactive compounds in raspberry fruits caused by transformation processes could
provide useful information for estimating the health-related properties of a specific end product [31].
Therefore, the aim of this review is: (i) to describe the main bioactive chemical compounds contained
in raspberries, highlighting their potential health benefits derived from their consumption; (ii) to report
a survey of the most recent literature concerning the possible influences of postharvest storage and
processing techniques (juicing and drying) on raspberry bioactive chemical compound content; and,
(iii) to present novel data about the effects of a recent drying technique (heat pump) on bioactive
chemical compounds of raspberry fruits.

2. Postharvest Storage

2.1. Cold/Modified Atmosphere Storage

After harvest, fresh raspberries are stored before undergoing further processing. This postharvest
storage is necessary because raspberry fruits have a short postharvest life due to their high respiration
rate and loss of firmness [32]. Progressive loss of firmness is associated with a loss of skin strength
that leads to fruit softening, which in turn favors the onset of molds with loss of the product [33,34].
Studies conducted on the relationship between normal cold storage conditions and shelf-life of red
raspberry fruits have established that raspberries can be successfully stored near 1 to 2 °C up to about
10 days, though these conditions do not reflect a realistic storage (usually 4 to 5 °C) [15,35,36]. In
definition, it is difficult to preserve these small fruits, and for this reason, it is important to describe
storage methods and technologies that can preserve not only the product, but also their nutritional and
healthful properties.

It has been reported that the use of different storage temperatures affects the content of bioactive
compounds (e.g., phenolics and ascorbic acid; Table 1) in different ways. The total phenolic content as
well as the antioxidant capacity are relatively stable throughout storage by using low temperatures
(1-5 °C) [35-37], even though a slight decrease in total phenolic content (with storage temperatures
of 1 °C) was reported by Giuffré et al. [35]. On the other hand, Mullen et al. [37], by simulating a
realistic storage condition (4 °C), found that ellagitannin levels increased, but no changes in the total
antioxidant capacity were detected.
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Table 1. Changes in content of some bioactive compounds and antioxidant capacity in fresh raspberry
fruit by different raspberry storage conditions. (1): increased contents; (]): decreased contents; (=):
unchanged contents.

Storage Conditions Influence on Anth‘fla.nt References
Compounds and Activity

Phenols (T]) [35,38]
Anthocyanins (T) [15,35,38,39]
Cold storage 1-2 °C Ellagic acid (=) [38]
Ascorbic acid (=) [15,35,38]
Antioxidant capacity (=) [35]
Phenols (=) [40,41]
Anthocyanins (T) [40,41]
Cold storage ~5 °C Ellagitannins (T) [37]
Ascorbic acid (]) [37,40]
Antioxidant capacity (=T) [37,40,41]
Anthocyanins (=) [15]
Controlled atmosphere Ascorbi}:: acid (=) [15,42]
Phenols (=T) [43-45]
Anthocyanins (=]) [45,46]
Frozen storage ~1 year Ellagic acid (|) [43,47]
Ascorbic acid () [43,45]
Antioxidant capacity (=) [43,44]

Among different bioactive compounds in raspberries, anthocyanins are important for the
organoleptic characteristics of these small fruits. Some have reported that total anthocyanin content
increases during storage, independently of storage temperatures [15,35,39,40], but others found a
decrease in total monomeric anthocyanins when raspberries were stored at 3 °C [36]. There have been
contrasting results on the effect of temperature storage on phenolics in raspberry. It is important to note
that, during cold storage, fruit weight loss can influence the correct estimation of bioactive compounds
on a fresh weight basis and attention should be paid to this when storage effects on bioactive chemical
compound content are evaluated [32]. In addition, it has been reported that during cold storage, a
decrease in organic acid content can occur and this makes the carbon skeleton for the synthesis of
polyphenols available [48].

Another important bioactive compound in raspberry is ascorbic acid, and it has been reported that
its content in fresh raspberries stored at 1 to 2 °C was relatively stable [15,35,38]. However, its content
is strictly related to the temperature used during storage. Indeed, at relatively higher temperatures
(around 5 °C), ascorbic acid content slightly decreased [37,40], most likely attributed to the greater rate
of oxidation of this compound that can occur at this temperature (Table 1).

Modification of storage atmosphere (at low temperatures close to 0 to 2 °C) while also changing
O, and CO; concentrations (controlled atmospheres (CA)) are widely used to extend the fruit shelf-life,
significantly suppressing rotting [15,49,50]. Although plenty of information is available on the effect of
CA storage on fruit shelf-life for some berry fruits (e.g., blueberry and strawberry), the literature on
raspberry CA storage is scarce, and the correlation between CA and red raspberry nutraceutical traits
are almost non-existent. Previous studies conducted on CA effects on raspberry shelf-life confirmed
an extension of berry storability (>50%), delaying fruit decay by using 10 to 35% O, and 15 to 45%
CO, [15,16,42,51]. Anthocyanins and ascorbic acid content were unchanged after CA storage (Table 1),
indicating that CA is effective in maintaining nutraceutical value for longer periods than normal
storage [15,42]. Better results in the retention of bioactive compounds in raspberry have been related
to lower O, concentrations, which reduce the oxidative reactions that typically can occur during
fruit storage.
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2.2. Frozen Storage

Certainly, lower temperatures than those described above, i.e., frozen storage, represent a way to
store red raspberries for longer periods, making them available all year round. Usually, for frozen
storage, temperatures around —20 °C have been used. De Ancos et al. [43] found that total phenolic
content and total antioxidant capacity remained substantially unchanged after 12 months of frozen
storage even though ellagic acid and ascorbic acid significantly decreased (Table 1). The decrease in free
ellagic acid detected during frozen storage in red raspberry could be related to the capacity of this acid
to act as a metal chelating agent with MgJr2 and Ca*?2 and/or to the action of polyphenol oxidase (PPO)
linked to the cell wall, which is most likely degraded by ice crystals [43,47,52] (Table 1). Others [44,45]
have reported that after 12 months of frozen storage the total phenolic content increased in raspberry
fruit. The authors suggested that the increase in phenolics was attributable to the degradation of cell
structures by ice crystals, thereby making those compounds more easily available during extraction.
Total anthocyanin content decreased in some cultivars after frozen storage [45,46] while it remained
unchanged in others [46] (Table 1), indicating differing effects of frozen temperature by genotype and
the type of chemical structure of the anthocyanin contained in it. For example, cyanidin 3-glucoside
is much more prone to degradation during frozen storage than other cyanidin-based derivatives,
especially diglycosidic anthocyanins [45,46]. More generally, it has been reported that cyanidin
3-O-glucoside is one of the most reactive anthocyanins during processing [53,54].

The loss in anthocyanin content due to oxidation and/or condensation reactions with other
phenolic compounds did not interfere with antioxidant activity, as that is generally maintained or
increased following frozen storage [55]. This can be attributed to the interference or association of the
phenolic compounds and anthocyanin degradation products.

3. Processing Techniques

3.1. Juicing

Raspberry juice is a commercially important product, consumed pure or more usually blended
with other fruit juices to enhance their color or the flavor. Red-colored juices are very appreciated
by consumers; indeed, a new market-segment related to red-colored fruits and their processed
products is increasing thanks to consumer association of red-colored fruit to high antioxidant
properties [22,56,57]. Fruit juice is the result of a complex industrial process in which thawed fruit go
through a series of operations (e.g., crushing, pressing, enzymatic treatment, thermal/non-thermal
treatments, clarification/filtration) in order to obtain the final product [24]. All of these processes
decrease the content of the antioxidant compounds in the juice with respect to their fresh fruit levels.
Losses of bioactive chemical compounds during juice processing should be minimized to retain
beneficial health effects. However, literature on this topic is scarce for raspberries, when compared
to other berries such as blackberries [53,58,59] (Table 2). An interesting experiment conducted by
Sojka et al. [58] with red raspberry juice showed that about 68% of total anthocyanins, 12% of
ellagitannins, 31% of flavonols, and 17% of flavanols were retained in fruit juice as compared to the
fresh material. This indicates that the industrial processes carried out to obtain raspberry juice resulted
in a large decrease in the bioactive chemical compounds with different effects based on chemical
structure. Generally, it is well known that the high temperatures used to obtain juice negatively affect
nutritive quality by destroying essential nutrients and biologically active “non-essential” components
such as polyphenols [24,53]. For this reason, novel technologies that can preserve nutrient quality
but also food safety are desirable. For example, high hydrostatic pressure (HHP) is a relatively new
technology that can be utilized instead of thermal processes such as pasteurization. However, there are
no studies on the use of this technology on raspberry juice production, but it is well known that HHP
allows high retention of bioactive compounds of juice [24,60].
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Table 2. Changes in content of selected bioactive compounds and antioxidant capacity by different

processing techniques of fresh raspberry fruit. (7): increased content; (|): decreased content; (=):

unchanged content.

Processing

Influence on Antioxidant

Techniques Conditions Compounds and Activity References
Phenols (]) [58,59]
. Anthocyanins (=]) [53,58,59]
Juicing Enzymatic treatment Ellagic acid (]) [58]
Thermal treatment Ellagitannins (1) [58]
Antioxidant capacity (=/) [59]
Phenols (=]1) [18,19,21,61,62]
Anthocyanins (=]1) [18,19,21,62]
Freeze-drying ~=50°C Ellagic acid ({) [20]
Ascorbic acid (=]) [21,62]
Antioxidant capacity (=/) [18,19,62]
Phenols (|) [19,20,62]
Anthocyanins (]) [19-21,59]
Hot air drying ~65°C Ellagic acid (l) [20]
Ascorbic acid () [21,62]
Antioxidant capacity (|) [19,20]
Mi Phenols (|) [63,64]
icrowave Antioxidant capacity (|) [63,64]
Phenols (|) [20,63,64]
Microwave/hot air Anthocyanins (]) [20]
Microwave Antioxidant capacity (|) [20,63,64]
Phenols (]) [19]
Microwave/IR Anthocyanins (]) [19]
Antioxidant capacity (|) [19]
Phenols (]) [20]
Microwave/vacuum Anthocyanins (1) [20]
Antioxidant capacity () [20]
Phenols (|)
. Anthocyanins (|) [our results, see
Heat pump 30-35°C Ascorbic acid (1) Table 3]

Antioxidant capacity (|)

3.2. Freeze-Drying

Freeze-drying is considered the most effective technique for preserving food quality [65,66].
The fruit samples are dried under vacuum at low temperatures (about —50 °C) maintaining bioactive
chemical compound content almost unaltered from fresh fruit in comparison to other drying
techniques [65,66]. Sablani et al. [18] confirmed the effectiveness of freeze-drying in retaining bioactive
chemical compounds in freeze-dried raspberry tissue, in some cases improving phenolic content
compared to fresh berries (Table 2). In contrast, some authors have shown different results [19-21,61],
raising doubts about its efficacy in not altering the content of bioactive compounds of raspberry fruit [21].
For example, Stamenkovic et al. [62] reported a decrease in total phenolic content, anthocyanin levels,
and radical scavenging capacity after freeze drying, while ascorbic acid content remained unchanged
likely due to the very low temperature and the limited oxygen availability during the drying process
(Table 2). Opposite effects have also been found with other fruit and vegetable materials [67]. In
general, there is no clear explanation for the reason(s) for which bioactive compound levels decrease,
increase, or remain unchanged during freeze-drying since antioxidants are very sensitive to light,
oxygen, temperature, and pH and can also be degraded by enzymes [67-69]. However, among drying
methods, freeze drying is currently the most effective in preserving the content of bioactive compounds,
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but its biggest disadvantage is the high cost due to length of time and energy-costs, making it difficult
to use in the food industry [67].

3.3. Hot Air-Drying

Hot air-drying technology represents the most economical and common processing technology
for drying food—including raspberries—despite its high temperatures and long drying times. During
the process, food samples are exposed to hot air and the presence of oxygen. This combination
of oxygen and higher temperatures—even if for a short time—results in high losses of bioactive
compounds [23,62]. Therefore, it is necessary to find a reasonable compromise between temperatures
and duration time for the entire drying process to make it a viable option.

Many studies of the hot air-drying technique conducted with raspberry (Table 2) have used
temperatures around 65 °C to assess the effects of this method on bioactive chemical compound
content [19,20,23,59,62]. It has been established that high temperatures during hot air-drying negatively
affect the ascorbic acid content [69], with losses of around 90% in raspberry (dried vs. fresh fruits) [21,62]
(Table 2). However, the moisture of the products is involved in the negative influence on ascorbic acid
content during the drying process [70].

It has also been observed that hot air-drying decreased the fruit phenolic content as compared
to values for fresh raspberry fruit [19,20,62]. This phenomenon is likely due to thermal degradation
of the phenolic compounds during the hot air-drying process [19,62], and not only negatively affects
the health-related benefits of the final product but also affects the appearance by changing the colour
(Table 2). Indeed, the products of anthocyanin thermal degradation are colourless carbinol and chalcone
that cause a colour loss to the dried fruit [26,27] (Table 2).

Some authors, comparing different drying techniques, have detected a higher content in some
phenols in raspberry fruits when air-dried rather than freeze-dried [19,23,62], whereas anthocyanins
have always been found to decrease with air drying rather than freeze-drying samples. Nevertheless,
the increase in total phenolic content in air-dried fruit compared to freeze-dried fruit was most likely
linked to the release of bound phenol groups or more destruction of the tissue by higher temperatures
allowing greater extraction of phenolic molecules [19,23]. Undoubtedly, the low costs of this technique
are significant when compared to more sophisticated technologies (e.g., freeze-drying), but the hot
air-drying approach has considerable limitations in preserving the nutraceutical properties of raspberry.

3.4. Microwave-Drying

Microwave-drying technology uses the microwaves to directly generate heat inside the fruit due
to the microwave-promoted molecular oscillation. This results in decreasing the processing time [71],
thereby increasing bioactive compound retention as compared to conventional hot air-drying [20].
For raspberries, microwave drying is usually combined with additional treatments such as hot
air, infra-red radiation (IR), and vacuum-drying [19,20,63] (Table 2), in an attempt to increase the
retention of bioactive compounds. Microwave-dried raspberries retained a high antioxidant capacity
compared to microwave/hot air-dried raspberries (about 40% vs. 20%, respectively), if compared to
fresh raspberry fruits [63]. Similar results were obtained by Mejia-Meza et al. [20] and Si et al. [19],
in which microwave/vacuum-drying or microwave/IR-treated raspberry samples showed a higher
anthocyanin level and a greater total antioxidant capacity than samples treated by microwave/hot
air-drying or hot air-drying processing. The greatest reduction in antioxidant capacity occurred when
hot air-drying was used, and this decrease is potentially related to the degradation of bioactive chemical
compounds at high temperatures. It could be argued that even in the IR treatment, the temperatures
reached inside the drying chamber were around 70 °C, but it should be taken into account that the
drying time also plays a key role in the preservation of bioactive chemical compound levels. Indeed
the IR treatment lasted 60 min whereas hot air-drying requires many more hours [19]. Therefore,
microwave-drying (characterized by reduced time and temperatures) results are more advantageous
for bioactive compound retention than conventional hot air-drying. Compared with freeze-drying,
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all microwave drying systems have shown high retention of total phenols, although lower levels of
anthocyanins were usually detected [19,20]. The reduced drying time and costs of microwave drying
processes may provide advantages when compared to freeze drying [20].

3.5. Heat Pump-Drying

A heat pump dehumidifier drying system (HP) is more environmentally friendly than conventional
hot air-drying methods thanks to its high energy efficiency. This also results in lower production
costs [72]. The process is relatively simple; low moisture air is blown into the drying chamber to
absorb moisture from the fruit sample. The air moisture is eliminated through condensation at a low
temperature (-20 to 15 °C) by the dehumidifier and then heated (at 30-35 °C) to start a new cycle
(Table 2). The lower drying temperatures compared to conventional hot air-drying systems potentially
provide a better quality of the dried product, which retains high concentrations of phenolics and
ascorbic acid [73]. However, there is a lack of knowledge about the effects of heat pump-drying on the
bioactive compounds of raspberry fruit, raising the need to understand whether this new process can
be a valid substitute for conventional methods. For this purpose, an experiment was conducted in our
laboratory to test the effects of heat pump-drying treatment on total phenolics, total anthocyanins, and
ascorbic acid content and total antioxidant capacity in comparison to hot air-drying treatment at 65 °C
on an ecotype of raspberry grown in Garfagnana (Tuscany), Italy, (Figure 2; Table 3). The total phenolic
content decreased significantly after the dehydration with both hot air and heat pump treatments as
compared with values recorded in fresh material (Tables 2 and 3). However, the decrease in phenolics
caused by both drying treatments could be ascribed to two distinct causes. During the conventional hot
air process, phenols can be thermally degraded as reported and explained in previous studies [19,20,74].
On the other hand, in the heat pump-drying treatment (characterized by lower temperatures), the
reduction of phenolics is more likely attributable to enzymatic degradation (e.g., by PPO), since 30
to 35 °C is closer to the optimum temperatures for PPO activity [75,76]. A similar process may also
explain the effect on anthocyanin content; however, anthocyanins were retained more with the heat
pump than the hot air treatment (87 and 66% of retention, respectively).

Table 3. Total phenolic (TP), total anthocyanin (TA), ascorbic acid (AA) content, and total antioxidant
capacity (TAC) in fresh raspberry fruit grown in Garfagnana (Italy), and after conventionally hot
air-drying (65 °C for 20 h) and heat pump-drying (35 °C for 2 d). Each value is the mean of three
replicates + standard deviation.

Units Fresh Hot Air 65 °C Heat Pump
TpP” mg GAY eq. g7 dw 152.36 +5.13a 123.31 £ 6.00 b 119.27 +12.28 b
TA mg Cya glu. eq. g™' dw 118 £0.03 a 0.78 £0.07 c 1.03 £0.09b
AA mg g~ dw 201+0.13a 1.01 +£0.08 ¢ 120+0.05b
TAC mg Trolox eq. g~! dw 83.44+345a 3220+1.76b 31.38 £4.06 b

*TA was analyzed as reported in Lo Piccolo etal. [77]; TP, AA and TAC were analyzed as reported in Ceccanti et al. [78].
¥ GA: gallicacid; Cya glu: cyanidin-glucoside. * Within each row, means flanked by the same letter are not significantly
different after a one-way ANOVA test with postharvest treatment as source of variability following a least significant
difference (LSD) test (P = 0.05).

Our results also showed that ascorbic acid content decreased with both treatments (50 and 40%
for HP and hot air-drying, respectively), although there was a difference in temperatures utilized in the
two methods. Notably, though there were differences among treatments in the retention of bioactive
compounds, the total antioxidant capacity decreased considerably in both treatments to about 60% of
that detected in fresh fruit. The similar values in total antioxidant capacity between hot air and heat
pump dried samples could be explained by the similar contents in total phenolics in both treatments.
Indeed, Beekweelder et al. [79] reported that ellagitannins contributed more than 50% to the total
antioxidant activity, so this may be the reason why total antioxidant activity was similar for the hot air
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and heat pump dried samples, even though ascorbic acid and anthocyanin contents were higher in
heat pump dried samples.

(@ (b) (c)

Figure 2. Fresh raspberries (a), ~80% moisture. Conventional hot air-dried raspberries (b), ~4%
moisture. Heat pump-dried raspberries (c), ~14% moisture.

In view of the above, the use of heat pump-drying technology for the postharvest processing
of raspberry fruit may allow slightly greater retention of some bioactive compounds with respect to
conventional hot air drying. In addition to the benefits derived for human health, heat pump-drying
technology also allows the reduction of energy consumption for processing [80].

4. Conclusions

The attention of the food industry on the preservation and improvement of the qualities of processed
berries has progressively increased, with the goal of finding critical points during the postharvest
processes of raspberry that affect final product quality. The storage and processing technologies of red
raspberries reviewed here showed different influences specific to each processing technique on the
final bioactive chemical compound content. The content of bioactive chemical compounds is relatively
stable during storage, with some minor changes in ascorbic acid or anthocyanin content during cold
(at 5 °C) or frozen storage.

Among drying techniques, the freeze-drying method is most likely the best processing method for
retaining the content of bioactive chemical compounds, but it requires high costs for the implementation
of a large-scale production of dried berries. The conventional hot air-drying method, which is the most
used by the food industry, is most likely the worst drying method for bioactive chemical compound
retention (especially anthocyanins and ascorbic acid).

New technologies, such as microwave- and heat pump-drying, which are cheaper than
conventional methods, are emerging as promising processes to provide a higher retention of bioactive
chemical compounds in dried berries. However, changes in quantity and the profile of bioactive
chemical compounds in raspberry fruit subjected to these different postharvest drying processes need
further investigation. In this way, the future research on this topic should be in-depth analyses at
the molecular level, using different drying times, temperatures and also new possible combinations
between different drying techniques (e.g., heat pump and microwave). These studies will provide
useful indicators for developing new industrial processing methods.
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Abstract: The number of branches in male and female plants of Cycas micronesica K.D. Hill,
Cycas edentata de Laub., Cycas wadei Merr., and Zamia encephalartoides D.W. Stev. were counted
in Guam, Philippines, and Colombia, to confirm earlier reports that female plants develop fewer
branches than males. Cycas plants produce determinate male strobili and indeterminate female
strobili, but Zamia plants produce determinate strobili for both sexes. More than 80% of the female
trees for each of the Cycas species were unbranched with a single stem, but more than 80% of the male
trees exhibited two or more branches. The mean number of branches on male plants was more than
double that of female plants. The number of branches of the Zamia male plants was almost triple that
of female plants. Moreover, the Zamia plants produced 2.8-fold greater numbers of branches than
the mean of the Cycas plants. Most of Guam’s unsexed C. micronesica trees in 2004 were unbranched,
but after 15 years of damage from non-native insect herbivores, most of the remaining live trees in
2020 contained three or more branches. The results confirm that male Cycas and Zamia plants produce
more branches than female plants and suggest cycad species with determinate female strobili produce
more branches on female plants than species with indeterminate female strobili. Our results indicate
that the years of plant mortality on Guam due to non-native insect herbivores have selectively killed
more female C. micronesica trees. Horticulture and conservation decisions may be improved with this
sexual dimorphism knowledge.

Keywords: Cycas; determinate growth; dichotomous branch; isotomous branch; sexual dimorphism;
Zamia

1. Introduction

Cycads are dioecious gymnosperms that are of horticultural and conservation interest [1,2],
and are widely considered the most threatened plant group worldwide [3] primarily due to habitat
destruction and the unsustainable trade of wild-collected plants. The unsustainable harvesting of
cycads is a major concern at the local level but also internationally, where their trade is regulated by
the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) [4,5].
Adaptive management of threatened cycad species requires the co-production of knowledge during
conservation projects [6]. During horticultural projects in cultivated settings and biology or ecology
projects in habitat, research results may provide crucial information for improving management
decisions [7].

In wild cycad populations, only a certain proportion of plants may exhibit strobili at a given
time. Consequently, most short-term field studies of these populations record sex ratio estimates that
represent only what was observable at the time of fieldwork. This estimate is variously known as the
coning [8], operational [9], or observed sex ratio [10], and it may differ greatly from the true genotypic
sex ratio of the population and may vary widely depending on the time of year when observations

Horticulturae 2020, 6, 65; doi:10.3390/horticulturae6040065 229 www.mdpi.com/journal/horticulturae



Horticulturae 2020, 6, 65

were made. Therefore, the development of any protocol that would inform how to improve on the
methods for determining the sex of cycads may improve decision-making.

Three publications indicated the use of stem branching of a cycad plant might be useful as
secondary sex characteristics [11] for predicting sex of a plant. First, Ornduff [12] followed a cultivated
group of Zamia integrifolia L.f. plants in Florida for 9 y to determine growth traits. The male plants
produced an average of 5.7 branches per plant and the female plants produced 2.7 branches per
plant. Male plants began producing cones at an earlier age and produced more cones throughout the
observational period than female plants. These reproductive behavior differences were discussed as
the probable cause of increased branching in male plants.

Second, Norstog and Nicholls [1] (p. 141) studied a fifty-year-old planting of Z. integrifolia and
found marked sexual dimorphism in the cultivated cohort, with the males carrying more branches,
more cones, and more leaves than female plants. The males held an average of 27 branches per plant
whereas the females held an average of 8 branches per plant. The more frequent branching in male
plants was attributed to the males experiencing more frequent coning events and producing more
cones per reproductive episode than the female plants.

Third, Niklas and Marler [13] determined the branching traits of 483 C. micronesica adult plants in
four research locations in Guam. The male trees exhibited a mean of 3.4 branches per tree and the
female trees exhibited a mean of 1.5 branches per tree. The difference in reproductive behavior of male
and female Cycas plants was discussed as the probable cause of increased branching in male trees.

Throughout our field work we recorded the number of stem apices on plants within numerous
in situ populations as part of the plant metrics obtained to more fully understand the biology of
several species. Our objectives herein were to look closely at these data to more fully understand
branching behavior of four cycad species. Moreover, we observed branching behavior of C. micronesica
before the invasions of several non-native insect herbivore species that have led to 96% mortality of
Guam’s population [14]. We exploited this phenomenon to look closely at branching behavior of the
tree population that has survived the biological threats. Finally, we explore how this knowledge may
improve horticultural and conservation decisions.

2. Materials and Methods

We collected data from numerous areas of occupancy for four cycad species in Colombia, Guam,
and Philippines. These data included sympatric species, plant height and basal stem diameter, number of
branches, number of leaves per plant and leaflets per leaf, length of petiole and rachis, and size of
strobili if present. For the purpose of this study, we focused on the number of stem apices on each plant
that we could identify as male or female. The general appearance of male and female Cycas trees in
Guam and Philippines contrasted sharply with the appearance of male and female Z. encephalartoides
plants in Colombia, the latter species had much shorter stems with a higher prevalence of stem
branching (Figure 1).
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Figure 1. The appearance of Cycas plants in Guam and Philippines: (a) male; (b) female. The appearance
of Zamia plants in Colombia: (c) male; (d) female.

2.1. Cycas micronesica

The observations on C. micronesica trees were conducted in 2004 in Guam. Ten areas of occupancy
throughout Guam were used for biochemistry studies designed to determine the biological and habitat
factors that influenced neurotoxin concentrations in seeds. The plant traits were recorded in conjunction
with these methods. Several non-native insect herbivore species invaded Guam during this time period,
but their entry into our study sites occurred in 2005. Therefore, the 2004 data captured the population
traits prior to any non-native insect herbivore damage. The number of branches on every tree that was
identified as male or female was recorded. These data were combined to define traits of 1041 male and
754 female trees.

2.2. Cycas edentata

We observed 23 areas of occupancy of C. edentata among numerous islands within a latitudinal
gradient of 9°10.655'-13°32.145" N and longitudinal gradient of 119°52.788’-126°7.122" E. The field work
was conducted from August 2008 to March 2019. These data were combined to obtain measurements
on 178 male and 234 female trees.

2.3. Cycas wadei

The only known endemic population of C. wadei on Culion Island was observed in March 2019 to
obtain measurements on 104 male and 153 female trees.
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2.4. Zamia encephalartoides

A single large grouping of Z. encephalartoides, restricted to a single plateau and consisting
of 287 adult-sized individuals was studied in Santander, Colombia in February 2009 as part of a
conservation survey for this species [15]. This population consisted of monopodial individuals or
clumps containing up to 40 stems. As the stems of this cycad species may be partly subterranean and
some branching may occur underground, it was sometimes difficult to ascertain with certainty whether
clumps of stems belonged to the same individual plants. For the purpose of this study, only clumps
exclusively containing strobili of a single sex and where all stems exhibited similar phenological stages
were counted as individual plants. As the species occurs in a hot and dry environment, cone remnants
can remain on plants for several months, allowing the sexual identity to be determined for over 80% of
the observed plants. Measurements were obtained from 143 male and 88 female plants.

2.5. Unbiased Demography of Cycas micronesica

The methods described in the previous sub-sections employed biased methods where sexual
identity of a plant was verified prior to collection of data. These methods did not allow an understanding
of the branch patterns of the entire population, including plants that were mature in stature but exhibited
no evidence of a strobilus. Therefore, we collected data from three high density C. micronesica localities
with 900+ mature plants per ha along the east coast of Guam in January 2004 (13°25.674'-13°29.847").
We used four 4 X 100 m transects per locality and observed every plant greater than 100 cm in height
and recorded the number of branches. A total of 432 mature plants were observed. We returned to
these same localities to repeat the measurements in January 2020. By this time the density was less
than 200 plants per ha. We repeated the methods with 4 X 100 m transects, but because of the plant
density we increased the number of transects in each locality until we reached ~150 plants per locality.
A total of 456 mature plants were observed.

2.6. Analyses

The male versus female branch number data for each species were analyzed separately. The data
did not meet parametric prerequisites, so we used the Mann-Whitney U test to determine significance
(SPSS Statistics, IBM Corp., Armonk, NY, USA).

3. Results

3.1. Cycas micronesica

Most of the male C. micronesica trees contained two branches, accounting for about 70% of the trees
(Figure 2a). The male trees that were unbranched accounted for about 10% of the trees, and the trees
with three or more branches accounted for the remainder of the male trees. In contrast, the unbranched
female C. micronesica trees accounted for about 80% of the population. The mean number of branches
for male trees was almost double that for female trees (Table 1).

Table 1. The influence of sex on stem branching of four cycad species. Significance determined by the
Mann-Whitney U test. Means + standard error.

Species Sex N Range Mean u P

Cycas micronesica Male 1041 1-12 2.52 +0.06
Female 754 1-8 136 £0.04 167,130  <0.001

Cycas wadei Male 104 1-7 2.55+0.12
Female 153 1-3 1.12 £ 0.04 1779 <0.001

Cycas edentata Male 178 1-10 3.03 £0.12
Female 234 1-2 1.07 £ 0.02 2698 <0.001

Zamia encephalartoides Male 143 1-40 8.14 £ 0.61
Female 88 1-18 2.83 +0.31 2649 <0.001
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Figure 2. The influence of sex on the proportion of plants with 1, 2 or 3+ branches. (a) Cycas micronesica;
(b) Cycas wadei; (c) Cycas edentata; (d) Zamia encephalartoides.

3.2. Cycas wadei

The number of male C. wadei trees with two branches and the number with three or more branches
each accounted for about 40% of the trees (Figure 2b). Almost 20% of the male trees were monopodial.
In contrast, the unbranched female C. wadei trees accounted for about 90% of the population, with the
remainder of the trees producing two branches. The mean number of branches for male trees was
2.3-fold greater than that for female trees (Table 1).

3.3. Cycas edentata

The number of male C. edentata trees with three or more branches accounted for about 60% of the
trees (Figure 2c). The male trees that were unbranched accounted for about 10% of the trees, and the
trees with two branches accounted for the remainder of the trees. The female C. edentata trees exhibited
branch proportions that were similar to those of C. wadei. The mean number of branches for male trees
was 2.8-fold greater than that for female trees (Table 1).

3.4. Zamia encephalartoides

The Z. encephalartoides plants generally exhibited many more branches than any of the Cycas
trees. About 80% of the male plants exhibited three or more branches (Figure 2d). The remainder
of male plants were split evenly between unbranched and two-branched individuals. The female
Z. encephalartoides plants were fairly evenly split among plants with one, two, or more than two
branches. The mean number of branches for male Z. encephalartoides plants was more than two times
greater than the mean of the three Cycas species and was almost triple that of female Z. encephalartoides
plants (Table 1).

3.5. Unbiased Demography

Surveys of every C. micronesica tree in excess of 100 cm in height from Guam’s high-density
localities indicated more than 60% of the 2004 trees were unbranched (Figure 3). About 20% of
these pre-invasion trees exhibited two branches, and about 20% exhibited three or more branches.
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The widespread mortality that occurred prior to 2020 preferentially targeted unbranched trees, as the
2020 observations indicated less than 10% of the population was unbranched. The percentage of
trees with two branches remained at about 20% of the population, but trees with three or more
branches accounted for about 75% of the population. Therefore, a 7.6-fold decrease in unbranched
trees accompanied a 4-fold increase in trees with more than two branches during the changes between
our two years of observation.

1
n=432 n =456
08 -
u
o
o
206 F
o]
f o
°
£ 04 -
]
o
o
02 + |—|
0 -
1 2 3+ 1 2 3+
2004 2020

Figure 3. The influence of year on the proportion of Cycas micronesica plants with 1, 2 or 3+ branches.
n represents the total number of trees in each census.

4. Discussion

The higher propensity for branching in male versus female cycad plants reported for cultivated
Z. integrifolia [2,12] was also documented for in situ populations of Cycas micronesica [13]. The present
study confirms these findings with robust in situ data sets of three Cycas species and one Zamia
species. We believe the higher branch number found in male plants of the species studied may be
the consequence of isotomous branching associated with the more frequent coning of male cycad
plants [12,16]. Vegetative branching in cycads occurs via two known mechanisms: isotomous branching
of the shoot apex or adventitious branching associated with damaged stem regions or leaf bases [17].
Adventitious branching is the most common form of branching in cycads, occurring in the ten living
cycad genera and producing the offsets (known as suckers or pups) that are typically used for vegetative
propagation of cycads. Isotomous vegetative branching, where the shoot apex divides dichotomously
at the stem axis to form two equal branches, appears to be much rarer in cycads and has only been
reported in Cycas, Dioon, and Zamia [1,12,17-19]. However, another dichotomous branching process,
termed anisotomous branching [17] occurs in cycad genera that produce terminal strobili.

In anisotomous branching, the original apex dichotomizes and produces a fertile apex that will
develop a cone (or set of cones) and another apex that goes dormant and resumes vegetative growth
after the strobili mature [17]. Anisotomous branching is detectable in the anatomy of cycads stems by
the presence of dome-like profiles of vascular tissue known as cone domes [1] (p. 45) but is not readily
apparent externally because the vegetative apex resumes upward growth of the stem in a seemingly
continuous fashion.

All cycad genera, with the exception of members of the Tribe Encephalartae (sensu [20]) produce
terminal cones and therefore undergo anisotomous branching. In Encephalartae, comprised of the three
related genera Encephalartos Lehm., Macrozamia Miq., and Lepidozamia Regel [21], cones are produced
to the side of the vegetative apex with no associated apex dichotomy [22]. In Cycas, anisotomous
branching is restricted to male plants, as female plants produce indeterminate crowns of individual
sporophylls (Figure 4) that are produced similarly and alternately with crowns of leaves [23,24].
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Figure 4. The reproductive behavior of a female Cycas plant produces a megastrobilus that is not
determinate. Each sporophyll is an obvious homolog of the pinnate compound leaf. Sporophylls from
a megastrobilus (blue arrows) separate the antecedent (red arrows) and subsequent (yellow arrows)
leaf growth events.

Multiple studies have associated coning events with vegetative branching, suggesting a close
association between anisotomous and isotomous branching. Gorelick [19] reported isotomous branching
in Zamia furfuracea L.f. immediately following a coning event. In this case, the vegetative branches
occurred on both sides of the cone axis with both branches producing simultaneous vegetative flushes.
Orndulff [12] observed branching was closely associated with cone production in a cultivated cohort
of Z. integrifolia. He found a significantly higher number of branches were produced by male plants
and attributed this phenomenon to the male plants experiencing more coning events due to their
reproduction starting at an earlier age than the females. Similarly, in a cultivated group of Z. integrifolia
plants of similar age, Norstog and Nicholls [1] (p. 141) found a significantly larger number of branches
on males than females. This phenomenon was attributed to increased apex subdivisions due to their
more frequent cone production. Additionally, male plants were generally more robust and produced
more leaves than females.

The process of isotomous vegetative branching associated with a coning event is illustrated in
male Cycas micronesica (Figure 5). In a similar manner as described by Gorelick [19] with Z. furfuracea,
following the production of a terminal cone, two branches of similar size are formed at either side
of the cone axis and produce vegetative flushes simultaneously. In this study, isotomous vegetative
branching was observed only on male Cycas plants, but on both sexes of Zamia.

The branching behaviors of the three Cycas species were remarkably similar, with less than 20% of
male trees and more than 80% of the female trees exhibiting unbranched trunks. Most female trees
were unbranched for all three Cycas species, but the mean and maximum number of branches observed
in female C. micronesica trees exceeded those in the other two species. We note two factors that may
explain these differences. First, the differences could be due to inter-specific genetic differences where
C. micronesica is more prone to branching. The addition of many more Cycas species to this research
agenda would aid in understanding the role of genetics on branching of female trees. Second, the greater
branching from Guam’s trees may be due to greater tropical cyclone (TC) activity. The Philippine
and Guam habitats are within the most active TC basin worldwide [25]. Guam’s propensity for TC
occurrence must be considered when making horticultural decisions for perennial crops [26]. A major
TC in 1997 caused an estimated 10% of Guam’s C. micronesica population to become decapitated
with the entire stem apex snapped off [27]. Guam’s trees that suffer this form of damage during
TCs develop numerous adventitious buds at positions on the stem that are proximal to the break
([28], Figure 1). After almost two years of regrowth, the trees that withstood the 1997 TC with intact
apices exhibited only two vegetative growth events, but the decapitated trees exhibited as many as
25 vegetative growth events over the experimental period as a result of the numerous adventitious
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branches [29]. Observations since the invasions of several non-native insect herbivores indicate this
new biotic threat has weakened the C. micronesica stems such that they are more vulnerable to TC
damage [30]. This was confirmed during a 2015 TC when damage to the C. micronesica population was
greater than expected based on historical observations of damage [31]. The third possible explanation
for the greater number of apices for C. micronesica than for the other two Cycas species could be an
interaction of genetic differences and TC propensity. This could be tested by observing branching
patterns of mature specimens of the three Cycas species in a common garden setting.

Figure 5. The reproductive behavior of a male Cycas plant. (a) July 2019 microstrobilus is determinate
and terminates the stem growth; (b) the appearance of two adventitious apices becomes apparent
five months later; (c) resumption of stem growth is apparent seven months after the microstrobilus.
Yellow arrows point to the base of the antecedent microstrobilus.

4.1. Refinements

Alook at the gestalt appearance of the entire branched Cycas canopy offers more refined diagnostics
by using topology. The first tenet that can be employed to interpret a tree’s canopy is that trees with
multiple sites of bifurcation are likely males. Consider two model trees with five apices. One tree
exhibits four bifurcation events leading to four stratified dichotomous branching components of
the canopy (Figure 6a). The second tree exhibits five stems that converge to unite at one stratum
of the basal stem (Figure 6b). The first tree is likely a male tree because of the multiple examples
of dichotomous branching. The second tree could be either sex because the branching connotes
adventitious branching in response to a mechanical injury at the stratum of the manifold branching.
The number of C. micronesica trees that develop a canopy similar to Figure 6b may increase in the future
due to the issues described in Section 4.1. The stems that have been weakened by non-native insect
herbivory may break more often in future TCs such that more trees on average develop regrowth with
multiple adventitious branches emerging from one stratum.

A second tenet that may aid in interpretation of branching is that the isotomous branching
following a determinate strobilus generates two branches of a similar size, as can be seen in Figures 1c
and 6a. If a cycad stem reveals branching into two stems, and one secondary stem is much larger
than the other second secondary stem, this is not likely the result of a post-strobilus bifurcation
event. Sometimes, two equal sized branches may develop from adventitious branching after an
injury, a phenomenon referred to as pseudoisotomous branching by Stevenson [17]. Pseudoisotomous
branching is distinguishable macromorphologically from isotomous branching. Inisotomous branching,
the leaf base pattern is continuous between the stem and the branches and no constriction is observed at
the base of the branches, whereas in pseudoisotomous branching, the leaf base pattern is discontinuous
and constriction is observed at the base of the branches [17]. These tenets may be most easily condensed
to the simple rule that multiple examples of dichotomous branching on a Cycas tree likely signifies
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a male tree and unbranched stems likely signify a female tree. Our observations of Cycas trees in
the field suggest that isotomous branching is most common in male plants, and that it is either very
rare or inexistent in female plants. In contrast, isotomous branching was observed on both sexes in
Z. encephalartoides, suggesting that this type of branching may be associated with the capability of
producing terminal cones.

Figure 6. Two approaches for producing branches on a cycad plant. (a) Four bifurcations (red arrows)
at different strata generate five apices; (b) five branches emerge from one stratum.

4.2. Horticulture and Conservation

Our unambiguous results revealing sexual dimorphism in branch number may be used by
horticulturists to inform decisions. Dioecious species offer choices to horticulturists that are not
available for monoecious species. For example, if a property owner has a preference for an unbranched
Cycas tree that appears more palm-like (Figure 1b), the new knowledge that a female tree will meet
that preference more often than a male tree can be exploited. Conversely, when considering highly
branching, shrub-like geophilous species of Zamia for landscape design, male plants may make
more robust specimens with a higher number of branches, leaves and cones, as demonstrated with
Z. integrifolia by Norstog and Nicholls [1] (p. 141). Shrub-like Zamia species are often used in landscape
designs as stand-alone specimens or in mass plantings as foreground layers or hedges. This shrub-like
habit can be found in several Zamia species throughout the geographic range of the genus [32] but is
most common in Caribbean species such as Z. integrifolia, and Mexican species, such as Z. furfuracea,
one of the most abundantly cultivated cycads in the world. Small basal stem cuttings of cycad plants
are highly successful in producing adventitious roots [33-35]. This knowledge may be exploited to
clonally propagate a female or a male tree to obtain the desired landscape objective.

Our results also inform conservation decisions. Cycads form the most threatened group of plants
worldwide [3]. For example, C. wadei is listed as critically endangered [36], C. micronesica is listed
as endangered [37], Z. encephalartoides is listed as vulnerable [38], and C. edentata is listed as near
threatened [39]. Our repeated visits to numerous areas of occupancy for all four of our model species
have documented extensive loss of habitat due to anthropogenic land conversion actions.

This is happening in Guam due to expansive construction projects, and federally funded rescue
projects have employed the collection of cuttings or excavated transplants of C. micronesica to rescue
some of the genetic diversity of the destroyed populations. Much has been learned about the capture of
in situ genetic diversity while collecting for ex situ conservation of cycad species [40,41]. The collection
of clones instead of seeds improves the conservation of genetic diversity in ex situ collections [42].
The pilot study for the Guam rescue projects [43] utilized the knowledge of branch differences to ensure
~60% of the rescued trees were unbranched, ~20% contained two apices, and ~20% contained three or
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more apices as an approach that would ensure fairly equal representation of male and female trees
in the rescued population. In contrast the most recent large-scale salvage project, which employed
excavation and transplantation of mature trees, did not utilize this branching knowledge, as the rescued
population was heavily represented by specimens with multiple apices (personal observation, T.E.M.).
This oversight ensured that most of the rescued population would be male trees, thereby reducing future
recruitment and regeneration potential of the restoration site in which the plants were transplanted.
These case studies illuminate the need to ensure that appropriate species expertise is guiding the
decisions in conservation projects, especially when public funding is involved. Indeed, that male cycad
plants produce more stem apices than female plants has been known since the 1980s [12], so if a cycad
biologist had been consulted in the conservation decisions of the transplant project this mistake would
not have been made.

The use of stem branching traits to inform cycad conservation decisions adds to a growing
body of evidence that illuminates the importance of including conservation practitioners with a
verifiable understanding of plant behavior. Other plant traits that have been discussed for use in cycad
conservation decisions included stem carbon dioxide efflux [44] and stem height increment [45].

4.3. Future Directions

The collective results point toward several areas of needed research. Continued work in these
directions would contribute greatly to cycad biology and conservation.

First, long-term observational studies are needed to determine the branching behavior for many
cycad species. Although we believe the higher number of branches found on male plants in this study is
a consequence of isotomous branching associated with more frequent terminal cone production, this is
based on indirect observations, and the relative contribution of adventitious vs. isotomous branching
to the stem architecture of these and other cycad species remains obscure. Direct observations over
time will provide the data needed to quantify the nature of branching on different cycad species and to
better understand the process of stem bifurcations following coning events. The collective data to date
include only two Zamia and three Cycas species, and little is known about the branching behavior of
the remaining 358 species of cycads [46]. Clearly, observations from the other eight genera and more
species are required to improve our understanding of branching processes in cycads, and botanic
gardens are ideal settings for this demanding long-term endeavor.

Second, future research should explore the relationship between reproductive anisotomous
branching and the isotomous vegetative branching that often follows it and attempt to understand the
mechanisms underlying these phenomena. While we observed this in both sexes of Zamia, we only
observed it on male Cycas plants. As female Cycas do not form terminal cones, this observation
suggests that there may be a link between the ability of cycads to produce terminal cones via
anisotomous branching and their ability to produce isotomous vegetative branches. A more detailed
survey of female Cycas plants and the plants from the three genera that do not produce terminal
cones (Encephalartos, Lepidozamia, and Macrozamia) may confirm whether this is the case. Additionally,
anatomical studies are needed in order to understand the mechanism underlying isotomous vegetative
branching following cone production. For example, it is unclear if this phenomenon could be the result
of trichotomous branching where the apex divides into one fertile and two vegetative apices, or of two
dichotomous branching events occurring in quick succession, or of some other unknown mechanism.
Careful sectioning of cycad stems undergoing this process could help resolve this conundrum.

Third, our results indicating that the recent invasions of non-native insect herbivores have killed
more unbranched trees than multi-branched trees in Guam deserve further study. The results indicate
more female trees have been killed than male trees, which will exert negative consequences for species
recovery if future conservation interventions become successful in mitigating the ubiquitous biological
threats. This disparity in vulnerability to the biological threats is likely mediated by non-structural
carbohydrate relations. The greatest threat to the C. micronesica plants has been the armored scale
Aulacaspis yasumatsui Takagi, and plant mortality from this herbivore is preceded by a gradual
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depletion of plant non-structural carbohydrates [47]. Cumulative traditional knowledge that guides
the exploitation of cycad stems for the production of starch for human consumption indicates male
stems yield more starch than female stems [48]. These issues collectively indicate the limited pool
of non-structural carbohydrates in female trees at the time of the insect invasions may have caused
the female trees to be more vulnerable than the male trees. Further studies of stem non-structural
carbohydrate relations in male and female trees may improve our understanding of these historical
dynamics and inform future conservation decisions for species recovery.

Fourth, illuminating clarity of how subsets of plants inform these issues may improve the
predictive usage of the information in horticulture. For example, our three Cycas arborescent species
exhibited less difference in total number of branches between male and female plants than the Zamia
species with partly subterranean stems. Do the male-female differences in branching behave differently
based on life form, rather than based on taxonomy, such that the arborescent species as a group behave
differently than the subterranean species as a group? Moreover, most of our female Cycas individuals
were unbranched. Do the indeterminate traits of Cycas megastrobili versus the determinate traits of the
megastrobili of the other arborescent genera fully explain the increased proportion of monopodial Cycas
individuals? For arborescent species, tree height increases with the number of primary growth events
which accumulate with age [1]. Does tree height correlate positively with the number of branches for
all species?

5. Conclusions

We have added more empirical evidence to earlier reports of sexual dimorphism that indicate
male cycad plants produce more branches than female plants. Collectively, three Cycas species and two
Zamia species have confirmed this aspect of secondary sexual behavior of the Cycadales. The changes
in proportion of branched versus unbranched C. micronesica trees in Guam between 2004 and 2020
indicates that more female trees have died due to the damage from non-native insect herbivores that
began in 2005. Horticulturists may exploit this knowledge of branching to increase the likelihood of
achieving near equal numbers male and female plants during conservation rescue projects.
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Abstract: The literature containing which chemical elements are found in cycad leaves was reviewed
to determine the range in values of concentrations reported for essential and beneficial elements.
We found 46 of the 358 described cycad species had at least one element reported to date. The only
genus that was missing from the data was Microcycas. Many of the species reports contained
concentrations of one to several macronutrients and no other elements. The cycad leaves contained
greater nitrogen and phosphorus concentrations than the reported means for plants throughout the
world. Magnesium was identified as the macronutrient that has been least studied. Only 14 of the
species were represented by data from in situ locations, with most of the data obtained from managed
plants in botanic gardens. Leaf element concentrations were influenced by biotic factors such as plant
size, leaf age, and leaflet position on the rachis. Leaf element concentrations were influenced by
environmental factors such as incident light and soil nutrient concentrations within the root zone.
These influential factors were missing from many of the reports, rendering the results ambiguous and
comparisons among studies difficult. Future research should include the addition of more taxa, more
in situ locations, the influence of season, and the influence of herbivory to more fully understand leaf
nutrition for cycads.

Keywords: Bowenia; Ceratozamia; Cycadaceae; Cycas; Dioon; Encephalartos; leaf element composition;
leaf tissue analysis; Lepidozamia; Macrozamia; Stangeria; Zamia; Zamiaceae

1. Background

Effective horticultural management of economic crops or threatened plant taxa requires an adequate
understanding of essential nutrient accumulation, partitioning among organs, and remobilization
prior to organ senescence. These biological phenomena influence many issues such as attractiveness to
herbivores, the speed of litter decomposition, and soil changes within the zone of root proliferation
and leaf litterfall. Knowledge of the concentrations of essential elements in plant organs is useful for
determining plant health, diagnosing the cause of an observable problem, and measuring the efficacy
of a fertilizer program [1-3]. Therefore, plant tissue analysis has been part of the traditional toolbox to
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meet management goals in agronomy, horticulture, and silviculture or to improve knowledge about
the ecology of tree species.

In any testing procedure designed to determine the presence or absence of a measurable component
from a sample, adherence to protocols that were developed through verifiable research is mandatory for
achieving unambiguous results [4]. Moreover, recording and reporting the biological and environmental
factors which are known to influence plant nutrient concentrations are necessary for methods to become
standardized and repeatable, engender trust in the results, and to justify comparisons among studies.

The group of gymnosperm plants known as cycads is comprised of the mono-generic Cycadaceae
family with 117 species and the Zamiaceae family with nine genera and 241 described species [5].
Research in applied sciences such as horticulture has been insufficient for members of this plant
group [6,7]. For example, the global agenda of understanding how leaf element concentrations correlate
with leaf functional traits has not sufficiently included cycad species [8]. This research agenda has
expanded substantially in the past six years, and the subject has never been reviewed to date.

The aim of our review is to report which taxonomic groups have been most studied, to compile
a listing of the published chemical element concentration data for cycad leaves, and to establish
protocols for continued research to ensure the results are comparable among the various laboratories
that contribute to the agenda in the future. Moreover, we conclude with a discussion of possible future
research directions with the hope of inspiring more demanding protocols to better meet horticulture
and conservation goals.

2. Species Studied

The literature search identified 18 publications in the primary literature in which the concentration
of at least one chemical element was reported as a constituent of leaf tissue for at least one cycad species.
Our primary focus was the essential nutrients, those chemical elements that are directly involved
in plant function and are required by plants to complete the life cycle. Macronutrients are required
in greater quantities, and micronutrients are required in small amounts. We also report beneficial
nutrients, those chemical elements that may stimulate growth in some plants but do not meet the
requirements of being essential. Other chemical elements which were reported in some studies were
not included in this review. The numerical concentrations of elements which were presented in figures
were estimated. Some reports used logarithmic data to meet parametric statistical requirements or to
smooth regression modeling. In order to standardize our reported data into one format, we transformed
these data to numerical concentrations. Misspelled species names were corrected and included if
the mistake was easily diagnosed. Data were not included if misspelled species names could not be
determined to be a currently accepted species. Synonyms or other obsolete names with an accepted
binomial [5] were reported for the currently accepted binomial. These methods identified a total of
46 cycad species from the literature search (Table 1). In addition to the taxonomic authority, we also
included the countries in which each species is considered endemic or indigenous. Leaf sampling from
plants growing within natural habitat were considered “in situ” and leaf sampling from plants that
were growing in managed gardens were considered “ex situ.”

Table 1. Forty-six cycad species with reported leaf element concentrations.

Species Family Taxonomic Authority Native Range
Bowenia serrulata Zamiaceae (W. Bull) Chamb. Australia
Bowenia spectabilis Zamiaceae Hook. ex Hook.f. Australia
Ceratozamia mexicana Zamiaceae Brongn. Mexico
Cycas armstrongii Cycadaceae Miq. Australia
Cycas debaoensis Cycadaceae Y.C.Zhong & C.J.Chen China
Cycas diannanensis Cycadaceae Z.T.Guan & G.D. Tao China
Cycas elongata Cycadaceae (Leandri) D.Yue Wang Vietnam
Cycas fairylakea Cycadaceae (Leandri) D.Yue Wang China
Cycas media Cycadaceae R.Br. Australia
Cycas micholitzii Cycadaceae Dyer Laos, Vietnam
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Table 1. Cont.

Species Family Taxonomic Authority Native Range
Cycas micronesica Cycadaceae K.D. Hill Guam, Rota, Palau, Yap
Cycas nitida Cycadaceae K.D.Hill & A.Lindstr. Philippines
Cycas nongnoochiae Cycadaceae K.D.Hill Thailand
Cycas panzhihuaensis Cycadaceae L.Zhou & S.Y.Yang China
Cycas revoluta Cycadaceae Thunb. China, Japan
.. . Australia, Indonesia,
Cycas rumphii Cycadaceae Migq. Papua New Guinea
Cycas sexseminifera Cycadaceae F.N.Wei China, Vietnam
. . . Cambodia, Laos, Myanmar,
Cycas siamensis Cycadaceae Miq. Thailand, Vie tn};m
Cycas szechuanensis Cycadaceae W.C.Cheng & L.K.Fu China
Comoros, Kenya,
Cycas thouarsii Cycadaceae R.Br. ex Gaudich Madagascar, Mozambique,
Seychelles, Tanzania
Cycas wadei Cycadaceae Merr. Philippines
Dioon edule Zamiaceae Lindl. Mexico
Dioon mejiae Zamiaceae Standl. & L.O.Williams Honduras
Dioon sonorense Zamiaceae (De Luca, Sabato & VazqTorres) Chemnick, Mexico
T.J.Greg. & Salas-Mor.
Dioon spinulosum Zamiaceae Dyer ex Eichler Mexico
Encephalartos cupidus Zamiaceae R.A.Dyer South Africa
Encephalartos ferox Zamiaceae G.Bertol Mozambique, South Africa
Encephalartos gratus Zamiaceae Prain Malawi, Mozambique
Lepidozamia hopei Zamiaceae Regel Australia
Lepidozamia peroffskyana Zamiaceae Regel Australia
Macrozamia communis Zamiaceae L.A.S.Johnson Australia
Macrozamia lucida Zamiaceae L.A.S.Johnson Australia
Macrozamia macleayi Zamiaceae Migq. Australia
Macrozamia moorei Zamiaceae FMuell. Australia
Macrozamla . Zamiaceae FE.M.Bailey Australia
mountperriensis
Macrozamia parcifolia Zamiaceae P.LForst. & D.L.Jones Australia
Macrozamia reidlei Zamiaceae (Gaudich.) C.A.Gardner Australia
Macrozamia serpentina Zamiaceae D.L.Jones & P.ILForst Australia
Stangeria eriopus Zamiaceae (Kunze) Baill. South Africa
Zamia erosa Zamiaceae 0O.F.Cook & G.N.Collins Cuba, Jamaica, Puerto Rico
Zamia fischeri Zamiaceae Miq. Mexico
Zamia furfuracea Zamiaceae Lf. Mexico
L. s . Bahamas, Cayman Islands,
Zamia integrifolia Zamiaceae L.f. Cuba, United States
Zamia portoricensis Zamiaceae Urb. Puerto Rico
Zamia splendens Zamiaceae Schutzman Mexico
Zamia standleyi Zamiaceae Schutzman Guatemala, Honduras
Zamia vazquezii Zamiaceae D.W.Stev., Sabato & De Luca Mexico

3. Green Leaf Elements

3.1. The Elements

Laboratory methods have varied among the years and among laboratories. The oldest articles
in our review quantified nitrogen with Kjeldahl digestion, and most contemporary articles employ
dry combustion approaches for nitrogen. The other minerals and metals are digested from the tissue,
with nitric acid being used most often. Quantification is done with spectrometry most common in
the earliest publications and spectroscopy being used more often in recent years. Macronutrient
concentrations in cycad leaf tissue were highly variable among the elements. The total carbon found
in cycad leaves was less variable than the other elements and ranged from 438-566 mg-g~! among
taxa of nine genera (Table 2) [9-17]. The range in nitrogen concentration in the cycad leaf tissue
was considerable, with a 6.9-fold difference among the species and studies and considerable overlap
among the nine genera [9-23]. The phosphorus concentration of the cycad leaf tissue was less
variable than nitrogen, with a 4.9-fold difference among the species and studies represented by nine
genera [9-14,17-20]. Potassium concentration was highly variable with a 7.6-fold difference among the
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nine genera studied [9-14,17-20,23,24]. Magnesium was determined for only two genera, yet the range
in concentration was substantial with a 7.5-fold difference among the studies [11-14,17,18,20,22,24].
The calcium concentration of cycad leaf tissue was more variable than the other macronutrients, with a
19.8-fold difference among the nine genera and studies [9,11-14,17,18,20,23,24]. Sulfur concentration
in cycad leaf tissue was also highly variable with a 22.8-fold difference among the nine genera and

studies [9,17,19,20,23].

Table 2. Published ranges in green leaf concentrations of macronutrients, micronutrients, and beneficial

elements for cycad plants.

Element Genera Species Studied Species in Genus Range Reference
Aluminum Cycas 1 117 22-60 mg-kg’1 [23]
Boron Cycas 2 117 11.6-43.4 mg~kg‘1 [11-14,20]
Calcium Bowenia 2 2 5.0-6.1 mg-g~! [9]
Calcium Ceratozamia 1 32 71 mg-g! [9]
Calcium Cycas 14 117 1.2-23.7 mg~g’1 [9,11-14,17,18,20,24]
Calcium Dioon 3 16 7.6-8.4 mg-g~! [9]
Calcium  Encephalartos 3 65 45-143 mg-g~! [9]
Calcium Lepidozamia 2 2 3.6-5.0mgg! [9]
Calcium Macrozamia 4 41 14-7.1 mg<g’1 [9,23]
Calcium Stangeria 1 1 7.1 mgg’1 [9]
Calcium Zamia 5 81 3.0-7.7 mg-g~! [9]
Carbon Bowenia 2 2 508-519 mg-g~! [9]
Carbon Ceratozamia 1 32 514 mg-g~! [9]
Carbon Cycas 13 117 463-509 mg-g~! [9-14,17]
Carbon Dioon 3 16 485-496 mg-g ! [9]
Carbon Encephalartos 3 65 490-505 mg-g~! [9]
Carbon Lepidozamia 2 2 438-566 mg-g~! [9,16]
Carbon Macrozamia 5 41 512-524 mg-g’1 [9,16]
Carbon Stangeria 1 1 479 mg-g’1 [9]
Carbon Zamia 7 81 477-491 mg-g~! [9,15]
Chloride Cycas 1 117 0.5-2.3 mg-g~! [24]
Copper Cycas 2 117 2.0-17.9 mg-kg™! [11-14,18,20]
Copper Macrozamia 1 41 2.1-2.8 mgkg™! [22]

Iron Bowenia 2 2 189-207 mg-kg ™! [9]

Iron Ceratozamia 1 32 106 mg-kg ™! [9]

Iron Cycas 14 117 27-410 mg-kg’1 [9,11-14,18-20,24]

Tron Dioon 3 16 117-163 mg-kg ™" [9]

Iron Encephalartos 3 65 93-363 mg-kg‘1 [9,19]

Tron Lepidozamia 2 2 166-176 mg-kg™! [9]

Tron Macrozamia 3 41 83-253 mg-kg ™! [9]

Tron Stangeria 1 1 228 mgkg™! [9]

Iron Zamia 6 81 142-1700 mg-kg™! [9,19]
Magnesium Cycas 4 117 1.4-82mg-g~! [11-14,17,18,20,24]
Magnesium  Macrozamia 1 41 1.1-19 mg-g’1 [22]
Manganese Cycas 3 117 20-152 mg-kg’1 [11-14,18,20,24]
Manganese  Macrozamia 1 41 6-57 mg-kg’1 [22]

Nitrogen Bowenia 2 2 24-41 mg-g~! [9,16]
Nitrogen Ceratozamia 1 32 13 mg-g~! [9]
Nitrogen Cycas 17 117 16-44 mg-g~! [9-21]
Nitrogen Dioon 4 16 14-17 mg‘g’l [9,22]
Nitrogen  Encephalartos 3 65 15-19 mg-g ™! [9,19]
Nitrogen  Lepidozamia 2 2 17-31 mg-g ™! [9,16]
Nitrogen Macrozamia 8 41 8-55 mg-g’1 [9,16,21,23]
Nitrogen Stangeria 1 1 22 mg-g~! [9]
Nitrogen Zamia 8 81 12-30 mg-g~! [9,15,19]
Phosphorus Bowenia 2 2 1.0-1.1 mg-g~! [9]
Phosphorus  Ceratozamia 1 32 0.8 mg-g~! [9]
Phosphorus Cycas 14 117 0.7-3.4 mg-g~! [9-14,17-20]
Phosphorus Dioon 3 16 0.8-1.5mg-g™! [9]
Phosphorus  Encephalartos 3 65 1.0-1.3 mg-g~! [9,19]
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Table 2. Cont.

Element Genera Species Studied  Species in Genus Range Reference
Phosphorus  Lepidozamia 2 2 0.8-12mgg™! [9]
Phosphorus  Macrozamia 4 41 0.5-1.2mg-g™! [9,21]
Phosphorus Stangeria 1 1 1.1mgg™! [9]
Phosphorus Zamia 6 81 0.7-1.3 mg: g’1 [9,19]

Potassium Bowenia 2 2 55-62mgg! [9]
Potassium  Ceratozamia 1 32 49 mg~g’1 [9]
Potassium Cycas 15 117 3.1-23.7 mg-g‘1 [9-14,17,18,20,24]
Potassium Dioon 3 16 57-11.5mg-g~" [9,19]
Potassium  Encephalartos 3 65 6.2-8.9 mg-g~! [9]
Potassium  Lepidozamia 2 2 9.5-10.6 mg-g~! [9]
Potassium  Macrozamia 4 41 51-11.3mgg™" [9,23]
Potassium Stangeria 1 1 8.0 mg-g™! [9]
Potassium Zamia 6 81 4.6-18.0mg-g~! [9]

Selenium Cycas 2 117 0.41-0.58 mg~1<g’1 [11,12]

Sodium Cycas 2 117 0.2-12mgg! [12,24]

Sodium Macrozamia 1 41 0.3-1.0 mg-g ™! [23]

Sulfur Bowenia 2 2 1.9 mg-g~! [9]
Sulfur Ceratozamia 1 32 1.4 mg-g™! [9]
Sulfur Cycas 12 117 0.8-2.6 mg«g,’1 [9,17,19,20]
Sulfur Dioon 3 16 1.1-1.4 mg-g~! [9]
Sulfur Encephalartos 3 65 0.8-2.2mg-g~! [9,19]
Sulfur Lepidozamia 2 2 14-1.6 mg<g’1 [9]
Sulfur Macrozamia 4 41 0.8-1.9 mg<g’1 [9,23]
Sulfur Stangeria 1 1 2.3 mg;g’1 [9]
Sulfur Zamia 5 81 0.6-13.7 mg-g~! [9,19]
Zinc Bowenia 2 2 19-21 mg-kg™! [9]
Zinc Ceratoamia 1 32 24 mg-kg™! [9]
Zinc Cycas 14 117 6-70 mg~kg’1 [9,11-14,18,20,24]
Zinc Dioon 3 16 12-23 mg-kg ™! [9]
Zinc Encephalartos 3 65 11-22 mg-kg ™! [9]
Zinc Lepidozamia 2 2 23-25 mg-kg’1 [9]
Zinc Macrozamia 4 41 4-22 mg-kg’1 [9,22]
Zinc Stangeria 1 1 53 mgkg'1 [9]
Zinc Zamia 6 81 11-38 mg-kg ™! [91

Micronutrient concentrations in cycad leaf tissue were also highly variable among the elements
and studies. Iron and zinc were the only micronutrients included in numerous articles, with nine genera
represented among the studies for each element (Table 2). Iron was also the only element exhibiting one
extreme outlier species, with Zamia fischeri [9,18] exhibiting iron concentrations more than 4-fold greater
than the range of the remaining 33 species that have been studied [9,11-14,18-20,24]. The remaining
micronutrients have not been observed adequately. Leaf chloride concentrations were reported
for a single Cycas species [24], boron concentrations were reported for only two species [11-14,20],
copper concentrations were reported for three species [11-14,18,20,22], and manganese concentrations
were reported for four species [11-14,18,20,22,24]. The cycad leaf content of the micronutrients
molybdenum and nickel have not been reported for any cycad species.

Several beneficial elements have been reported from cycad leaf tissue (Table 2). Aluminum
concentration has been reported for one species [23], selenium has been reported for two species [11,12],
and sodium has been reported for three species [12,23,24]. The remaining beneficial nutrients have not
been studied in the context of cycad leaf physiology.

3.2. The Taxa

Bowenia, Lepidozamia, and Stangeria contain only one or two species each, and every one of these
species was included in the literature review (Table 2, Table A1). Cycas contains more species than
any other cycad genus and also is the genus with most species represented in this research agenda.
However, on a percentage basis only 16% of Cycas species have been studied, compared with 20% of
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Macrozamia species. Other speciose genera are Encephalartos with 5% of the species studied and Zamia
with 10% of the species studied. The monotypic Microcycas was the only cycad genus that has not
been included in this research agenda to date. The reported ranges in nutrient concentration did not
appear to be constrained within each genus. For example, the least and greatest concentrations for
some nutrients were reported within a single genus (Table 2).

The number of genera and species that have been studied for each element was greatest for most
of the macronutrients, as would be expected. These are the chemical elements that are needed in
greatest quantity by plants, and they comprise the core constituents of most commercial fertilizers that
are manufactured to increase plant growth and productivity. Nitrogen was the most studied element
with nine genera and 46 of the 358 described cycad species [5] being represented among 14 reports
(Table 2). For unknown reasons, the inclusion of the macronutrient magnesium in cycad leaf tissue
studies has been minimal, with only five species and two genera included. The micronutrients were
much less represented in the literature. Iron and zinc were the only micronutrients that received
considerable attention in this agenda. The remainder of the micronutrients have been mostly ignored
during past research, with one to four Cycas and Macrozamia species included for each micronutrient.
The leaf concentrations for only three of the six beneficial nutrients have been reported to date (Table 2),
and each of these were represented by one or two Cycas or Macrozamia species.

Only two species have had more than 10 essential or beneficial elements reported, and both were
Cycas species (Figure 1a). Ten of the 46 species had only one or two leaf elements reported. The most
heavily studied species was Cycas micronesica, and five of the eight studies for this species included in
situ data (Figure 1b). Only 14 of the 45 species were represented with in situ data. About two-thirds of
the species were represented by only one study.

The original heavily cited description of the global leaf economic spectrum known as
GLOPNET [21] compiled data from 2548 species and included nitrogen and potassium among
the leaf traits that were built into the model. Their global average for leaf nitrogen was 19.4 mg-g~".
Our mean of leaf nitrogen concentration for cycad leaves was 22.8 mg-g~!, the greater value possibly
occurring because of the nitrogen-fixing cyanobacteria endosymbionts for cycads [6]. The GLOPNET
data included 155 species identified as having nitrogen-fixing endosymbionts, including one Cycas
and one Macrozamia species [21]. The nitrogen mean for this subset was 25.7 mg-g~!, indicating cycad
leaves contain less nitrogen on average than angiosperm plants that associate with nitrogen-fixing
endosymbionts. The global average for leaf phosphorus was 1.1 mg-g~!, less than our mean of
1.3 mg-g~! for cycad species with reported phosphorus values. Overall, our findings indicated the
reported values for nitrogen and phosphorus in cycad leaves were greater than the global average.
However, this direct comparison suffers from procedural ambiguities. The compilers of the GLOPNET
data were careful to restrict their methods to natural settings where the plants received no management
of any type (Peter Reich, personal communication). Most of the published cycad reports included leaf
data from managed plants in botanic gardens, and many of the studies failed to describe irrigation and
fertilization protocols that preceded the sampling dates. Moreover, the explicit comparisons of cycads
to leaf economic spectrum fundamentals [9,19,25] were based exclusively on managed botanic garden
plants. Managed garden plants of two Cycas species were compared with in situ plants to indicate
the managed plants produced leaves with macronutrient concentrations that were not similar to the
unmanaged plants [20]. For example, C. nongnoochiae leaves from garden plants contained 2.6-fold
greater phosphorus and 4.1-fold greater potassium than in situ plants. This species grows in one
locality in central Thailand and exhibits an extreme small endemic range. Clearly, most published leaf
element data from cycad species are not currently useful for comparison to GLOPNET.
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Figure 1. Statistics of forty-six cycad species. (a) Number of essential and beneficial elements reported
from leaves. (b) Number of papers containing leaf element data. Dark green portions of bars depict the

number of papers with in situ data.
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4. Leaf Litter Elements

The elemental constituents of leaf litter interplay with many cascading ecosystem phenomena,
such as plant soil feedback [26-29], the home field advantage in decomposition [30,31], and the soil
food web [32-34]. Moreover, an understanding of leaf litter nitrogen is critically important for plant
species in Fabaceae because these plants enter into symbiotic relationships with nitrogen-fixing bacteria
(Rhizobium) and Cycadales because these plants enter into symbiotic relationships with nitrogen-fixing
cyanobacteria (Nostoc) [35]. Therefore, some of the nitrogen released during litter decomposition for
these plant groups represents new contributions to the bulk soil. Other plant groups that do not have
nitrogen-fixing endosymbionts must absorb the required nitrogen from the edaphic substrates, then
their litterfall contains that same nitrogen that is returned to the same edaphic substrates. Direct
measurement of leaf litter chemistry is required for each species because translocation of green leaf
elements back into the stem tissue occurs during the dismantling of a leaf’s machinery as senescence
commences. The percentage of resorption of each element is species-specific [36,37].

A literature review of cycad leaf litter chemistry reveals the definition of generalities is impossible
because so few species have been studied. Leaf litter content of carbon and nitrogen has been
determined for four Cycas [10,11,18,20,35,38] and two Macrozamia [16] species (Table 3). One to four
Cycas species have been studied for other essential and beneficial elements (Table A2).

Table 3. Published ranges in leaf litter concentrations of macronutrients, micronutrients, and beneficial
elements for cycad plants.

Element Genera Species Studied  Species in Genus Range Reference
Carbon Cycas 3 117 475-534 mg‘g’1 [10,11,18,35,38]
Carbon Macrozamia 2 41 502-546 mg-g ! [16]
Nitrogen Cycas 4 117 15-22 mg~g'1 [10,11,18,35,38]
Nitrogen  Macrozamia 2 41 11-24 mg-g™! [16]
Phosphorus Cycas 4 117 0.3-2.0 mg-g~! [10,11,18,38]
Potassium Cycas 4 117 1.0-14.2 n’\g-g’1 [10,11,18,38]
Magnesium Cycas 3 117 1.32-7.54 mg-g~! [11,17,38]
Calcium Cycas 3 117 25323 mgg”! [11,18,38]
Sulfur Cycas 1 117 1.20-1.38 mg-g~! [38]
Iron Cycas 2 117 28-547 mg-kg‘1 [11,18,38]
Manganese Cycas 2 117 25-141 mgkg™! [11,18,38]
Boron Cycas 2 117 29.5-51.6 mg-kg ™! [11,38]
Copper Cycas 2 117 1.3-5.9 mg-kg ™! [11,18,38]
Zinc Cycas 2 117 4.48-31.21 mg-kg™! [11,18,38]
Selenium Cycas 1 117 0.48 mg-kg™! [11]

5. Biotic Factors

The direct influence of leaf age on nutrient concentration has been reported for three cycad
species [13,16]. A 33% decline in leaf nitrogen occurred from youngest to oldest C. micronesica
leaves [13], a 12% decline in leaf nitrogen occurred from youngest to oldest M. communis leaves [16],
and a 13% increase in leaf nitrogen occurred from youngest to oldest M. riedlei leaves [16]. The leaf
crown on a cycad plant is comprised of several cohorts of leaves with disparate age, each of which is
separated by persisting cataphylls. The determination of the youngest cohort and the oldest cohort of
leaves is unambiguous due to the persisting cataphylls. These contrasting results for three species were
unexpected and point out the need to determine how leaf age influences leaf elements for more cycad
species. The increase in nitrogen with leaf age for M. riedlei is in sharp contrast to the robust literature
on the subject of nutrient resorption. Moreover, the description of which leaves were sampled from the
plants in most cycad reports reviewed herein was not included. This oversight must be corrected in
future studies. The persistence of cataphylls in cycad leaf crowns enables an unmistakable demarcation
that separates the youngest leaf cohort from older leaves.

250



Horticulturae 2020, 6, 85

The influence of plant size on leaf nutrients has been reported for two cycad species [18,22].
Leaf nitrogen concentration declined with plant size for C. micronesica [18] and D. sonorense [22].
The results point out the need to determine the influence of plant size on leaf nutrients for more cycad
species. Both of these species produce arborescent stem growth. We suggest the results were under
control of allometric relations rather than height per se. Therefore, cycad species which produce stem
growth that is mostly subterranean may require a different variable to quantify stem growth, such as
diameter of the stem clump or number of apices per plant.

The influence of leaflet sampling position along the leaf rachis has been reported for two cycad
species [14,16]. Cycas micronesica leaf nitrogen concentration increased linearly for young leaves and
non-linearly for old leaves with distance from the petiole [14]. A non-linear increase in leaf nitrogen
concentration occurred for M. riedlei with distance from the petiole [16]. The leaf age was not reported.
The majority of papers that we reviewed did not include a description of sampling location along
the pinnately compound cycad leaf rachis. As with leaf age and plant size, this oversight must be
corrected in future studies.

6. Environmental Factors

The direct influence of incident light on C. micronesica leaf element concentrations has been
reported [13]. Nitrogen, phosphorus, and potassium concentrations were greater in shaded plants
than in full sun plants. Differences in C. micronesica leaf element concentrations were reported
between homogeneous shade conditions supplied by commercial shadecloth and heterogeneous shade
conditions supplied by wood slats [17]. These results reveal the dangers in relying on data from
managed gardens without augmenting the results with data from natural settings. A quantification of
incident light or the general level of shade has not been reported for most of the cycad studies from the
literature. A comparison of two Cycas species between garden and in situ settings revealed the nutrient
concentrations of leaves from the garden plants were dissimilar from those of leaves from habitat [20].
The benign level of competition in the gardens versus robust competition with sympatric plants in
habitat was considered a causal mechanism. The use of multiple sites with contrasting soil nutrient
relations has revealed that cycad leaf concentrations of some leaf nutrients track with the differences
soil concentrations [10,20]. Many of the cycad studies in this review did not include a description of
soil nutrient concentrations accompanying the sampled plants. Other studies reported general soil
characteristics but did not include measurements of the nutrients within soils subtending the sampled
cycad plants. The differences of soil chemistry directly beneath cycad plants versus away from the
plants [39,40] indicate soil nutrition within the root zone of the sampled cycad plants is a metric that
should be determined in order to interpret leaf nutrient results accurately.

7. Future Directions

We consider three issues as the greatest needs within this agenda as more research accumulates.
First, adherence to accepted binomials for every taxon included in this research is of paramount
importance. Some reports included taxa names that did not conform to any known published species
names, and these data were not included herein and should not be used in future meta-analyses and
reviews. Careful adherence to accepted binomials [5] in future research would mitigate this ambiguity.
Moreover, as changes in cycad classification and nomenclature will continue to occur, including specific
provenance or pedigree data for samples included in studies, or preparing herbarium specimens
representing these samples will help researchers compiling data for future meta-analyses and reviews.

Second, more species must be added to the data before large-scale generalities will become
accurate for the Cycadales. Priority should be given to taxonomic groups that have not been studied
adequately. The genus Microcycas is missing from the published data. However, the speciose genera
are also not adequately represented in the literature. For example, only 3% of Ceratozamia, 5% of
Encephalartos, 10% of Zamia, 16% of Cycas, and 20% of Macrozamia species have been studied to date.
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Third, an increase in focus on natural habitats and reduction in focus on botanic garden settings is
needed. The leaf nutrient relations of only 14 of the 358 described species [5] have been determined in
situ, and most of those reports included a single locality. In situ leaf sampling of Cycas micronesica has
occurred among numerous insular habitats across four geopolitical island groups. No other species has
been studied with this level of focus on in situ sampling methods. This paucity of data from natural
habitats renders the current cycad literature of little value for comparing to GLOPNET. Moreover,
the genetic x environmental control over leaf nutrient concentrations cannot be determined until
multiple localities are included for indigenous species with an extensive native range.

Seasonal variation in leaf element concentrations may be considerable and modulated by biotic
factors. For example, the influence of season on Actinidia arguta var. arguta (Siebold and Zucc.) Planch.
ex Miq. leaf nutrient concentrations differed for male and female plants [41]. Moreover, the influence
of season on Olea europaea L. leaves interacted with intraspecific genotypic variation [42]. These results
indicate that research to determine the influence of season on cycad leaf nutrient relations should
include multiple provenances and the distinction of male and female sampled plants. Until this
is determined for numerous cycad species, the approach used by Marler and Lindstrom [20] is
recommended for comparing more than one location, whereby one season is used to compare locations.

Zhang et al. [9,19] reported iron concentrations of Zamia fischeri leaves that were extreme outliers
when compared with other species studied in two botanic garden locations. This observation should
be confirmed in natural settings in Mexico and greater attention to iron variation among other closely
related Zamia species may be warranted.

Marler and Lindstrom [20] reported that leaf magnesium concentration was constrained among
Cycas plants from one provenance even when they were grown in different soils with substantial
variation in soil magnesium concentrations. For example, C. nongnoochiae plants growing in Thailand
habitat exhibited leaf magnesium concentration that did not differ from the plants growing in a
managed cultivated garden, even though the garden soils contained magnesium that was only 14% of
that in the habitat soils. Similarly, C. micronesica plants growing in Yap habitat exhibited leaf magnesium
concentration that did not differ from the plants growing in a managed cultivated garden, even though
the garden soils contained magnesium that was only 11% of that in the habitat soils. The maintenance of
magnesium homeostasis in cycad leaves deserves further study. Some of the known roles of magnesium
include maintenance of chlorophyll concentration, promotion of non-structural carbohydrate export
from leaves, and control of ionic currents across membranes [43,44]. The observed homeostasis for two
Cycas species is not unexpected, given this partial list of roles for this macronutrient. The observations
need to be confirmed with other cycad species using multiple localities.

The nutrients which have been studied by more than one laboratory have revealed disparity in
reported concentrations among the studies that may be explained by dissimilar methods. For example,
green leaf nitrogen concentration reported by Kipp et al. [16] was more than double that reported
by Grove et al. [23] for Macrozamia riedlei and almost double that reported by Zhang et al. [9] for
Bowenia serrulata. Explanations for these differences among laboratories are difficult to consider because
many of the co-varying factors discussed in Sections 5 and 6 were not reported. Effort should be made
during every future study to record and report all sources of variation to improve our understanding
of reported differences among studies.

Marler and Dongol [35] reported the only study that we are aware of which determined the
influence of insect herbivory on cycad leaf nutrients. All three insects were invasive non-native pests.
Many cycad taxa coevolved with folivorous insects, and these should be studied in a similar manner to
determine how leaf nutrients are altered by the herbivory of these native sympatric insects.

The influence of C. micronesica leaf litter on decomposition speed, soil respiration,
and mineralization dynamics has been reported [38]. This study revealed the speed of these leaf
after-life phenomena was slower for the cycad leaves than for two Fabaceae species. The results
indicated that the presence of cycad plants in biodiverse settings may influence community-level litter
decomposition even if they are limited in incidence [45].
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The long-term changes in soil nutrient concentrations beneath the canopy of cycad plants have
been determined for C. micronesica and Z. integrifolia [39,40]. To our knowledge, the influences of
cycad plants on the soils within the dripline of their canopy have not been studied for any other
species. However, the two species that have been studied revealed that the presence of a cycad plant
in unmanaged settings is valuable for introducing soil heterogeneity at the fine scale, potentially
increasing biodiversity in soil organisms and increasing ecosystem health. We propose two phenomena
that deserve direct study. First, rainfall rarely reaches the soil surface without first being intercepted by
plant structures [46-51]. This intercepted rainfall is lost through evaporation or transferred to the soil
as throughfall or stemflow. The relative proportions of these processes are affected by canopy and leaf
traits, and strongly influence the spatial components of the hydrologic and chemical cycles beneath
mixed stands of plants [46-50]. Throughfall is the precipitation component that drips from numerous
plant surfaces, and stemflow is the precipitation component that drains along the plant stems to reach
the soil. The percentage of precipitation that reaches the soil via stemflow and the concentration
of solutes and suspensions of particulates in stemflow are strongly linked to leaf traits and canopy
architecture traits [46-51]. Stemflow influences essential minerals and metals near the base of trees,
but also influences soil carbon by the transfer of dissolved organic matter in the stem flow [51]. To our
knowledge, no studies of stemflow have included a cycad representative. However, arborescent palm
species exhibit stem and leaf shapes and orientations that are similar to cycads, and many palm trees
are skilled at increasing soil nutrients in their root zone by maximizing stemflow [52-54]. The diameter
of the C. micronesica leaf crown is up to 4 m for healthy trees, but the diameter of the Z. intergrifolia leaf
crown is less than 2 m, illuminating a highly contrasting ability to intercept rainfall for the individual
plant. Projected canopy area is highly influential of stemflow volume [55]. The relative diameters of
leaflets and rachis surfaces are also much greater for C. micronesica than for Z. integrifolia, and these
organ traits directly influence how precipitation is intercepted by an individual plant. The inclusion of a
range of cycad taxa in the stemflow research agenda would add greatly to our knowledge of how cycad
plants directly affect soil chemistry, but would also improve our understanding of carbon, hydrologic,
and nitrogen cycles by adding this unique gymnosperm plant group to the stemflow literature.

Second, some plants may influence the biogeochemical cycle by litter trapping. The leaf and
stem traits of these plants increase the volume of litterfall that is trapped in the plant’s canopy,
and this trapped litter becomes a privatized slow compost pile that releases nutrients over time [56].
As with stemflow, we are not aware of any cycad taxa that have been studied for litter-trapping
abilities. However, palm species [52,56-58] and fern species [56,59] are highly effective at trapping
litter, and the plant traits that enable this ability for palms and ferns are similar to the plant traits
of cycads. Trapped litter may further magnify nutrient accumulation by attracting animals which
may bring food materials and add feces directly to the litter mass [52,56]. The need to study the litter
trapping traits of cycad plants is clear, as this may explain the increases in carbon and nitrogen that
we have documented beneath two cycad species. Two cycad leaf traits should be considered in this
line of work. First, the size, shape, and insertion angle of spines and prickles on cycad petioles vary
greatly among species [6,60], and these petiole traits may directly influence how much of the incoming
litterfall is trapped. Second, some cycad species produce leaves that are replaced annually, while other
species produce leaves that are retained for many years. Undoubtedly, the amount of trapped litter
that can accumulate over time is under the direct influence of leaf longevity, and this leaf trait should
be considered in future studies on litter trapping of cycad plants.

Plants employ multiple defensive strategies against herbivores that have been studied within the
context of various models [61], and plant defensive strategies are generally classified as structural or
chemical. Structural defenses include leaf toughness and the construction of modified organs such as
thorns, spines, and prickles. Chemical defenses include metabolites that alter the taste of the tissues to
deter herbivory or that act as animal toxins. Cycads employ both defensive strategies, and cycad plants
have been the subject of myriad medical and biochemical studies because of the number of known
toxins that are synthesized by the plants [6,62]. Structural defenses are important after leaf expansion
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and maturation, but chemical defenses are important during leaf expansion [63]. The azoxyglycosides
cycasin and macrozamin are among the most studied acute cycad toxins, and these nitrogenous
compounds have been reported in all 10 genera and most species that have been studied [64,65].
These toxins may occur in greater concentrations in young cycad plants than in adult plants [66],
which parallels the decline in leaf nitrogen concentration with plant size [18,22]. In general, elemental
concentrations of plant tissues mediate defensive mechanisms [67]. These issues of secondary
compounds in cycad biology suggest the individual plants with greater nutritive content are better
protected with higher azoxyglycosides [66]. In consideration of the relevance of cycad toxins to human
health research, continued research on element accumulation and partitioning in cycad plants may
contribute substantially to toxicology research.

The elemental components of plant tissues cannot be studied in the absence of recognizing the
contributions of root traits and symbionts. Cycad roots have not been adequately studied but these
gymnosperms produce roots that appear typical of other seed-bearing plants, and although little is
known about their general physiology, they are believed to function similarly to angiosperm roots
[6 (p. 60)]. Seedlings initially produce a robust taproot which over time is augmented or replaced
by similarly thick and fleshy branching secondary roots. Root hairs, which function in other plants
to increase the volume of soil that plants area able to mine for nutrients, are rare in cycads and only
irregularly formed in the thinnest of feeder roots. Cycads also produce specialized clusters of roots
known as coralloid roots which typically grow upward above the soil surface and host nitrogen-fixing
cyanobacteria which fix nitrogen for use by the plant [6,68-70]. Moreover, cycads roots are known
to harbor arbuscular mycorrhizal fungi which enhance phosphorus uptake in low phosphorus soils
and enhance water availability in seasonally dry habitats [71,72]. The incidence and diversity of these
symbionts may contrast sharply between natural habitats where sympatric species of soil biota exist
and botanic gardens where the soil biota that interacts with a cycad plant are novel to the plant More
studies are needed to understand cycad root traits and to tease apart the influences of these symbiotic
relationships on leaf element concentrations in various cycad taxa.

Finally, many areas of occupancy for various cycad species are characterized by edaphic
characteristics that most plant species would not consider as suitable for plant growth. We highlight
three examples that deserve a dedicated look during future research on cycad plant nutrition. First,
multiple cycad species thrive in littoral habitats where roots are exposed to saline substrates and
leaves must contend with aerosol salt deposits. Second, some cycad species flourish on limestone
mountain surfaces or karst outcrops where mineral soils are scarce and drought stress is extreme.
Third, cycad populations also occur on either highly acidic volcanic substrates or ultramafic habitats,
where the plants must cope between the spectrum of extreme acidity and high alkalinity compounded
by calcium deficiencies and metal toxicities. This group of plants is ideal for studying the mechanisms
that plants exploit to compete in these extreme habitats. Moreover, some species are endemic to
one of these extreme habitat types while other species are indigenous and can be found in various
ecological niche habitats. Comparing these two types of cycad species may tease apart the stress
physiology mechanisms that indicate facultative versus obligate approaches for tolerating extreme
edaphic conditions.

8. Conclusions

Cycad species are highly prized in the horticulture trade. We have reviewed the available literature
on elemental concentrations in cycad leaves. A total of six gardens were included with two in China,
one in Florida, one in Thailand, one in Philippines, and one in Guam. These results were discussed
along with in situ data from Australia, Guam, Mexico, Palau, Philippines, Rota, Thailand, and Yap.
The review illuminates the scant research landscape of this agenda. By highlighting the unexpected
results that most papers reported data from botanic gardens and the authors failed to describe the
irrigation and fertilization protocols of the managed plants, we aimed to inspire an adoption of more
demanding protocols for expanding this research agenda. In part, this should include measurement
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and reporting of plant size, leaf age, or position within the canopy, position of leaflets along the rachis,
the shade level of the sampled leaves, and the soil element concentrations within the root zone of the
sampled plants.
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Appendix A

Table Al. Published ranges for green leaf element concentrations of cycad plants. Misspellings of
species were corrected if identity was obvious, species that were misspelled were not included if
identity was not obvious. Taxonomic synonyms were corrected. Data were estimated for reports
displaying data as figures and transformed if data were presented in log format.

Element Species Range Reference
Carbon Bowenia serrulata 519 mg-g~! [9]
Carbon Bowenia spectabilis 508 mg-g~! [9]
Carbon Ceratozamia Mexicana 514 mg-g~! [9]
Carbon Cycas debaoensis 485 mg-g~! [9]
Carbon Cycas diannanensis 463 mg-g~! [9]1
Carbon Cycas elongata 483 mg-g~! [9]
Carbon Cycas fairylakea 499 mg-g~! [9]
Carbon Cycas micholitzii 475 mg'g'1 [9]
Carbon Cycas micronesica 479 mg-g~! [12]
Carbon Cycas micronesica 484-493 mg-g~! [13]
Carbon Cycas micronesica 480-505 mg-g~! [14]
Carbon Cycas micronesica 475-485 rng~g‘1 [17]
Carbon Cycas nitida 499-509 mg-g~! [10]
Carbon Cycas panzhihuaensis 466-504 mg-g~! [9]
Carbon Cycas sexseminifera 467 mg-g~! [9]
Carbon Cycas siamensis 469 mg-g~! [91
Carbon Cycas szechuanensis 475-498 mg-g ! [9]
Carbon Cycas thouarsii 497 mg-g~! [9]
Carbon Cycas wadei 508 mg-g~! [11]
Carbon Dioon edule 496 mg-g~! [9]
Carbon Dioon mejiae 485 mg-g~! [9]
Carbon Dioon spinulosum 486 mg-g~! [9]
Carbon Encephalartos cupidus 490 mg-g~! [9]
Carbon Encephalartos ferox 494 mg-g~! [91
Carbon Encephalartos gratus 497-505 mg~g’1 [9]
Carbon Lepidozamia hopei 515 mg-g~! [91
Carbon Lepidozamia peroffskyana 511 mg-g~! [9]
Carbon Lepidozamia peroffskyana 473-566 mg-g~! [16]
Carbon Macrozamia communis 512 mg-g~! [9]
Carbon Macrozamia communis 507-560 mg-g ™! [16]
Carbon Macrozamia lucida 524 mg-g~! [9]
Carbon Macrozamia lucida 473-522 mg-g ™! [16]
Carbon Macrozamia macleaya 438-508 mg~g‘1 [16]
Carbon Macrozamia moorei 519 mg-g~! [9]
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Table A1. Cont.

Element Species Range Reference
Carbon Macrozamia riedlei 455-525 mg-g~! [16]
Carbon Stangeria eriopus 479 mg-g~! [9]
Carbon Zamia erosa 495 mg-g~! [9]2
Carbon Zamia erosa 481 mg-g~! [15]
Carbon Zamia fischeri 458 mg-g~! [913
Carbon Zamia furfuracea 477-489 mg-g ! [9]
Carbon Zamia integrifolia 490-491 mg-g~! [9]
Carbon Zamia portoricensis 484 mg'g'1 [15]
Carbon Zamia splendens 483 mg-g~! [9]
Carbon Zamia vazquezii 488 mg-g~! [9]
Nitrogen Bowenia serrulata 24 mg-g~! [9]
Nitrogen Bowenia serrulata 41 mgg! [16]
Nitrogen Bowenia spectabilis 24 mg-g~! [91
Nitrogen Ceratozamia mexicana 13 mg-g~! [9]
Nitrogen Cycas armstrongii 21 mg-g™! [21]
Nitrogen Cycas debaoensis 28 mg-g~! [9]
Nitrogen Cycas diannanensis 26 mg-g~! [9]1
Nitrogen Cycas diannanensis 26 mg-g™! [1911
Nitrogen Cycas elongata 28 mg-g~! [9]
Nitrogen Cycas fairylakea 25 mg-g~! [9]
Nitrogen Cycas media 44 mgg! [16]
Nitrogen Cycas micholitzii 25 mg-g~! [9]
Nitrogen Cyecas micholitzii 25 mg-g~! [19]
Nitrogen Cycas micronesica 29-30 mg-g~! [15]
Nitrogen Cycas micronesica 25 mg-g~! [12]
Nitrogen Cycas micronesica 14-30 mg-g~! [18]
Nitrogen Cycas micronesica 18-27 mg-g~! [13]
Nitrogen Cycas micronesica 18-29 mg-g ™! [14]
Nitrogen Cycas micronesica 23-37 mg-g~! [17]
Nitrogen Cycas micronesica 17-30 mg-g~! [20]
Nitrogen Cycas nitida 24-28 mg-g~! [10]
Nitrogen Cycas nongnoochiae 26-30 mg-g ! [20]
Nitrogen Cycas panhihuaensis 16-21 mg-g~! [9]
Nitrogen Cycas panhihuaensis 16 mg-g™! [19]
Nitrogen Cycas rumphii 30-31 mg-g~! [15]
Nitrogen Cycas sexseminifera 19 mg-g~! [9]
Nitrogen Cycas sexseminifera 19 mg-g™! [19]*
Nitrogen Cycas siamensis 18 mg-g~! [9]
Nitrogen Cyecas siamensis 19 mg-g~! [19]
Nitrogen Cycas szechuanensis 21-25mg-g~! [9]
Nitrogen Cycas szechuanensis 21 mgg~! [19]
Nitrogen Cycas thouarsii 23 mg-g~! [9]
Nitrogen Cycas wadei 21 mg-g™! [11]
Nitrogen Dioon edule 15 mg-g~! [9]
Nitrogen Dioon mejiae 14 mgg™! [9]
Nitrogen Dioon sonorense 14-17 mg-g~! [22]
Nitrogen Dioon spinulosum 15 mg-g~! [9]
Nitrogen Encephalartos cupidus 17 mg-g~! [9]
Nitrogen Encephalartos cupidus 18 mg-g~! [19]
Nitrogen Encephalartos ferox 15mg-g~! [9]
Nitrogen Encephalartos gratus 18-19 mg-g~! [9]
Nitrogen Encephalartos gratus 18 mg-g~! [19]
Nitrogen Lepidozamia hopei 17 mg-g™! [9]
Nitrogen Lepidozamia peroffskyana 19 mg-g™! [9]
Nitrogen Lepidozamia peroffskyana 18-31 mg-g~! [16]
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Element Species Range Reference
Nitrogen Macrozamia communis 20 mg-g~! [9]
Nitrogen Macrozamia communis 10-38 mg-g ™! [16]
Nitrogen Macrozamia lucida 21 mg-g™! [9]
Nitrogen Macrozamia lucida 14-22 mg-g~! [16]
Nitrogen Macrozamia macleayi 8-43 mg-g ! [16]
Nitrogen Macrozamia moorei 20 mg-g~! [9]
Nitrogen  Macrozamia mountperriensis 54-55 mg-g ! [16]
Nitrogen Macrozamia parcifolia 47-49 mg-g~! [16]
Nitrogen Macrozamia riedlei 14 mg-g™! [21]
Nitrogen Macrozamia riedlei 11-15 mg-g ™! [23]
Nitrogen Macrozamia riedlei 8-38 mg-g ™! [16]
Nitrogen Macrozamia serpentina 28-31 mg-g~! [16]
Nitrogen Stangeria eriopus 22 mg-g~! [91
Nitrogen Zamia erosa 18 mg-g~! [9]2
Nitrogen Zamia erosa 26 mg-g~! [15]
Nitrogen Zamia fischeri 28 mg-g~! [913
Nitrogen Zamia fischeri 28 mg-g~! [1913
Nitrogen Zamia furfuracea 12-14 mg-g~! [9]
Nitrogen Zamia furfuracea 13 mg-g~! [19]
Nitrogen Zamia integrifolia 18-21 mg-g~! [9]
Nitrogen Zamia portoricensis 18 mg-g~! [15]
Nitrogen Zamia splendens 15mg-g~! [91
Nitrogen Zamia standleyi 19mgg™! [15]
Nitrogen Zamia vazquezii 30 mg-g~! [91
Phosphorus Bowenia serrulata 1.0 mg»g’1 [9]
Phosphorus Bowenia spectabilis 1.1 mg-g™! [91
Phosphorus Ceratozamia mexicana 0.8 mg-g~! [9]
Phosphorus Cycas debaoensis 1.4 mg-g™! [9]
Phosphorus Cycas diannanensis 24 mgg! [9]*
Phosphorus Cycas diannanensis 24mgg! [19]1
Phosphorus Cycas elongata 1.2 mg-g™! [9]
Phosphorus Cycas fairylakea 1.1 mg-g~! [9]
Phosphorus Cycas micholitzii 1.5mgg™! [9]
Phosphorus Cycas micholitzii 1.5mgg! [19]
Phosphorus Cycas micronesica 29 mgg™! [12]
Phosphorus Cycas micronesica 1.2-27 mg-g~! [18]
Phosphorus Cycas micronesica 0.9-2.5mg-g™! [13]
Phosphorus Cycas micronesica 0.8-28 mg-g~! [14]
Phosphorus Cycas micronesica 2.6-29mg-g™! [17]
Phosphorus Cycas micronesica 1.5-29 mg-g™! [20]
Phosphorus Cycas nitida 1.1-1.9 mg-g™! [10]
Phosphorus Cycas nongnoochiae 1.3-3.4 mg-g~! [20]
Phosphorus Cycas panzhihuaensis 1.0-1.1 mg-g~! [9]
Phosphorus Cycas panzhihuaensis 1.1 mg-g™! [19]
Phosphorus Cycas sexseminifera 1.5 mg-g™! [9]
Phosphorus Cycas sexseminifera 1.2-1.5 mg-g™! [19]#
Phosphorus Cycas siamensis 1.2 mg-g™! [91
Phosphorus Cycas siamensis 12mgg™! [19]
Phosphorus Cycas szechuanensis 1.0-12mgg™! [91
Phosphorus Cycas thouarsii 1.2 mg-g™! [9]
Phosphorus Cycas wadei 1.1 mg-g™! [11]
Phosphorus Dioon edule 0.8 mg-g~! [9]
Phosphorus Dioon mejiae 1.5mgg! [9]
Phosphorus Dioon spinulosum 0.8 mg-g~! [9]
Phosphorus Encephalartos cupidus 1.2mgg! [9]
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Element Species Range Reference
Phosphorus Encephalartos cupidus 1.2mgg! [19]
Phosphorus Encephalartos ferox 1.0 mg-g™! [9]
Phosphorus Encephalartos gratus 1.1-1.3 mg-g™! [9]
Phosphorus Encephalartos gratus 1.1 mg»g’1 [19]
Phosphorus Lepidozamia hopei 0.8 mg-g™! [91
Phosphorus  Lepidozamia peroffskyana 1.2 mg-g™! [9]
Phosphorus  Macrozamia communis 1.0mgg! [9]
Phosphorus Macrozamia lucida 1.2 mg-g™! [9]
Phosphorus Macrozamia moorei 0.9 mg-g~! [9]
Phosphorus Macrozamia riedlei 0.5mgg™! [21]
Phosphorus Stangeria eriopus 1.1 mg-g™! [9]
Phosphorus Zamia erosa 1.0mgg™! [9]2
Phosphorus Zamia fischeri 1.7 mg-g~! [913
Phosphorus Zamia fischeri 1.7 mg-g ™t [1913
Phosphorus Zamia furfuracea 0.7-0.8 mg-g~! [9]
Phosphorus Zamia furfuracea 0.7 mg-g~! [19]
Phosphorus Zamia integrifolia 1.3 mg-g™! [91
Phosphorus Zamia splendens 0.8 mg-g~! [9]
Phosphorus Zamia vazquezii 0.7 mg-g~! [9]
Potassium Bowenia serrulata 55mgg! [9]
Potassium Bowenia spectabilis 6.2mg-g™! [9]
Potassium Ceratozamia mexicana 49mgg! [9]
Potassium Cycas debaoensis 44mgg! [9]
Potassium Cycas diannanensis 9.9 mg-g~! [9]1
Potassium Cycas elongata 9.8 mg-g™! [9]
Potassium Cycas fairylakea 58 mg-g! [91
Potassium Cycas micholitzii 7.0 mg-g~! [9]
Potassium Cycas micronesica 153 mg-g ™! [12]
Potassium Cycas micronesica 6.9-23.0 mg-g~! [18]
Potassium Cycas micronesica 3.8-22.1 mg-g~! [13]
Potassium Cycas micronesica 3.1-23.7 mg-g~! [14]
Potassium Cycas micronesica 14.9-16.4 mg-g~! [17]
Potassium Cycas micronesica 10.5-18.9 mg-g ! [20]
Potassium Cycas nitida 6.4-16.6 mg-g~! [10]
Potassium Cycas nongnoochiae 44-183 mg-g™! [20]
Potassium Cycas panzhihuaensis 5.8-7.7 mg-g~! [9]
Potassium Cycas revoluta 49-119 mg-g~! [24]
Potassium Cycas sexseminifera 43mgg! [9]
Potassium Cycas siamensis 102 mg-g™! [9]
Potassium Cycas szechuanensis 3.7-5.7 mg-g~! [9]
Potassium Cycas thouarsii 8.8 mg-g! [9]
Potassium Cycas wadei 74 mg-g™! [11]
Potassium Dioon edule 5.7 mg-g~! [9]
Potassium Dioon mejiae 11.5mgg™! [9]
Potassium Dioon spinulosum 79 mg-g! [91
Potassium Encephalartos cupidus 6.2mg-g™! [9]
Potassium Encephalartos ferox 6.7 mg-g~! [9]
Potassium Encephalartos gratus 7.2-89 mg-g~! [9]
Potassium Lepidozamia hopei 9.5 mg-g ! [91
Potassium  Lepidozamia peroffskyana 10.6 mg-g! [9]
Potassium Macrozamia communis 9.8 mg-g™! [9]
Potassium Macrozamia lucida 11.3 mg-g™! [9]
Potassium Macrozamia moorei 51mgg! [9]
Potassium Macrozamia riedlei 6.5-9.2mg-g! [23]
Potassium Stangeria eriopus 8.0 mg-g™! [9]
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Potassium Zamia erosa 10.0 mg-g ™! [9]2
Potassium Zamia fischeri 6.6 mg-g~! [9]°
Potassium Zamia furfuracea 4.6-10.2 mg-g~! [91
Potassium Zamia integrifolia 9.3-9.5mg-g"! [9]
Potassium Zamia splendens 8.1 mgg! [91
Potassium Zamia vazquezii 18.0 mg-g! [9]
Magnesium Cycas micronesica 23mgg! [12]
Magnesium Cycas micronesica 1.7-82mg-g™! [18]
Magnesium Cycas micronesica 2.5-48 mg-g~! [13]
Magnesium Cycas micronesica 29-51mg-g™! [14]
Magnesium Cycas micronesica 22-24mgg! [17]
Magnesium Cycas micronesica 3.1-7.0mg-g~! [20]
Magnesium Cycas nongnoochiae 24-26mg-g! [20]
Magnesium Cycas revoluta 1.9-3.1 mg-g~! [24]
Magnesium Cycas wadei 14mgg™ [11]
Magnesium Macrozamia reidlei 1.1-1.9mg-g™! [23]

Calcium Bowenia serrulata 6.1 mg-g~! [9]

Calcium Bowenia spectabilis 50 mgg! [9]

Calcium Ceratozamia mexicana 71mgg! [9]

Calcium Cycas debaoensis 11.8 mg-g~! [9]

Calcium Cycas diannanensis 114 mg-g™! [9]

Calcium Cycas elongata 11.6 mg-g™! [9]

Calcium Cycas fairylakea 3.9 mg-g~! [9]

Calcium Cycas micholitzii 2.7 mg-g™! [9]

Calcium Cycas micronesica 2.8 mg-g™! [12]

Calcium Cycas micronesica 7.1-237 mg-g~! [18]

Calcium Cycas micronesica 1.2-8.6 mg-g~! [13]

Calcium Cycas micronesica 7.8-10.6 mg-g ! [14]

Calcium Cycas micronesica 25-31mgg! [17]

Calcium Cycas micronesica 3.1-19.9 mg-g~! [20]

Calcium Cycas nongnoochiae 32-7.0mg-g™! [20]

Calcium Cycas panzhihuaensis 6.6-7.0 mg-g ! [9]

Calcium Cycas revoluta 7.7-15.6 mg-g~! [24]

Calcium Cycas sexseminifera 8.6mgg! [9]

Calcium Cycas siamensis 9.9 mg-g~! [9]

Calcium Cycas szechuanensis 1428 mg-g™! [9]

Calcium Cycas thouarsii 6.3mg-g! [91

Calcium Cycas wadei 251 mg-g~! [11]

Calcium Dioon edule 7.7 mg-g~! [9]

Calcium Dioon mejiae 84mgg! [9]

Calcium Dioon spinulosum 7.6 mg-g~! [9]

Calcium Encephalartos cupidus 45mgg! [9]

Calcium Encephalartos ferox 143 mg-g™! [9]

Calcium Encephalartos gratus 4.7-62mg-g"! [9]

Calcium Lepidozamia hopei 5.0 mg-g~! [9]

Calcium Lepidozamia peroffskyana 3.6 mg-g™! [9]

Calcium Macrozamia communis 14 mg-g™! [9]

Calcium Macrozamia lucida 2.8 mg-g! [9]

Calcium Macrozamia moorei 4.7 mg-g™! [9]

Calcium Macrozamia riedlei 3.1-7.1 mg~g’l [23]

Calcium Stangeria eriopus 71 mgg! [9]

Calcium Zamia erosa 3.0mgg! [912

Calcium Zamia fischeri 7.7 mg-g~! [9]°

Calcium Zamia furfuracea 49-70mg-g™! [9]

Calcium Zamia integrifolia 42-43mg-g™! [9]
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Calcium Zamia splendens 44mgg! [9]
Calcium Zamia vazquezii 6.7 mg-g~! [9]
Chloride Cycas revoluta 0.5-2.3 mg-g! [24]
Sodium Cycas micronesica 0.5 mg~g’1 [12]
Sodium Cycas revoluta 0.2-12mgg! [24]
Sodium Macrozamia reidlei 0.3-1.0 mg-g~! [23]
Sulfur Bowenia serrulata 1.9 mgg! [9]
Sulfur Bowenia spectabilis 1.9mgg! [9]
Sulfur Ceratozamia mexicana 14 mgg™! [9]
Sulfur Cycas debaoensis 2.6 mg-g~! [9]
Sulfur Cycas diannanensis 1.6 mgg™! [911
Sulfur Cycas diannanensis 1.6 mgg™! [19]1
Sulfur Cycas elongata 20mgg! [9]
Sulfur Cycas fairylakea 1.7 mg-g~! [9]
Sulfur Cycas micholitzii 14mgg™ [9]
Sulfur Cycas micholitzii 1.4 mg-g™! [19]
Sulfur Cycas micronesica 1.2-1.6 mg-g™! [17]
Sulfur Cycas micronesica 1.1 mgg™ [20]
Sulfur Cycas nongnoochiae 14mgg™ [20]
Sulfur Cycas panzhihuaensis 0.9-1.4 mg-g~! [9]
Sulfur Cycas panzhihuaensis 0.8 mg-g™! [19]
Sulfur Cycas sexseminifera 1.0 mg-g™! [9]
Sulfur Cycas sexseminifera 0.9 mg-g~! [19]%
Sulfur Cycas siamensis 1.3mgg™! [91
Sulfur Cycas siamensis 1.3 mg-g™! [19]
Sulfur Cycas szechuanensis 1.1-1.4 mg-g~! [9]
Sulfur Cycas szechuanensis 1.1 mgg™ [19]
Sulfur Cycas thouarsii 1.4 mg-g™! [9]
Sulfur Dioon edule 1.4 mg-g™! [9]
Sulfur Dioon mejiae 14 mg-g™! [91
Sulfur Dioon spinulosum 1.1 mgg™ [9]
Sulfur Encephalartos cupidus 1.2 mg-g~! [9]
Sulfur Encephalartos cupidus 1.2 mg-g™! [19]
Sulfur Encephalartos ferox 1.3mgg™? [9]
Sulfur Encephalartos gratus 0.9-22mgg! [9]
Sulfur Encephalartos gratus 0.8 mg-g~! [19]
Sulfur Lepidozamia hopei 1.6 mgg™! [9]
Sulfur Lepidozamia peroffskyana 1.4 mg-g™! [9]
Sulfur Macrozamia communis 1.2 mgg™! [9]
Sulfur Macrozamia lucida 1.9mgg™ [9]
Sulfur Macrozamia moorei 1.0mgg™! [9]
Sulfur Macrozamia riedlei 0.8-1.2 mg'kg™! [23]
Sulfur Stangeria eriopus 2.3 mgg™! [9]
Sulfur Zamia erosa 1.0mgg™! [912
Sulfur Zamia fischeri 2.7 mg-g™! [9]°
Sulfur Zamia fischeri 2.7 mg-g~! [19]3
Sulfur Zamia furfuracen 0.6-1.5mg-g! [9]
Sulfur Zamia furfuracea 0.6 mg-g~! [19]
Sulfur Zamia integrifolia 13.6-13.7 mg-g ! [9]
Sulfur Zamia splendens 1.1 mg-g™! [9]
Sulfur Zamia vazquezii 2.9 mg-g~! [91
Iron Bowenia serrulata 189 mg-kg™! [9]
Iron Bowenia spectabilis 207 mg-kg™! [9]
Iron Ceratozamia mexicana 106 mg-kg™! [9]
Iron Cycas debaoensis 114 mg-kg™! [9]
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Tron Cycas diannanensis 406 mg-kg ™! [91t
Iron Cycas diannanensis 406 mg-kg ™! [19]1
Iron Cycas elongata 149 mg-kg™! [9]
Tron Cycas fairylakea 98 mg-kg ™! [9]
Tron Cycas micholitzii 340 mg-kg™! [9]
Iron Cycas micholitzii 345 mgkg™! [19]
Iron Cycas micronesica 435 mg-kg™! [12]
Iron Cycas micronesica 38.5-88.6 mg-kg ! [18]
Iron Cycas micronesica 39.6-46.8 mg-kg ™! [13]
Iron Cycas micronesica 26.8-56.9 mg-kg ™! [14]
Iron Cycas micronesica 71.4 mgkg™! [20]
Iron Cycas nongnoochiae 764 mgkg™! [20]
Iron Cycas panzhihuaensis 134-215mgkg! [9]
Iron Cycas panzhihuaensis 225 mg-kg™! [19]
Iron Cycas revoluta 31 mgkg™! [24]
Iron Cycas sexseminifera 311 mgkg™! [9]
Iron Cycas sexseminifera 300 mg-kg™! [19]4
Iron Cycas siamensis 218 mg-kg™! [9]
Iron Cycas siamensis 225 mgkg™! [19]
Iron Cycas szechuanensis 234-304 mg-kg ™! [91
Iron Cycas szechuanensis 300 mg-kg™! [19]
Tron Cycas thouarsii 166 mg-kg™! [9]
Iron Cycas wadei 71.3 mgkg™! [11]
Iron Dioon edule 163 mg-kg™! [9]
Tron Dioon mejiae 117 mg-kg™! [9]
Tron Dioon spinulosum 123 mg-kg™! [9]
Iron Encephalartos cupidus 363 mgkg™! [9]
Iron Encephalartos cupidus 355 mgkg™! [19]
Tron Encephalartos ferox 93 mg-kg™! [9]
Iron Encephalartos gratus 121-339 mg-kg ™! [9]
Iron Encephalartos gratus 340 mgkg™! [19]
Iron Lepidozamia hopei 176 mg-kg™! [9]
Iron Lepidozamia peroffskyana 166 mgkg! [9]
Iron Macrozamia communis 83 mgkg ! [9]
Iron Macrozamia lucida 197 mg-kg™! [9]
Iron Macrozamia moorei 253 mgkg™! [9]
Iron Stangeria eriopus 228 mgkg™! [9]
Iron Zamia erosa 142 mg-kg™! [9]2
Iron Zamia fischeri 1697 mg-kg™! [913
Iron Zamia fischeri 1700 mg-kg ™! [1913
Iron Zamia furfuracea 194272 mg-kg! [9]
Iron Zamia furfuracea 260 mgkg ™! [19]
Tron Zamia integrifolia 211-270 mg-kg ™! [9]
Iron Zamia splendens 160 mg-kg™! [9]
Iron Zamia vazquezii 478 mg-kg ™! [9]

Manganese Cycas micronesica 23.8 mgkg™! [12]
Manganese Cycas micronesica 19.5-44.7 mg-kg ™! [18]
Manganese Cycas micronesica 26.1-77.5 mg-kg ™! [13]
Manganese Cycas micronesica 25.4-95.6 mg-kg ™! [14]
Manganese Cycas micronesica 36.6 mgkg™! [20]
Manganese Cycas micronesica 68.6 mgkg™! [20]
Manganese Cycas revoluta 27.1-73.7 mg-kg ™! [24]
Manganese Cycas wadei 152 mg-kg™! [11]
Manganese Macrozamia riedlei 6-57 mgkg‘1 [22]

Boron Cycas micronesica 13.6 mg-kg™! [12]




Horticulturae 2020, 6, 85

Table A1. Cont.

Element Species Range Reference
Boron Cycas micronesica 11.6-14.3 mg-kg™! [13]
Boron Cycas micronesica 13.6-15.9 mg-kg ™! [14]
Boron Cycas micronesica 434 mgkg™! [20]
Boron Cycas micronesica 25.6 mg~kg’1 [20]
Boron Cycas wadei 17.2 mgkg™! [11]

Copper Cycas micronesica 42 mgkg™! [12]

Copper Cycas micronesica 6.5-17.9 mg-kg ™! [18]

Copper Cycas micronesica 31mgkg™! [13]

Copper Cycas micronesica 2.0-4.0 mg'kg™! [14]

Copper Cycas micronesica 7.7 mg-kg™! [20]

Copper Cycas micronesica 9.7 mg-kg™! [20]

Copper Cycas wadei 3.9 mgkg™! [11]

Copper Macrozamia riedlei 2.1-2.8 rng-kg’1 [23]

Zinc Bowenia serrulata 19.2 mgkg™! [9]
Zinc Bowenia spectabilis 21.4 mg~kg‘1 [9]
Zinc Ceratozamia mexicana 24.4 mg~kg‘1 [9]
Zinc Cycas debaoensis 18.6 mg-kg™! [9]
Zinc Cycas diannanensis 18.9 mgkg™! El
Zinc Cycas elongata 19.8 mg-kg‘1 [9]
Zinc Cycas fairylakea 26.6 mgkg™! [9]
Zinc Cycas micholitzii 14.1 mg-kg™! [9]
Zinc Cycas micronesica 19.0 mg-kg™! [12]
Zinc Cycas micronesica 15.2-70.2 mg-kg ™! [18]
Zinc Cycas micronesica 20.4-45.7 mg~kg‘1 [13]
Zinc Cycas micronesica 18.1-59.8 mg-kg ™! [14]
Zinc Cycas micronesica 32.5 mg~kg’1 [20]
Zinc Cycas nongnoochiae 28.0 mg»kg‘1 [20]
Zinc Cycas panzhihuaensis 13.1-15.1 mg-kg ™! [9]
Zinc Cycas revoluta 5.7-68.5 mg-kg ! [24]
Zinc Cycas sexseminifera 13.6 mg-kg ™! [9]
Zinc Cycas siamensis 11.1 mg»kg‘1 [9]
Zinc Cycas szechuanensis 13.6-18.3 mg-kg ™! [9]
Zinc Cycas thouarsii 14.2 mg-kg™! [9]
Zinc Cycas wadei 10.3 mg-kg™! [11]
Zinc Dioon edule 22.6 mg»kg’1 [9]
Zinc Dioon mejiae 12.3 mg~kg‘1 [9]
Zinc Dioon spinulosum 164 mgkg™! [9]
Zinc Encephalartos cupidus 10.5 mg-kg™! [9]
Zinc Encephalartos ferox 17.8 mg-kg™! [9]
Zinc Encephalartos gratus 14.9-222 mgkg™! [9]
Zinc Lepidozamia hopei 232 mgkg™! [9]
Zinc Lepidozamia peroffskyana 252 mgkg™! [9]
Zinc Macrozamia communis 21.5mgkg™! [9]
Zinc Macrozamia lucida 21.0 mg-kg‘1 [9]
Zinc Macrozamia moorei 18.2 mg~l<g‘1 [9]
Zinc Macrozamia riedlei 3.6-6.6 mg'kg™! [23]
Zinc Stangeria eriopus 53.3 mg-kg ™! [9]
Zinc Zamia erosa 139 mg-kg‘1 [912
Zinc Zamia fischeri 20.0 mg-kg ™! [9]°
Zinc Zamia furfuracea 10.5-13.7 mgkg’1 [9]
Zinc Zamia integrifolia 15.5-16.1 mg-kg™! [91
Zinc Zamia splendens 13.8 mg»kg‘1 [9]
Zinc Zamia vazquezii 38.4 mg~kg‘1 [9]
Aluminum Cycas revoluta 22.0-59.6 mg~kg‘1 [24]
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Selenium Cycas micronesica 0.58 mgkg™! [12]
Selenium Cycas wadei 0.41 mgkg™! [11]

! Reported as Cycas parvula S.L. Yang ex D.Y. Wang; 2 Reported as Zamia amblyphyllidia D.W. Stev.; > The name
Z. fischeri is widely misapplied to the species Z. vazquezii in cultivation. The real Z. fischeri is extremely rare in
cultivation, and it is probable that the taxon sampled was Z. vazquesii; 4 Reported as Cycas miquelii Warb.

Table A2. Published ranges for leaf litter element concentrations of cycad plants. Misspellings of
species were corrected if identity was obvious, species that were misspelled were not included if
identity was not obvious. Taxonomic synonyms were corrected. Data were estimated for reports

displaying data as figures and transformed if data were presented as log.

Element Species Range Reference
Carbon Cycas micronesica 475-486 mg-g ™! [35]
Carbon Cycas micronesica 501-534 mg-g~! [18]
Carbon Cycas micronesica 509 mg-g~! [36]
Carbon Cycas nitida 494-519 mg-g~! [10]
Carbon Cycas wadei 513 mg-g~! [11]
Carbon Macrozamia communis 515-546 mg-g’1 [16]
Carbon Macrozamia riedlei 502-534 mg-g~! [16]
Nitrogen Cycas micronesica 16-22 mg-g ™! [35]
Nitrogen Cycas micronesica 21-22 mg-g~! [18]
Nitrogen Cycas micronesica 20 mg-g~! [36]
Nitrogen Cycas nitida 17-22 mg-g~! [10]
Nitrogen Cycas wadei 19 mg-g~! [11]
Nitrogen Macrozamia communis 11-24 mg‘g’1 [16]
Nitrogen Macrozamia riedlei 11-20 mg-g~! [16]
Phosphorus Cycas micronesica 0.5-0.9 mg-g~! [18]
Phosphorus Cycas micronesica 1.3-2.0 mg-g~! [35]
Phosphorus Cycas nitida 0.3-09 mg-g~! [10]
Phosphorus Cycas wadei 0.5 mg-g~! [11]
Potassium Cycas micronesica 1.0-1.9 mg~g’l [18]
Potassium Cycas micronesica 2.2-142 mg-g™! [35]
Potassium Cycas nitida 1.2-4.5 mg-g~! [10]
Potassium Cycas wadei 32mgg! [11]
Magnesium Cycas micronesica 3.39-6.52 mg-g~! [18]
Magnesium Cycas micronesica 3.38-5.82 mg-g ™! [35]
Magnesium Cycas wadei 1.32 mg-g~! [11]
Calcium Cycas micronesica 4.2-151 mg-g™! [18]
Calcium Cycas micronesica 11.9-32.3 mg-g~! [35]
Calcium Cycas wadei 25mgg! [11]
Sulfur Cycas micronesica 1.20-1.38 mg-g ! [35]
Iron Cycas micronesica 64-272 mg~kg’1 [35]
Iron Cycas micronesica 28-547 mg-kg ™! [18]
Iron Cycas wadei 37 mg-kg~! [11]
Manganese Cycas micronesica 24.5-86.1 mg-kg™! [18]
Manganese Cycas micronesica 23.0-37.3 mg-kg ™! [35]
Manganese Cycas wadei 141 mg-kg™! [11]
Boron Cycas micronesica 29.5-51.6 mg~kg’1 [35]
Boron Cycas wadei 9.9 mg-kg™! [11]
Copper Cycas micronesica 24-44mgkg™! [35]
Copper Cycas micronesica 1.3-5.9 mg-kg™! [18]
Copper Cycas wadei 3.3 mgkg™! [11]
Zinc Cycas micronesica 4.5-31.2 mg-kg™! [18]
Zinc Cycas micronesica 11.0-23.8 mg~l<g’l [35]
Zinc Cycas wadei 5.9 mg-kg™! [11]
Selenium Cycas wadei 0.48 mg-kg™! [11]
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Abstract: Fruit and seed shape are important characteristics in taxonomy providing information
on ecological, nutritional, and developmental aspects, but their application requires quantification.
We propose a method for seed shape quantification based on the comparison of the bi-dimensional
images of the seeds with geometric figures. | index is the percent of similarity of a seed image with
a figure taken as a model. Models in shape quantification include geometrical figures (circle, ellipse,
oval ... ) and their derivatives, as well as other figures obtained as geometric representations of
algebraic equations. The analysis is based on three sources: Published work, images available on
the Internet, and seeds collected or stored in our collections. Some of the models here described
are applied for the first time in seed morphology, like the superellipses, a group of bidimensional
figures that represent well seed shape in species of the Calamoideae and Phoenix canariensis Hort.
ex Chabaud. Oval models are proposed for Chamaedorea pauciflora Mart. and cardioid-based models
for Trachycarpus fortunei (Hook.) H. Wendl. Diversity of seed shape in the Arecaceae makes this family
a good model system to study the application of geometric models in morphology.

Keywords: circle; ellipse; lens; morphology; oval; seed shape; superellipse

1. Introduction

The Arecaceae Schultz Sch. (Palmae nom. cons.) is a unique family in the order Arecales,
class Monocotyledoneae. It includes about 2600 species grouped in 181 genera of climbers, shrubs,
and tree-like and stemless plants, all commonly known as palms, with a worldwide distribution in
tropical and subtropical regions. Economically important species are the oil palm (Elaeis oleifera [Kunth]
Cortes ex Prain), the coconut palm (Cocos nucifera L.), the date palm (Phoenix dactilifera L.) Other species
in this family are the most used by local people in many tropical places like the Amazonian basin,
with a great variety of applications [1-6]. It is remarkable that whole human communities, particularly
in the tropics, depend on palms for their survival [1,6]. Trachycarpus fortunei (Hook.) H.Wendl.
and Chamaerops humilis L. are frequently used as ornamentals in temperate zones in Mediterranean
countries for their resistance to extreme temperatures.

The Arecaceae form a monophyletic group among the monocotyledons as supported by both
molecular and morphological data that, in recent years, have integrated much information from DNA
sequencing. Current taxonomy presents five subfamilies (Calamoideae, Nypoideae, Coryphoideae,
Ceroxyloideae, and Arecoideae) divided into tribes and subtribes [1]. Table 1 shows the distribution of
tribes within subfamilies and representative examples of genera. The largest subfamily, the Arecoideae,
contains 106 genera grouped into 14 tribes, of which the largest, the Areceae is formed by 11 subtribes
that receive their names from the respective genera (Archontophoenicinae, Arecinae, Basseliniinae,
Carpoxylinae, Clinospermatinae, Dypsidinae, Linospadicinae, Oncospermatinae, Ptychospermatinae,
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Rhopalostylidinae, and Verschaffeltiinae), plus an additional group of ten unplaced genera (Bentinckia,
Clinostigma, Cyrtostachys, Dictiosperma, Dransfieldia, Heterospathe, Hydriastele, Iguanura, Loxococcus,
and Rhopaloblaste).

Table 1. A summary of the taxonomy of the Arecaceae. Subfamilies Calamoideae, Nypoideae,
Coryphoideae, Ceroxyloideae, and Arecoideae divided into tribes. The number of genera in each
subfamily and tribe is given between parentheses. Some examples of genera in each of the tribes are

shown. Data adapted from [1].

Subfamilies Tribes

Genera

1. Calamoideae (21)
Eugeissoneae (1)
Lepidocaryae (7)
Calameae (13)
II. Nypoideae (1)
III. Coryphoideae (46)
Sabaleae (1)
Cryosophileae (10)
Phoeniceae (1)
Trachycarpeae (18)

Chuniophoeniceae (4)

Caryoteae (3)

Corypheae (1)

Borasseae (8)
IV. Ceroxyloideae (8)

Cyclospatheae (1)
Ceroxyleae (4)
Phytelepheae (3)

V. Arecoideae (106)

Iriarteeae (5)
Chamaedoreae (5)
Podococceae (1)
Oranieae (1)
Sclerospermeae (1)
Roystoneeae (1)
Reinhardtieae (1)
Cocoseae (18)
Manicarieae (1)
Euterpeae (5)
Geonomateae (6)
Leopoldiniaeae (1)
Pelagodoxeae (2)

Areceae (58)

Eugeissona
Oncocalamus, Eremospatha, Laccosperma, Raphia
Calamus, Retispatha, Ceratolobus
Nypha

Sabal
Coccothrinax Hemithrinax, Leucothrinax, Thrinax
Phoenix
Chamaerops, Guihaia, Trachycarpus, Rhapis
Livistona, Licuala, Johannesteijsmannia
Caryota, Arenga, Wallichia
Corypha
Bismarckia, Lodoicea, Borassodendron, Borassus

Pseudophoenix
Ceroxylon, Juania, Oraniopsis, Ravenea
Ammandra, Aphandra, Phytelephas

Iriartea
Chamaedorea
Podococcus
Orania
Sclerosperma
Roystonea
Reinhardtia
Cocos, Jubaea, Bactris, Elaeis
Manicaria
Hyospathe, Euterpe
Asterogyne, Geonoma
Leopoldinia
Pelagodoxa, Sommieria
Archontophoenix, Areca, Basselinia, Carpoxylon,
Clinosperma, Dypsis, Linospadix, Oncosperma,
Ptychosperma, Rhopalostylis, Verschaffeltia,

Based on the utility of palms in industry at both subsistence and world market levels, the Arecaceae
has been reported to be the third family in applied importance in the Plant Kingdom following the
Poaceae and the Fabaceae [5]. Detailed analyses of fruit and seed morphology in this family may
provide valuable information.

2. Seed Morphology in the Arecaceae

The seeds of the Arecaceae are varied in size ranging from the small size of Prestoea Hook.,
a few millimeters in length, to the largest seeds of all plants weighing up to 25 kg: The “coco de
mer” (Lodoicea maldivica [J. F. Gmelin] Persoon). The size and shape of fruits and seeds correspond
to a diversity of types of dispersion, often in water or by zoochory by a variety of animals [6-10],
witha predominance of the circular, ellipsoid, and oval morphology [1,11]. The combinations of fibrous
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mesocarps and hard endocarps enclosing a cavity made of the fruits of Cocos nucifera L. (Cocoseae,
Arecoideae), L. maldivica (Borasseae, Coryphoideae), and other species, adaptations to floating in sea
water, while other fruits have fleshy mesocarps and brightly colored epicarps attractive to mammalians
such as civets (Caryota maxima Blume; Arenga pinnata [Wurmb] Merr. and Pinanga coronata Blume),
gibbons (Arenga obtusifolia Mart.), coyotes (Washingtonia spp. H. Wendl.), elephants (Hyphaene Gaertn.
and Borassus L.), and agoutis (Socratea H. Karst) [1,6-10,12]. In the large Amazonian palms, once ripe,
some of the fruits fall and are consumed by peccaries (Tayassu pecari) and species of rodents such as the
guantas (Cuniculus paca), guatusas (Dasyprocta spp.), and coatis (Nasua spp.), which disperse their seeds
and bury them at times of abundance [6]. Other fruits are food for birds like the Malabar hornbills
(Korthalsia Blume) and parrots, or fishes [9]. The fruits of Prestoea ensiformis (Ruiz & Pav.) H.E. Moore
or Astrocaryum chambira Burret fall by their own weight and once on the ground are eaten and their
seeds transported by rodents, tapirs, and wild boar [6]. For reviews on animal-mediated seed dispersal
in palms see [10,13].

In some palmes, it is impossible to distinguish between the endocarp and the seed. In many
species of Licuala (Chuniophoeniceae, Coryphoideae), such as L. spinosa, L. glabra, and L. grandis,
the former is very thin and crustaceous. In other species, it is very thick and hard, e.g., in Eugeissona
(Calamoideae), Nypa (Nypoideae), Borasseae, a few species of Licuala (e.g., L. beccariana), Ptychococcus,
the Cocoseae (Arecoideae), and the Phytelepheae (Ceroxyloideae) [1]. Three types of endocarp
have been described [14]: the coryphoid type differentiates from the inner part of the fruit wall;
the chamaedoreoid type forms solely from the locular epidermis; the cocosoid-arecoid type develops
from the locular epidermis, bundle sheaths, and intervening parenchyma. Different developmental
patterns, described as continuous, discontinuous, and basipetal, are correlated with these endocarp
types [1].

Numerous taxonomic groups in the Arecaceae received their Latin names according to
characteristics of their fruits and seeds (size, hardness ... ). Table 2 contains examples of the names that
refer to seed or fruit shape. For example, the prefix Ptychos, meaning folding or doubled gives the name
of two genera Ptychococcus and Ptychosperma (Figure 1), both in the sub-tribe Ptychospermatinae, in the
sub-family Areceae. Seedling morphology and anatomical studies have been the basis for classification
in the family [15]; nevertheless, seed morphology specifically has not received much attention.

Figure 1. Ptychococcus species owe their name to the morphological properties of their seeds. Ptychos
means folding or doubled seed (surface). Images: Ptychococcus paradoxus. Above: Two views of the
seed. Below: Transversal sections in three seeds of different origins. Bar represents 1 cm. Photos
courtesy of Scott Zona.
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Table 2. Some of the names in the taxonomy of the Arecaceae are related to morphological characteristics

of their fruits and seeds.

Name Meaning
Actinorhytis Radiate wrinkled (seed)
Astrocaryum Star-like pattern of fibers around endocarp pores

Attalea amygdalina Almond-shaped fruits

Barcella Little boat-shaped (seed)

Calamus pycnocarpus Thick fruit
Carpoxylon Thick, woody fruit
Ceratolobus Lobate horn-shaped fruit
Chelyocarpus Turtle carapace-shaped fruit
Clinosperma, Clinospermatinae Bent seeds (asymmetric)
Cyphosperma Gibbous seeds
Chrysalidocarpus, Chrysalidosperma Chrysalid-like fruit (seed)
Daemonorops oxycarpa Sharp, pointed (fruit)

Dictyocaryum
Dictyosperma
Eremospatha macrocarpa
Kentiopsis oliviformis
Kentiopsis pyriformis
Laccosperma
Lepidocaryum
Lithocarpos cocciformis
Lytocarium
Nephrosperma
Oncosperma, Oncospermatinae

Net of branches in the fruit
Net of branches in the seed
Large fruit
Olive shaped
Pear shaped
Seed with a hole or pit
Fruit with scales
Fruit hard and round
Loose fruit
Kidney-shaped seeds
Humped or swollen seed

Fruit with scales
Foot shaped fruit
Folding or doubled seed surface

Pholidocarpus
Podococcus Podococceae
Ptychococcus Ptychosperma, Ptychospermatinae

The shapes of many seeds in the Arecaceae are often described as circular, ellipsoidal or elliptic,
globose, ovoid, ovoidal, piriform, or rounded, including double adjectives such as “irregularly globose”
or “broadly ovoid” [1]. A conclusion from a review of the literature is that a large proportion of species
in this family have seeds resembling spheres, ellipsoids, and ovoids, but in general, the descriptions
lack definition and are far from seed shape quantification. On the other hand, in regions with a great
diversity of palms, such as the Amazon basin, most of the vegetative parts are difficult to access,
while the seeds, due to the hardness of the endocarp, last for some time under the producing tree,
being easy to find. In consequence, seed structure is often the key to the identification of palm species
in the field.

Geometric models can be defined that adjust to the shapes observed making it possible to give
accurate morphological descriptions of seed shape for a number of species, as well as the quantification
of shape by comparison between the seed image and the model. The possibility of a model depends
on the uniformity of seed shape in samples of a given species. Only when the shape is relatively
constant, it is possible to describe it by means of a geometric model. Difficulties may arise from
developmental aspects.

The shape is the result of a growth process and, in the same plant, or even in the same fruit,
there may be differences in seed shape depending on many factors such as the developmental status,
the type of inflorescence, the position of the seed in the plant or the fruit, and depending on the
type of fruit. The seeds may form aggregates in the same fruit, such as Camellia japonica (Theaceae),
Swietenia mahogany Jacq. (Meliaceae), Eucalyptus sp. L'Hér. (Myrtaceae), and Peganum harmala L., in the
Nitrariaceae [11]. In the Arecaceae, this occurs in diverse genera (Latania, Phytelephas, Salacca ... ),
and in the case of Eremospatha macrocarpa H. Wendl. (Lepidocaryae, Calamoideae), results in three
morphological types having respectively the shape of 1/3 of a sphere, hemispherical or ellipsoidal
depending on the number of seeds developing simultaneously in a fruit [1].
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Shape is the tridimensional result of complex developmental processes, but the description of it is
based on particular aspects. Bi-dimensional images of seeds are often similar to geometric figures that can
be used as models. To find a model, the images of different seeds must be taken from a similar perspective
to avoid differences in orientation and maximize similarity. The overall shape of the seed (elongated,
thinner, or thicker in a different position) and anatomical points (hilium, germination pore, ventral groove)
can be references for orientation. Slight changes in orientation can give different images (Figure 2).

D L V%

Figure 2. Seeds of Phoenix dactilifera L. in three views: dorsal (D), lateral (L), ventral (V). A groove is
visible in the ventral side, opposed to the germination pore in a dorsal position. Bar equals 1 cm.

3. Geometric Models: Definition and Application

3.1. A Conceptual Aspect

In this work, the shape of seeds will be related to geometric figures in a plane (bi-dimensional).
In the literature, it can be seen that some of the adjectives used for shape description are applied
to different objects: two-dimensional images of plane objects, three-dimensional objects, and their
contours. This is a drawback because the same word has a different meaning when applied to each case.
In other cases, different terms apply to precise, well-defined objects. For example, ovoid, or ovoidal
refers to three-dimensional objects, while an oval is a bi-dimensional, plane figure. An important
aspect of morphology is to define the object we work with; and a second aspect, not less important,
is to define also the point of view we adopt for this object. In the description of seed shape, we consider
a bi-dimensional approach easier and more straightforward than a tri-dimensional one. For example,
to compare a seed with a sphere (3D) is much more difficult than to compare the image of that seed
with a circle (2D). In addition, some of the models for the comparison of tri-dimensional objects are
not sufficiently defined; for example, reniform means kidney-shaped, but a kidney is not an object
described with precision; globose and globular mean approximatively rounded, but in a vague sense,
not indicating similarity to any well-described figure.

Computer-assisted methods allow the measurements of multiple magnitudes of objects, but often
the measurements are made in two dimensions [16,17]. Thus, when applying artificial vision
methods [18], figures are represented by the coordinates of a set of points in the plane, that can be
submitted to algebraic transformations and compared with a set of figures in databases. Plant organs,
in general, and seeds in particular, have a similarity with geometric objects, and the comparison
between both 2D images, the plant structure, and the geometric model, provides a direct method for
the quantitative description of shapes.
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3.2. ] Index, a Magnitude in Seed Morphology

To be useful for classification, the geometric description of seed shape must be open to
quantification. Comparing the shape of seeds (outline of seed images) to geometric figures permits
a precise quantification of seed shape, and in this condition, shape description is independent of size.
We have established a method based on the comparison of the bi-dimensional images of seeds with
geometric figures by the calculation of | index [19,20]. ] index is the percent of similarity between two
plane figures: the seed image and the geometric model [19-27]. It ranges between 1 and 100 and is
a measure of shape, not size. In consequence, the adjectives used to define the shapes of seeds are
based on the names of well-defined geometric figures. The morphological type of seeds, corresponding
to a geometric model, is a characteristic of the species, and more rarely of the genus. In some genera,
such as Acoelorrhaphe, Copernicia, Sabal, and others, there may be a predominance of the circular type,
but several observations with statistical support need to be done for each species. With this method,
we can get information about seed morphology in wild species or cultivated varieties [27], as well as
on aspects of seed shape related to taxonomy and life forms [28-30] or habitat [31].

3.3. Calculation of | Index

] index measures the percent of similarity of a seed image with the geometric model. To calculate
J index in each seed image a series of graphic compositions are elaborated with Corel PHOTO-PAINT
X7, in which the outline of the geometric model (circle, ellipse, or any other) is superimposed to
the seed image, searching a maximum adjustment between both shapes, the seed, and the model.
For each sample three graphic documents are kept: (1) a file in PSD format with the seed image and
the geometric figure adapted to it, in which it is possible to make changes and corrections; (2) a file
in JPG format with the geometric models in white, to discriminate between shared and total areas
and thus, obtain the values of the area shared between the geometric figure and the seed image
(S; Figure 3A,C), and (3) another file in JPG format with the geometric models in black, to obtain total
area (T; Figure 3B,D). Representative images of (2) and (3) are shown in Figure 3 taking as an example
the seed of Geonoma congesta H. Wendl. ex Spruce.

Figure 3. View of a seed of Geonoma congesta. (A) With white circle superimposed; (B) with a black circle
superimposed; (C) The area shared (S) between the seed image and the geometric model for calculation
with Image J. (D) Total area (T) for calculation in Image J. ] index is the ratio S/T X 100. In this example,
J index = 96.1. Image of G. congesta courtesy of Steven Paton. Taken from https://stricollections.orgj/.

It can be observed that the size of the red-figure represented in D (Total area, T) is slightly superior
to the represented in C (Shared area, S). | index is the ratio S/T x 100.
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4. Geometric Models: Definition of the Models

This section describes the geometric figures that are models in the description of seeds in the
Arecaceae. Most of the descriptions are accompanied by a formula; these algebraic formulae correspond
to the equation in Cartesian coordinates of the curve that delimits the figure (notice that in almost
all cases the same name is used for the curve and the figure). The first groups belong to elementary
geometry, while the latter groups include a set of figures constructed as graphical representations of
algebraic equations. In general, we use the traditional terminology, but a particular case deserves
attention. An oval is a convex figure limited by a C? closed curve. Convex means that any pair of its
points are joined by a segment contained in the figure. The C? property or continuous second degree
of smoothness ensures the continuity of the curvature, in particular, the absence of “peaks”. In this
sense, many common geometric figures are ovals (circles, ellipses ... ). On the other hand, the word
“oval” derives from the similarity with an egg shape (ovus in Latin), and this invites to its utilization in
a restrictive sense, that will be used in this work, excluding, e.g., circles and ellipses.

4.1. Circle

The circle [32], the figure delimited by a circumference, is defined, according to Euclid (Book 1
Definition 15):

“A circle is a plane figure bounded by one curved line, and such that all straight lines drawn from
a certain point within it to the bounding line, are equal. The bounding line is called its circumference
and the point, it’s center.”

A circumference (centered at the origin) of radius r is represented by the expression:

2+ y2 = @

4.2. Ellipse

The ellipse [33] is “a curve surrounding two focal points, such that for all points on the curve,
the sum of the two distances to the focal points is a constant”. An ellipse (centered at the origin) is
represented by the formula:

2 2
Y
a—z + b_2 =1 (2)
where a, b > 0 represent the semi-major and semi-minor axis, respectively. The circumference is
a particular ellipse in which the two focal points coincide; in this case, a = b = r.

4.3. Oval

In our restricted sense, an oval is a curve resembling the silhouette of an egg. Unlike ellipses, ovals
have only a symmetry axis [34]. Ovals can vary depending on their construction as well as on their
degree of symmetry, going from figures close to ellipses to others with a remarked single symmetry.
The family of ovals used in this work have the equation

(2 +ay2)2 =b3 + cxy2 3)
with a > 0; b, ¢ constants.

4.4. Lemniscate

A lemniscate (of Bernoulli) [35] is the locus of points whose product of distances from two fixed
points (called foci) equals a constant. A lemniscate is given by the equation

(x2 + yz)z - 2a2(x2 - yz) =0 4)
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where a is a real constant. By simple algebra, the equation for a half lemniscate is obtained as

y? = Nat + 4a2x|x| —a® - x|x| (5)

4.5. Superellipse

Superellipses [36] can be seen as intermediate curves between an ellipse and its circumscribed
rectangle. They are determined by the equation:
xXp |y ‘p
- I =1 6
'a ' + ‘ b ©

with p > 2. In particular, for 2 = b squared circles are obtained.

4.6. Cardioid and Derivatives

The cardioid [37] has the Cartesian equation:
2
(x2 + 1+ ax) = 112(x2 + yz) 7)

with a > 0. It has been used as a model for seed morphology in model plants [22,23] and it adjusts well
to seeds of many species in diverse taxonomic groups [28,30,31].

4.7. Lens

A lens [38] is a convex region formed as the intersection of two circular disks (when one disk
does not completely enclose the other). If the two circles that determine a lens have an equal radius,
it is called a symmetric lens, otherwise, it is an asymmetric lens. The Vesica piscis (“fish bladder”) is
a special type of symmetric lens formed with circles whose centers are offset by a distance equal to the
circle radii [39]. The 3D solid obtained rotating a lens around the axis through its tips is called a lemon.

4.8. Waterdrop

In the description of seed shape, it may be useful to modify geometric figures to obtain better
adaptations to the bidimensional shape of seeds. For example, we obtained a figure resembling a water
drop adapting the basis in the heart curve [40] to a circumference overlapping the maximum width of
the curve. It can be seen as the joint graphical representation of the functions:

2 16 6
f(x) =-3 36-x2+ ————; =—-— - V36-x2 8
() = =5 + V36— 4 g B0 = g7~ VB6x ®

Derived from this combination (Model 4 in [25]), an elongated waterdrop can be obtained
modifying the aspect ratio of the figure.

5. Geometric Models: Examples in Different Species in the Arecaceae

The following sections contain examples of seeds with the morphological types corresponding to
the geometric models. Photographs corresponding to some of the examples are given in Figures 4-10
and a list of species for each type is provided in Table 3. Appendix A contains the sources of the
images used in the Figures, while a Dataset has been published containing all the images used in this
study (Supplementary Materials, doi:10.5281/zenod0.4009081). Chapter 6 discusses the relationships
between morphological types and taxonomical groups. Seeds of a species can fit different models when
observed from a different point of view, and for this reason, it is important to indicate the orientation
in the images before proceeding to quantification with a given model.
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Figure 4. Representative examples of round seeds (J index values are indicated between parentheses).
From left to right: Acoelorrhaphe wrightii (93.6), Acrocomia aculeata (95.7), Coccothrinax argentata (92.6),
Geonoma congesta (96.1), Iriartea deltoideia (95.3), and Thrinax radiata (95.4). The seed of Iriartea deltoidea
is oriented with the attachment of the peduncle in a frontal position. In the other seeds, the place of
attachment of the peduncle is in a lateral position. Bars represent 0.5 cm.

Figure 5. Representative examples of elliptic seeds with their respective models (] index values are
indicated between parentheses): Iriartella sp. (94.4), Socratea exorrhiza (91.6), Adonidia merrillii (92.0),
and Washingtonia filifera (91.9). The seed of W. filifera (bottom) is oriented with the attachment of the
peduncle in a frontal position while in the other three seeds the attachment of the peduncle is in
a lateral position. Aspect ratio values for the ellipses are (from top to bottom): 1.8, 1.7, 1.4, and 1.2. Bars
represent 0.5 cm.
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Figure 6. Representative examples of seeds, whose images adjust well to different ovals, (J index values
are indicated between parentheses). From top to bottom (more to less elongated): Serenoa repens (90.0),
Desmoncus sp. (93.6), Astrocaryum standleyanum (91.5), and Medemia argun (92.1). The ovals correspond
to the equations given in the text. Bars represent 0.5 cm.

Figure 7. An example of the superellipse (model) and representative seeds adjusting to models in this
family (between parentheses the values of | index with this model): P. canariensis (92.15 is the mean
value of 25 seeds), Welfia regia (92.6), and Raphia taedigera (90.0). Bars represent 0.5 cm. The model is
defined by Equation (6) witha = 3.6, b =2.2,and p = 2.4.

Figure 8. The squared circle (model) and representative examples of seeds adjusting to it (between
parentheses the values of | index with the respective models): Clinosperma macrocarpa (91.5),
Johannesteijsmannia altifrons (92.4), and Mauritia flexuosa (92.0). In C. macrocarpa the seed is orientated
with the stem end in a central position, while the other seeds present a side view. The model is defined
by Equation (6) witha= b=1,and p = 3.
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Figure 9. Water Drop, Lens, and Half Lemniscate with examples of seeds resembling each of the models
(between parenthesis values of | index with the respective model): Syagrus romanzoffiana (92.3, mean of
three seeds), Asterogyne martiana (91.8), and Aphandra natalia (93.8). Bars represent 0.5 cm.

Figure 10. Seed shape quantification by an oval in Chamaedorea pauciflora. Left, above: Image with
superimposed silhouettes of 12 seeds. Left, below: The model, an oval defined by the equation given in
the text. The seed images used for seed shape quantification (comparison with the model) are in three
columns and four rows. | index value (mean of 12 measurements) is 90.7. Bar represents 0.5 cm.
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Table 3. Geometric models with some representative examples of seeds for each morphological type.

Geometric Figure Representative Examples

Acoelorrhaphe wrightii [41], Acrocomia aculeata, Brahea armata, B. edulis,
Butia capitata, Ceroxylon parvum, Chelyocarpus chico, Coccothrinax
argentata, Copernicia alba [42], C. baileyana, C. macroglossa, Corypha
macropoda, C. umbraculifera, Cryosophila stauracantha, Dictyocaryum
lamarckianum, Dypsis decipiens, Geonoma congesta, Guihaia argyrata,

Hemithrinax ekmaniana, Hydriastele microcarpa, Iriartea deltoideia,

Johannesteijsmannia altifrons, Licuala grandis, L. parviflora, L. orbicularis,

Livistona chinensis [43], Livistona jenkinsiana, Metroxylon warburgii,
Normanbya normanbyi, Oncosperma horridum, Orania palindan, Pelagodoxa
henriana, Prestoea acuminata, P. pubens, Pritchardia pacifica, Rhapis multifida,

Sabal mexicana, S. minor, S. uresana, Thrinax excelsa, T.radiata,
Wedlandiella sp.

Adonidia merrillii, Attalea butyracea, Bactris cruegeriana, B. gassipaes,
Bismarckia nobilis, Calyptrogyne ghiesbreghtiana, Iriartella sp., Mauritiella
aculeata, Nephrosperma vanhoutteanum, Nanorhops ritchiana, Roystonea
regia, Socratea exorrhiza, S. salazarii, Washingtonia filifera, W. robusta.
Actinorhytis calapparia, Archontophoenix alexandrae, Adonidia merrellii,
Astrocaryum standleyanum, Attalea blepharophus, A. cohune, A. martiana, A.
speciosa, Beccariophoenix fenestralis, Brahea armata, Brahea moorei,
Calyptronoma occidentalis, Carpoxylon macrospermum, Chamaerops humilis,

Oval (34 examples) Corypha utan, Cyrtostachys renda, Desmoncus sp., Dypsis bejofo, D.
marojejyi, Iriartella sp., Kerriodoxa elegans, Medemia argun, Nannorrhops
ritchiana, Oenocarpus sp. [44], Pholidostachys dactiloides, P. occidentalis, P.
pulchra, P. synanthera, Retispatha dumetosa, Rhapidophyllum histrix, Serenoa
repens, Voanioala gherardii, Wallichia disticha, Washingtonia robusta.
Cyphophoenix elegans, P. canariensis, Ph. roebelenii, Raphia taedigera,
Welfia regia.
Johannesteijsmannia altifrons, Clinosperma macrocarpa, Mauritia flexuosa
[45], Ravenea rivularis

Aphandra natalia, Astrocaryum alatum, A. urostachys, Attalea dubia,
Half lemniscate (10 examples) Beccariophoenix fenestralis, Brahea moorei, Latania loddigesii, Pholidostachys

panamensis, Phytelephas macrocarpa, Veitchia sp.
Lens (3 examples) Asterogyne martiana, Butia sp., Carpentaria acuminata
Water drop (1 example) Syagrus romanzoffiana

Circle (42 examples)

Ellipse (15 examples)

Superellipse (5 examples)

Squared circle (4 examples)

5.1. Seeds That Project Circular Images

Round seeds project circular images from any perspective. However, ellipsoidal and ovoidal seeds
can also give circular images that are useful for species identification and classification. For an accurate
description, the seed orientation has to be given and, in any case, values of | index need to be
obtained in a representative number of samples. Figure 4 shows representative examples of circular
seeds: Acoelorrhaphe wrightii (Corypheae, Coryphoideae), Acrocomia aculeata (Cocoseae, Arecoideae),
Coccothrinax argentata (Cryosophileae, Coryphoideae), Geonoma congesta (Geonomateae, Arecoideae),
Iriartea deltoideia (Iriarteeae, Arecoideae), and Thrinax radiata (Cryosophileae, Coryphoideae).
Other examples are also found in diverse sub-families and tribes (Table 3).

5.2. Elliptical Seeds

Ellipsoidal seeds give bi-dimensional images that vary from circular to elliptical, depending on
the selected point of view. The elliptical shape is determined by the ratio between the major and minor
axes (aspect ratio). Figure 5 shows representative examples of seeds whose images adjust well to
ellipses of different values. These are Iriartella sp. and Socratea exorrhiza (Iriarteae, Arecoideae), Adonidia
merrillii (Areceae, Arecoideae), and Washingtonia filifera (Corypheae, Coryphoideae). Other examples
are also found in diverse sub-families and tribes (Table 3).
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5.3. Seeds Resembling Ovals

As was pointed out in Section 4.3, the oval has just one symmetry axis. A list of species whose
seed images resemble ovals are given in Table 3. A useful mode to define the oval is by an algebraic
formula, see, e.g., Equation (3). Figure 6 contains representative examples of oval seeds with their
respective models: Serenoa repens (Corypheae, Coryphoideae), Desmoncus sp. (Cocoseae, Arecoideae),
Astrocaryum standleyanum (Cocoseae, Arecoideae), and Medemia argun (Borasseae, Coryphoideae).
Other examples are also found in diverse sub-families and tribes (Table 3).

The shape of the seeds represented in Figure 6 are ovals and all the curves representing them
have been obtained with Equation (3) varying the parameters:

e  Serenoarepens:a=2; b= 5, c=2.6;

o Desmoncussp..a=14; b =43, c=3;

o Astrocaryum standleyanum: a = 1; b = 4; ¢ = 3.3;
o Medemiaargun:a=1; b =34; c =33

Often the seeds of the different species in a genus have different morphological types, such as in
Bactris, Brahea, Butia, Chamaedorea, Geonoma, and Pholidostachys. In some genera there is a considerable
degree of variation in seed shape, for example, the seeds of Pholidostachys have ovoid shapes with
varying degrees of polarity in a gradient in the direction from (acute) ovoid to ellipse (and circular):

P. panamensis > (P. synanthera, P. dactiliodes, P. occidentalis) > P. pulchra (P. kalbreyeri)

Once a model has been proposed for a species or a population, the proposal has to be validated
statistically. T-test allow us to validate the hypothesis that seed lots belong to a given morphological
type. We consider that a seed population belongs to a given morphological type when the hypothesis
test concludes that the mean | index of the species is equal to or superior to 90 with a significance level
of 95%. An example is later given with seeds of Phoenix canariensis (Figure 7).

The transitions between related forms (Circle-Ellipse-Oval) are very subtle and many species have
seeds of variable shape. A mixture of shapes of the main types may be observed in images containing
multiple seeds of the following species: Actinorhytis calaparia, Aiphanes horrida, Archontophoenix alexandrae,
Bismarckia nobilis, Brahea armata, Caryota maxima, Chamaedorea tuerkeimii, Chamaerops humilis, Corypha utan,
Guihaya argyrata, Jubaeopsis caffra, Medemia argun, Nanorrhops ritchiana, and Washingtonia robusta.

5.4. Seeds Resembling the Superellipse and Related Figures

The superellipses and squared circles [36] are figures that, to our knowledge, have not yet been
mentioned in the morphological description of seeds in the Arecaceae.

The squared circle may be considered as a particular case of the superellipse (Equation (6)).
Figure 7 represents the superellipse and seeds representative of this morphological type. The seeds of
P. canariensis (Phoeniceae, Coryphoideae), Welfia regia (Geonomateae, Arecoideae), and Raphia taedigera
(Lepidocaryeae, Calamoideae) adjust to a superellipse. The hypothesis test done with 25 seeds (sample
mean = 92.15) concludes that the mean | index of the population of P. canariensis from which the seeds
were taken is equal or superior to 90 with a significance level of 99%.

The seeds of Clinosperma macrocarpa (Areceae, Arecoideae), Johannesteijsmannia altifrons
(Chuniophoeniceae, Coryphoideae), and Mauritia flexuosa (Lepidocaryeae, Calamoideae) and others
(Table 3) adjust to a squared circle (Figure 8).

5.5. Seeds Resembling Other Figures: Half Lemniscate, Lens and Waterdrops

The figures of half lemniscate and waterdrops resemble elongated ovals with a peak in their apex.
Depending on the degree of asymmetry perpendicular to the symmetry axis, the seeds resembling ovals
may have shapes near to ellipses, such as Medemia argun or, on the other hand, be more asymmetric
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and divergent from the ellipse, such as Serenoa repens (see Figure 6). In other seeds there is still
more asymmetry between the two poles, giving images similar to half lemniscate as in the case of
some seeds of Aphandra natalia (Phytelepheae, Coryphoideae, Figure 9). Seeds of this type can be
observed in other species such as Astrocaryum urostachis, Syagrus romanzoffiana and Beccariophoenix
fenestralis (Cocoseae, Arecoideae), Phytelephas macrocarpa (Phytelepheae, Coryphoideae), Pholidostachys
panamensis (Geonomeae, Arecoideae), and Wodyetia bifurcata (Areceae, Arecoideae).

Images of seeds of Asterogyne martiana (Geonomeae, Arecoideae) adjust well to a lens. This model
may also be helpful in the quantification of some seeds in Butia sp. (Cocoseae, Arecoideae), Carpentaria
acuminata (Areceae, Arecoideae), and others.

6. Seed Shape Quantification by Comparison with an Oval in Chamaedorea pauciflora

Figure 10 shows a sample of 12 seeds of Ch. pauciflora (Chamaedoreae, Arecoideae), with an image
containing the sum of their profiles in a composed image and the model used for their quantification.
The model is an oval (Equation (3) with values a =1, b = 4, ¢ = 3.3). | index value (mean of the
measurements in the 12 images of Figure 10) is 90.7.

7. Morphological Aspects of the Fruits and Seeds of Trachycarpus fortunei

The fruits and seeds of T. fortunei (Trachycarpeae, Coryphoideae) adjust well to the cardioid or
cardioid-related figures (Figure 11). The fruits with exocarp resemble a cardioid. Deprived of the
pericarp, the seeds with endo- and mesocarps resemble a flattened cardioid. Finally, the seeds covered
only by the endocarp resemble an open cardioid. The two cardioid-derived models were developed
for the morphological analysis of diverse species of Silene L. (Caryophyllaceae). While the cardioid
gave high values of ] index with many species, a flattened cardioid was the model for Silene latifolia
Poir., while the open cardioid was better for Silene gallica L. [46].

O
U
<

Figure 11. T. fortunei (between parenthesis values of | index with the respective model). Top: Cardioid
and images of three fruits (90.4). Middle row: Modified cardioid (flattened) and images of three
fruits without exocarp (the outer, visible layer is the mesocarp) (92.1). Bottom row: Modified cardioid
(open) and three seeds covered only by the endocarp (exocarp and mesocarp have been removed) (91).
Bar represents 0.5 cm.
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8. Geometric Models in the Arecaceae: Relation with Anatomical Properties and Taxonomy

The genera with apocarpic fruits tend to have their seeds more rounded or regularly-shaped.
These include Nypa, and many genera in the Coryphoideae (Chamaerops, Chelyocarpus, Coccothrinax,
Cryosophila, Guihaia, Hemithrinax, Itaya, Leucothrinax, Maxburretia, Rhapidophyllum, Rhapis, Schippia,
Trachycarpus, Thrinax, Trithrinax, Zombia) [1,47]. Nevertheless, this is not a characteristic exclusive of
the sub-family because rounded or regular seeds have been observed in other taxa, and both oval
and elliptical seeds are frequent throughout all the family. Oval shaped, particularly elongated ovals,
half lemniscates and lens-shaped seeds are frequent in the Arecoideae, but the type is also observed
in the syncarpous clade of the subfamily Coryphoideae, that includes four tribes containing high
diversity in seed size and shape: Borasseae, Corypheae, Caryoteae, and Chuniophoeniceae [48].

Quantification of seed shape is interesting at the species level to describe the characteristic
morphology in those species that have regular shaped seeds, but it may also be interesting in species
that have variable seeds to investigate the molecular basis of morphological types and the biological
meaning of geometric forms, as well as to correlate them with other morphological features such as
color, surface smoothness/roughness, and striation. For example, the seeds of 17 cultivars of Rubus
sp. L. were classified recently based on the shape of the raphe: straight, concave, or convex. Cultivars
within each group could be differentiated by seed shape, size, color, and seed-coat sculpturing [49].

Species of the Arecaceae have traditionally been recognized as important components of tropical
forests, and six of the 10 most common tree species in the Amazon rain forest are palms [50]. Recent
work based on massive information obtained by large data-sharing networks such as RAINFOR in
South America and AfriTRON in Africa [51-53] points to an even more important role of palms in
the Neotropics [54], suggesting that the knowledge of palm physiology, taxonomy and ecology will
contribute to predict the evolution of the ecosystem under variable climatic conditions.

Computer programs for the identification of seeds by comparison with geometric figures may
develop based on the comparison of in situ photographs with information stored in databases.
The development of techniques and resources in seed morphology will also have applications in
archaeology as both the remains of seeds and even populations of these plants are frequently found in
archaeological sites [55].

The understanding of seed geometry may be at the basis of the knowledge of structural biology to
which P.B. Tomlinson referred to in 1990 when he wrote: “Palms are not then merely emblematic of
the tropics, they are emblematic of how the structural biology of plants must be understood before
evolutionary scenarios can be reconstructed.” ([56] quoted in [1]).

9. Conclusions

The morphology of the seeds in the Arecaceae has been reviewed. This family contains
a remarkable amount of generic and specific names due to seed characteristics, and in particular,
morphological attributes.

New models have been proposed and a series of rules is given to accurately describe seed shape
in the species of the Arecaceae. First, for those species that have seeds of regular shape, a geometric
model can be identified. The seeds are round or circular when the model is the circle for any view of the
seeds. Ellipsoidal and ovoid seeds or can also give images similar to circles from certain perspectives.
The model for ellipsoidal seeds is an ellipse that can be defined by the Aspect Ratio. A convenient way
to define an oval as a morphological 2D model is by the corresponding algebraic equation.

Additional geometric figures, other than the circle, ellipses, and ovals, can be used as models to
give precise descriptions of seed shape in some species. Thus, the superellipse and the squared circle are
new models useful for many seeds of the Calamoideae (Lepidocaryum, Mauritia, Mauritiella, Korthalsia,
Salacca), as well as species in the genus Phoenix (Phoeniceae, Coryphoideae). The fruits of T. fortunei
adjust well to a cardioid and the seeds to modified cardioids. Half lemniscate is a useful model for
species of Astrocaryum, Attalea, Beccariophoenix, Brahea, Lattania, Pholidostachys, Veitchia, and others.
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Lenses are good models for the description and quantification of seed shape in Asterogyne martiana,
and most probably will be of application in other species as Butia sp. and Carpentaria acuminata.

Morphological types are varied and, for many species, there is not a clear pattern conserved in the
majority of seeds that may be associated with a geometric figure. There is not an obvious relationship
between the higher taxonomic divisions (subfamilies, tribes, and sub-tribes) and the models, although
a trend is observed in the subfamily Coryphoideae with a high frequency of round seeds in genera
with apocarpic fruits and oval, lemniscate-type seeds in the syncarpous clade of this subfamily.

Seed morphometry provides interesting tools for the identification of species in regions with
a great diversity of palms, such as the Amazon basin. The seeds are critical structures in taxonomy in
many cases where vegetative organs are similar among different species. In addition, thanks to their
very resistant endocarp, seeds are easy to find and last a long time under the tree producer allowing
differentiation up to the level of species in many instances.

The development of software of image identification based on geometric models may be
an interesting contribution to future biodiversity studies.

Supplementary Materials: A Dataset has been published containing the web addresses for the images
used in this study (Arecaceae. Sources of seed images in the web; https://zenodo.org/record/4009081;
doi:10.5281/zenod0.4009081).
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Appendix A. Web Sources of the Images Used in the Figures

e  Figure 1: Courtesy of Scott Zona

e  Figure 2: Seed collection IRNASA-CSIC.

e  Figure 3: Geonoma congesta seed image courtesy of Steven Paton

e  Figure 4: Acoelorrhaphe wrightii: http://palmvrienden.net/gblapalmeraie/2017/06/27/acoelorrhaphe-
wrightii/ Acrocomia aculeata: https://www.palmpedia.net/wiki/Acrocomia_aculeata Coccothrinax
argentata: http://idtools.org/id/palms/palmid/factsheet.php?name=9413 Geonoma congesta: Steven Paton
https://www.discoverlife.org/mp/20p?see=I_SP1454&res=640 Iriartea deltoidea: http://www.belizehank.
com/IMAGES/Palm%20Seeds/Palm%20seeds%20alphabetical/Ireatea%20deltoidea.jpg Thrinax radiata:
https://idtools.org/id/palms/palmid/factsheet.php?name=Thrinax+radiata

e  Figure 5: Iriartella sp.: http://www.plantsoftheworldonline.org/taxon/urn:Isid:ipni.org:names:
31287-1 Socratea exorrhiza: Steven Paton, https://www.discoverlife.org/mp/20p?see=I_SP3245&
res=640 Adonidia merrillii: Seeds were collected at Pastaza (Ecuador) in different urban gardens of
Puyo and, after being photographed, the seeds were returned to their origin. Bismarckia nobilis:
http://idtools.org/id/palms/palmid/factsheet.php?name=9401

e  Figure 6: Serenoa repens: http://idtools.org/id/palms/palmid/factsheet.php?name=9457 Desmoncus
sp.: Steven Paton, https://biogeodb.stri.si.edu/bioinformatics/dfm/metas/view/8262?&lang=es
Astrocaryum standleyanum: id. https://biogeodb.stri.si.edu/bioinformatics/dfm/metas/view/7546
Medemia argun: http://www.wellgrowhorti.com/Pictures/Palm%20Seeds/Thumbnail/Medemia%
20argun%?20seeds.jpg
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e  Figure 7: Phoenix canariensis: Seed collection IRNASA-CSIC. Welfia regia: http://www.belizehank.
com/IMAGES/Palm%?20Seeds/Palm%20seeds%20alphabetical/Welfia%20regia.jpg Raphia taedigera:
https://www.palmpedia.net/wiki/Raphia_taedigera

e  Figure 8: Clinosperma macrocarpa: https://www.palmpedia.net/wiki/Clinosperma_macrocarpa
Johannesteijsmannia altifrons:  https://www.rarepalmseeds.com/johannesteijsmannia-altifrons
Mauritia flexuosa: https://www.palmpedia.net/wiki/Mauritia_flexuosa

e  Figure 9: Syagrus romanzoffiana: http://realpalmtrees.com/palm-tree-store/queen-palm-seeds-
pkg.html Available also at: https://bit.ly/3lcvENn Asterogyne martiana, from www.plant.ac.cn
(zhiwutong.com). Aphandra natalia: collected at Pastaza (Ecuador) in different urban gardens of
Puyo. After being photographed, the seeds were returned to their origin.

e  Figure 10: Seeds were collected at Pastaza (Ecuador) in different urban gardens of Puyo and,
after being photographed, the seeds were returned to their origin.

e  Figure 11: Seed collection IRNASA-CSIC.
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Abstract: Fragaria vesca L. has become a model species for genomic studies relevant to
important crop plant species in the Rosaceae family, but generating large numbers of plants
from non-runner-producing genotypes is slow. To develop a protocol for the rapid generation
of plants, leaf explants were compared to single axillary bud shoot explants, both from in vitro-grown
Fragaria vesca seedlings, as sources of shoots for new plant production in response to benzyladenine
(BA) or thidiazuron (TDZ) combined with indolebutyric acid (IBA) on Murashige and Skoog’s Basal
Salt (MS) medium. BA at 2.0 and 4.0 mg L~! and TDZ at 1.5 mg L~! promoted the greatest number of
shoots produced per shoot explant. There were no IBA effects or IBA interactions with BA or TDZ.
Significant interactions between BA and IBA, but not TDZ and IBA, occurred in leaf explant callus
formation and % explants with callus at 6 and 9 weeks of culture and on shoots per leaf explant
at 9 weeks. TDZ treatments produced uniformly high levels of callus but low numbers of shoots.
The treatment generating the most shoot production was BA at 4.0 mg L~! plus IBA at 0.50 mg L™".
After 9 weeks of culture, leaf explants of the non-runner-producing genotype Baron Solemacher had
generated 4.6 shoots per explant with the best treatment, while axillary bud explants had generated
30.8 shoots with the best treatment. Thus, in vitro culture of shoot axillary bud explants can generate
high numbers of clonal shoots from a single seedling plant in vitro.

Keywords: in vitro multiplication; alpine strawberry; TDZ; BA; IBA; non-runnering; shoot explant

1. Introduction

Fragaria vesca is a self-pollinating diploid species that has become a model species for the
commercial strawberry (F. X ananassa Duch.) and other members of the Rosaceae family because it
has a small genome (240 Mb), a short generation time, and an available full genome sequence [1-3].
In order to facilitate research in ameliorating the qualitative (i.e., flavonoid biosynthesis and other
polyphenols) and quantitative characters of the plant with F. vesca [4], a large number of replicate
clonal plants are required for individual experiments. Most Fragaria species produce clonal plants on
stolons (commonly called runners) that develop from axillary buds [5], but there are some important
non-runnering genotypes within F. vesca [6], notably the F. vesca semperflorens, that flower constantly,
with progeny that are primarily seed-derived and do not produce any runners (stolon, vegetative
self-propagating unit).

Studies of in vitro micropropagation of F. vesca have successfully regenerated shoots from leaf
and petiole explants using combinations of benzyladenine (BA) and indolebutryic acid (IBA) following
transformation by Agrobacterium [7-11]. F. vesca leaf explants placed abaxial side up regenerated shoots
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more rapidly than those placed adaxial side up after an Agrobacterium transformation treatment [11].
No difference was observed in the regeneration response of leaf explants for F. vesca versus F. vesca
semperflorens, runnering versus non-runnering phenotypes, respectively, although differences in petiole
responses did differ as more shoots were produced by the latter form at comparable levels of BA plus
IBA [10]. However, genotypic variation in post-transformation shoot regeneration was noticed in
F. vesca genotypes [11]. Thidiazuron (TDZ) was shown to replace BA and promote callus and shoot
initiation from F. vesca leaf explants [12,13], although a F. vesca x F. vesca semperflorens interspecific hybrid
produced fewer shoots than F. vesca in response to TDZ [14], suggesting some genotype sensitivity
to TDZ. TDZ may also reduce subsequent shoot elongation [2]. Within the majority of these studies,
it was not clear how the transformation and subsequent selection protocols may have determined shoot
regeneration potential separately from the inherent capacity for such potential within each genotype.
Regeneration of plants after callus formation, as is common in transformation studies, leads to much
greater somaclonal variation among progeny than after meristem micropropagation [15], and this lack
of uniformity is a problem for subsequent genetic studies.

Even though F. vesca may be self-pollinated, seed-derived populations of genotypes that do not
produce stolons exhibited some level of variability [2], necessitating lengthy periods of controlled
intraspecific pollination of each genotype of interest to create reasonably uniform homozygous
populations for subsequent research. Even without transformation, reliable and rapid in vitro
propagation techniques for substantially and rapidly increasing the number of clonal plants from
non-runnering genotypes for physiological and molecular studies are desirable. To date, there have
been no protocols for shoot regeneration from shoot explants (i.e., a shoot with an axillary meristem) of
non-runnering F. vesca genotypes. Thus, the present study was performed to establish such a protocol
by (1) comparing the rates of new shoot production from seedling shoot axillary bud explants versus
leaf explants, (2) determining the effective concentrations of BA, TDZ, and IBA for in vitro shoot
regeneration from both leaf and shoot explants of Fragaria vesca, (3) determining if genotype has an effect
on the responses, and (4) assessing if adaxial versus abaxial placement affects leaf explant response.

2. Materials and Methods

2.1. Plant Material

Seeds of four F. vesca genotypes, the non-runnering Baron Solemacher (F. vesca semperflorens),
rarely runnering Pineapple Crush, and runnering types Ivory and Yellow Wonder, were collected from
several self-pollinating, individual plants of each genotype grown in a greenhouse at the University of
Kentucky, Lexington, KY, USA, washed under tap water, and air-dried.

2.2. Seed Germination and Culture

Seeds were dipped into 30% Clorox bleach (v/v; 2.5% sodium hypochlorite) plus 10% sodium
dodecyl sulfate (SDS) (v/v) solution for 20 min. Seed was then rinsed with sterilized water 3 times
under a laminar flow hood. After surface sterilization, 20 seeds were placed in sterile 20 mL Petri
dishes containing 4.4 g L' Murashige and Skoog’s Basal Salt (MS) (Sigma® M5524) [16], 30 g L™
sucrose, and 7 g L™! Bacto agar (BD-Difco®) for germination. The medium was prepared by adjusting
the pH to 5.7 prior to autoclaving at 121 °C and 105 kPa for 70 min. After 14 days of germination,
3 seedlings with little growth were transferred to each of the 50 mL jars containing the same medium
to allow for better growth. Seed germinated in two to three weeks.

2.3. Explant Culture

Leaf lamina (36 mm?) and shoot (6-8 mm) explants were excised from 5 week-old sterile, in vitro
Baron Solemacher seedlings in order to regenerate shoots. The shoot explant consisted of a piece of the
main stem, a petiole base, and an axillary meristem at the petiole base. To assess the effect of different
combinations and concentrations of plant growth regulators (PGRs) on shoot regeneration, two excised
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shoot explants were placed in each sterile 20 mL Petri plate containing MS Basal Salt with the following
treatments: benzyladenine (BA) at 2 or 4 mg L' or thidiazuron (TDZ) at 1 or 1.5 mg L1, each with
indole-3-butyric acid (IBA) at 0.125, 0.25, or 0.50 mg L~!. Thus, there were 12 treatment combinations
(BA+IBA or TDZ+IBA) in total and each was replicated 4 times. Possible genotypic variation was
compared using four shoot explants from each of the 4 genotypes on 2 mg L™! BA versus 1.5 mg L™!
TDZ, each combined with 0.25 mg L~! IBA. There were 4 replicates of each genotype by treatment
combination. In a third experiment, leaf explants were placed adaxial side up versus abaxial side up
using the set of BA+IBA or TDZ+IBA treatments described above. With leaf explant placement as
an additional treatment, there were 24 total treatments, each replicated 4 times. The Petri dishes were
held in a laboratory at 22 °C temperature under fluorescent lighting with an 18 h daylength.

After 6 and 9 weeks of culture, callus production by each explant was rated as: 0 = no callus,
1 = low quantity of callus, 2 = medium quantity of callus, or 3 = high quantity of callus. After 10 weeks,
regenerated shoots were transferred to Petri plates containing half-strength MS medium without
growth regulator for rooting. The mean value of each set consisting of two explants in each Petri plate
was considered as a replication. All the experiments were conducted in a completely randomized
design (CRD).

Shoot number per shoot explant and the number of shoot explants producing new shoots were
recorded after 6 and/or 9 weeks of culture. Shoot explants did not produce visible callus. With leaf
explants, relative callus production and the number of new shoots per explant were recorded after 6
and 9 weeks of culture, and the % of explants producing callus was calculated. Analyses of variance
(ANOVA) were performed (SigmaPlot 12.0, Systat Software, Inc., San Jose, CA, USA), and means were
compared using the Student-Newman—Keuls method at P < 0.05. Results were expressed as least
squares means =+ standard error of the mean.

3. Results and Discussion

3.1. Shoot Axillary Bud Explants

BA at2.0 and 4.0 mg L~! and TDZ at 1.5 mg L™ produced more shoots per axillary bud explant
than with TDZ at 1 mg L™! (Table 1). Preliminary work indicated that BA at 2 mg L~! plus IBA at
0.125 mg L~ had no effect compared to BA alone (data not shown), and IBA concentration up to
0.5 mg L~! had no main effect and did not interact with BA or TDZ (data not shown). Thus, BA or
TDZ alone were sufficient to generate new shoots from shoot explants. BA at 2 mg L~! had a higher %
of explants producing shoots than TDZ at 1 mg L', with the remaining treatments at intermediate
values (Figure 1).

Table 1. Effect of 6-benzylaminpurine (BA) and thidiazuron (TDZ) on shoot regeneration from shoot
explants of Fragaria vesca. Data were collected 6 weeks after initiating the study.

BA or TDZ Concentration (mg L~1) Shoots per Explant % Explants Producing Shoots

BA BA 2.0 64a” 100 a
BA BA 4.0 73a 86 ab
TDZ TDZ 1.0 29b 67b
TDZ TDZ 1.5 5.6a 88 ab

* Mean separation by the Student-Newman-Keuls method at P < 0.05.

There was a genotype-by-treatment interaction on the number of shoots produced per shoot axillary
bud explant (Table 2). With IBA at 0.25 mg L~!, Baron Solemacher on TDZ at 1.5 mg L~! produced
more shoots per explant after 9 weeks of culture than those on BA at 2.0 mg L~!. Baron Solemacher
shoot explants on BA and TDZ produced equal numbers of shoots by 6 weeks of culture (Table 1),
although the total numbers were considerably lower than those of the shoots shown in Table 2.
The longer 9-week culture period in the latter experiment led to more total shoot production and
perhaps to the treatment difference, although the other cultivars in the latter experiment did not show
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the same BA versus TDZ difference observed with Baron Solemacher. It has been reported that the best
shoot proliferation was obtained with 1 mg L™! TDZ and 0.2 mg L~ IBA from leaf explants of F. vesca
cultivars (43.9% explants formed shoots) [14].

Figure 1. (A) Transfer of seedlings cv. Baron Solemacher to bottles with MS medium. (B) Setup of
experiment. (C) Baron Solemacher single axillary bud shoot explants producing new shoots. (D) Baron
Solemacher with single axillary bud shoot explants produced the maximum number of shoots at BA
2.00 (mg L) + IBA 0.125 (mg L™1).

Table 2. Effect of genotype and BA at 2.0 mg L™! plus IBA at 0.25 mg L™, or TDZ at 1.5 mg L™! plus
IBA at 0.25 mg L™, on shoot regeneration from shoot explants of Fragaria vesca. Data were collected
after 9 weeks of culture.

Genotype BA or TDZ Shoots per Explant
Baron Solemacher BA 15.0b =
Baron Solemacher TDZ 30.8a
Pineapple Crush BA 22.4 ab
Pineapple Crush TDZ 26.0 ab
Ivory BA 27.0a
Ivory TDZ 26.9 ab
Yellow Wonder BA 22.6 ab
Yellow Wonder TDZ 29.6 a

“ Mean separation by the Student-Newman-Keuls method at P < 0.05.

3.2. Leaf Explants

Starting at 4 weeks of culture, the cut edge of leaf explants exhibited the start of callus formation.
From the callus, reddish-colored shoots and light-green leaves then developed. There were significant
interactions between BA and IBA on the relative amount of callus formation and % explants with callus
at 6 and 9 weeks of culture, and on shoots per leaf explant at 9 weeks (Figure 2, Table 3). Except for
an interaction of TDZ at 1 mg L~! with IBA on relative callus formation, there was no other TDZ-IBA
interaction at 6 or 9 weeks. A high level of callus production did not always result in high shoot
production, as the TDZ treatments produced uniformly high levels of callus but low numbers of shoots.
The treatment generating the most shoot production was BA at 4.0 mg L™! combined with IBA at
0.50 mg L', Although IBA did not have an effect on shoot regeneration by shoot explants, as noted
above, it did have an increasing effect on regeneration from leaf explants with BA. Only the treatment
combination of BA at 2 and 4 mg L™! and IBA at 0.125 mg L~! did not produce any shoots through
9 weeks of culture.
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Figure 2. Shoot formation in ‘Baron Solemacher’ leaf discs treated with 6-benzylaminpurine
(BA; 4.0 mg L™!) plus indolebutyric acid (IBA; 0.5 mg L) (a) Callus formation after six weeks
in culture, (b) shoot formation after nine weeks, (c) abaxial side up with BA (4.0 mg L1 plus
IBA (0.5 mg L7!), (d) adaxial side up with BA (4.0 mg L™!) plus IBA (0.5 mg L), (e) plantlets,

and (f) rooted plantlets.

Table 3. Effects of BA, TDZ, and IBA on relative callus formation #, % explants with callus, and shoots

per explant from seedling leaf explants of Fragaria vesca cv. Baron Solemacher.

PGR (mg L-1) Six Weeks of Culture Nine Weeks of Culture
Relative Explants Relative Explants
BA TDZ IBA Callus with  SMOOSPEL Callys with  Shoo per
Production*  Callus (%) xplan Production  Callus (%) xplan
2.0 0 0.125 025¢Y 25¢ 0NS 0.33 be 33b Oc
2.0 0 0.25 1.33b 100 a 0.4 1.83 ab 100 a 0.85b
2.0 0 0.50 142b 83 ab 0 1.83b 92a 05b
4.0 0 0.125 Oc Oc 0 Oc Oc Oc
4.0 0 0.25 1.13b 8lab 0.9 1.38b 8la 11b
4.0 0 0.50 231a 100 a 2.9 25a 100 a 46a
0 1.0 0.125 1.13b 100 a 0 1.5b 100 a 04b
0 1.0 0.25 1.67 ab 100 a 0.4 2.08 ab 100 a 09b
0 1.0 0.50 175a 92 ab 0.4 1.92 ab 100 a 1.0b
0 15 0.125 1.25b 92 ab 0.2 1.5b 9R2a 14b
0 1.5 0.25 0.83 be 67b 0 1bc 75a 04b
0 15 0.50 1.50 b 100 a 0 1.94 ab 100 a 03b

“ Ratings were as follows: 1 = explant with low callus production; 2 = explant with medium callus formation;
3 = explant with high callus formation. ¥ Mean separation within columns by the Student-Newman-Keuls method

at P < 0.05. PGR: plant growth regulators.
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F. vesca leaf explants cultured on MS media containing 1.5 mg L™! TDZ + 0.5 mg L~ IBA showed
the best shoot production across a set of TDZ by IBA concentrations, but overall IBA had no effect,
as noted in the present study when combined with TDZ, or even reduced shoot production as the
concentration increased [13]. In another study, better shoot proliferation was recorded with TDZ plus
IBA than without IBA in two F. vesca genotypes from leaf explants [14]. Neither of these cited studies
compared TDZ to BA levels.

The placement of the leaf explants exerted a significant influence on explants with callus and %
explants with callus, with leaf explants placed abaxial side up producing more callus, but not shoots,
than those placed adaxial side up after 6 and 9 weeks of culture (Table 4, Figure 2). Placement did not
interact with BA, TDZ, or IBA (data not shown). When young F. vesca leaf explants were placed abaxial
side up on MS medium, shoot regeneration occurred in all the treatments with BA and IBA [8].

Table 4. Effect of leaf placement—adaxial or abaxial side up—on relative callus formation, % explants
with callus, and shoots per explant from leaf explants of Fragaria vesca cv. Baron Solemacher.

Six Weeks of Culture Nine Weeks of Culture
Placement of Relative Explants with Shoots per Relative Explants with Shoots per
Leaf Explant Callus Callus (%) Explant Callus Callus (%) Explant
P Production ° P Production ° P
Adaxial side up 1.03b = 75b 0.52 1.34b 79 1.29
Abaxial side up 1.40a 82a 1.42 1.63a 83 2.55

“ Mean separation within columns by the Student-Newman-Keuls method at P < 0.05.

In vitro placing of regenerated shoots from all tissue sources, genotypes, and treatment conditions
on half-strength MS medium without PGRs resulted in 100% rooting (data not shown) (Figure 2).
A high level of root formation on MS basal medium in F. vesca has been noted [13]. All plants in
these studies were successfully acclimatized to a greenhouse environment via a mist bed and culture
in containers (Figure 3). There was no visible evidence of phenotypic variation within genotypes
following one year of plant growth (data not shown).

Figure 3. (a) Rooted plantlets placed in ProMix BX in a plastic pot in a mist chamber; (b) rooted
plantlets in the greenhouse after 2 weeks in the mist chamber; (c) plants after being acclimatized in the
greenhouse; (d) acclimatized plants with very good growth in the greenhouse.
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4. Conclusions

An effective in vitro shoot regeneration protocol for Fragaria vesca was demonstrated from both
shoot axillary bud and leaf explants. For shoot explants, BA at 2 and 4 mg L'and TDZ at 1.5 mg L
were the best treatments for shoot regeneration. However, there were no effects of IBA concentration
on shoot regeneration. Only Baron Solemacher among the four F. vesca genotypes (including Pineapple
Crush, Ivory, and Yellow Wonder) showed a difference between use of TDZ versus BA. From leaf
explants, 4 mg L™! BA plus 0.5 mg L~ IBA resulted in the maximum callus production and number of
shoots per explant, and the IBA effect increased from 0.125 to 0.5 mg L~L. In contrast, TDZ promoted
high callus production but resulted in reduced numbers of shoots, and IBA concentration had no effect
on the production of callus and shoots. Leaf explants placed abaxial side up produced more callus but
no more shoots than those placed adaxial side up. After 9 weeks of culture, Baron Solemacher leaf
explants had generated 4.6 shoots per explant with the best treatment (Table 3), while shoot explants
from Baron Solemacher had generated 30.8 shoots with the best treatment (Table 2). Thus, the protocol
for using shoot axillary bud explants is a better alternative to leaf explants for generating high numbers
of clonal shoots from a single seedling plant in vitro, avoiding callus production and with the possibility
of a large homozygous population of plants for the non-runnering F. vesca genotypes.
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