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Abstract

The present research reports the role of chitosan’s molecular weight (1, 10, and 100 kDa) on the
differentiation of its effects on arugula ( £ruca vesicariassp. sativa) cultivation in a controlled environment. The
leaves' phenolic substance pattern from the plants treated with the chitosan variant that gave the best
developmental results was analyzed through a reversed-phase HPLC. The leaf production was enhanced after
10 kDa chitosan treatment at 5 mg L', while the leaf area expansion was significantly improved after 1 and 100
kDa chitosan at 20 mg L and 10 kDa chitosan at 5 mg L. The plant's rhizogenic development was restricted
after all chitosan treatments regardless of their molecular weight and concentration. The contents of
chlorophyll b and carotenoids increased after the treatments; however, chlorophyll a content was not
significantly affected by the treatments and remained unchanged. The chromatographic analysis showed that
10 kDa chitosan treatment at 5 mg L™ increased gallic acid, rutin, and p-coumaric acid contents and made
significant changes in the individual phenolic substance pattern. The current study indicated that direct
application of chitosan to soil restricts root production in arugula but enhances foliar growth, which is
beneficial to producers. On the other hand, constant- or over-treatment with chitosan could inhibit root
growth and further lead to developmental deficiencies sourced by nutrient uptake disorders. The use of
chitosan as an organic and natural biostimulant in controlled-environment agriculture could be a better option
than synthetic growth stimulants.
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Introduction

The arising problems of current agriculture and horticulture such as climate change, several biotic and
abiotic stress factors, over-farming, dense urbanization, increased costs of fertilizers and other chemicals, and
rising population made the researchers search for more practical, lower-cost, more efficient, and sustainable
organic farming solutions that apply to relatively small places in urban environments. Vertical farms and
controlled-environment agriculture practices have been suggested as potential solutions for the industry's
problems, as mentioned above (Benke and Tomkins, 2018). Chemical fertilizers, growth promoters and
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regulators, and other synthetic chemicals used for disease control are being used by producers, especially in
conventional production, although these substances are not preferred in horticultural plants' organic
production. Therefore, there is a need for natural alternatives of growth promoters, organic fertilizers, and
disease control agents in organic production maintained in controlled environments such as vertical farms to
ensure a sustainable and clean production (Acemi er al, 2018).

Chitosan, the deacetylated form of one of the most abundant polymers in nature, namely chitin (Muxika
et al,,2017), has been proposed to be a potential alternative to synthetic cytokinins and jasmonic acid in tissue
cultures of an ornamental plant (morning glory, [pomoea purpurea) and an orchid species with edible tubers
(long-lipped Serapias, Serapias vomeracea), respectively (Acemi er al, 2018; Acemi, 2020a). Also, yield-
promotive and antioxidant-accumulative effects of chitosan were shown in strawberry fruit (Rahman et al,
2018), while a similar promotive response in growth and yield in Indian spinach was reported by Mondal ez a/.
(2011). However, the changes in chitosan’s effects in response to its chemical structure were demonstrated in
several orchid species (Nge et al, 2006; Uthairatanakij er a/, 2007; Acemi, 2020b). Therefore, a possible
differentiation in the effects of chitosan might be seen in other plant species.

The plant growth-promoting effects, biodegradability, naturality, and low cost of chitosan might put
forward the polymer as an option to be used in organic farming. To test its impact and understand its usability
on leafy vegetables’ cultivation in such controlled environments described above, we treated arugula plants with
chitosan in varying average molecular weights. Arugula (Eruca vesicariassp. sativa) is a fast-growing, cool-season
annual leafy vegetable from Brassicaceae (Crucifers) family. The species has pale-green and low-growing leaves
with a distinct spicy-pungent flavor. The leaves of arugula are cither eaten raw, used in salads, or topping on
pizzas (Morales and Janick, 2002).

The most common secondary metabolites in plant tissues are phenolic compounds, ranging from basic
phenolic acids to polymerized tannins with various health benefits (Kiran Acemi er al, 2020). Therefore, an
increase in edible plants’ phenolic substance contents after biostimulant treatments would be beneficial for
producers and consumers. Therefore, phenolic substance patterns should also be investigated as natural sources
for these compounds that have become popular among consumers. It should be noted that possible differences
in the morphology and color of the arugula plants tested might also affect the consumers’ choice (Ladaru er al,
2020). In this context, we hypothesized that besides its antimicrobial (Sahariah and Mdsson, 2017) and shelf-
life extending properties for several fruits and vegetables (Romanazzi er al, 2015), chitosan should promote or
affect the growth, yield, and phenolic substance pattern of arugula plants in this study.

Materials and Methods

Plant material, treatments, and cultivation conditions

The seeds of Eruca vesicariassp. sativa(Mill.) Thell. (syn. Eruca sativaMill.) cv. Elizabeth were provided
from ZenGarden Seeds, Turkey. The seeds were deposited at a dark, dry, and cool place until the experiments
started. The seeds were planted into peat enriched with perlite (30%; v/v) filled in wells of 45-well trays. The
peat was provided from Mita Tarim, Turkey. According to the producer's statements, the N-P-K composition
and pH of the peat were 14-16-18 (0.6 kg N-P-K per m®) and between 5.5 and 6.5, respectively. The trays with
seeds were irrigated with distilled water and then covered with cling film for the first 3 days of the cultivation.
The plants were then treated with shrimp shell waste-originated chitosan samples that were previously
produced, characterized, and provided by the Institute of Plant Biology and Biotechnology, University of
Miinster, Miinster, Germany. The chitosan samples that had an acetylation degree (DA) of 10% and average
molecular weight of 1, 10, and 100 kDa were applied at 5, 10, and 20 mg L concentrations in an aqueous
solution prepared with distilled water. The cultures were irrigated once in two days with 10 ml of distilled
water, while the chitosan treatments were applied at the same volume once per week instead of distilled water
irrigation. The trays were kept on vertically arranged racks with individual illumination systems that provided
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80 pmol m™*s™' photosynthetic photon flux density with a 16-h photoperiod. The cultures were maintained in

an air-conditioned plant growth room at 20 + 1 °C.

Photosynthetic pigment quantification

Leaf samples were dried using a freeze dryer for 24 h (Alpha 1-2 LD plus, Martin Christ, Osterode,
Germany) before the extraction process. Two hundred mgleaf sample was extracted using absolute acetone (10
ml), and the extract was centrifuged at 6000 rpm for 10 min at 4 °C. The supernatant was then collected, and
the absorbance at 661.6, 644.8, and 420 nm was measured using a spectrophotometer (Cary 60, Agilent, CA,
USA). Chlorophylla (C,), b (Cb), and total carotenoid (C,.c) quantities were calculated using the equation (1)
described by Lichtenthaler (1987). The data were expressed as pug ml” extract.

(1) C. = 1124 Agers - 2.04 Aguss

Ch =20.13 Agiss — 4.19 Ass16

Crre = (1000A00 - 1.90C, - 63.14G) / 214

Leafarea calculation

The leaves were collected after the other calculations were done, and their areas were measured following
the millimeter graph paper method of Pandey and Singh (2011). Briefly, the method calculates the leaf area
(cm?) by dividing the weight (g) of the area covered by the leaf outline on a millimeter graph paper to the weight
of one cm” of the same graph paper.

Quantification of individual phenolic substances

The method of Kiran Acemi et a/. (2020) was followed to extract phenolic substances from leaves. The
leaf samples were harvested from the plant with the best foliar growth in response to the chitosan treatment.
The leaves harvested were dried using the freeze dryer for 24 h, and then they were ground into a fine powder.
One gram of leaf powder was placed in a conical flask, and it was extracted with 20 mL of 70% (v:v) aqueous
ethanol in an ultrasonic (300 W, 50 kHz) bath (ISOLAB, Eschau, Germany) at 50 °C for 40 min. The resulting
crude extract was collected and centrifuged at 4400 xg for 10 min, and then the supernatant was collected and
filtered through a 0.22 pm syringe filter. Analysis of individual phenolic compounds was made through a high-
performance liquid chromatography (HPLC) instrument (Shimadzu, Kyoto, Japan) equipped with an SCL-
10A vp system controller, DGU-14A degasser, LC-10AD vp pump, SIL-10AD vp autosampler, CTO-10A vp
column oven, and SPDM-10A photodiode array detector (Anx=278 nm). A reverse-phase column Eclipse
XDB-C18 (250 mm x 4.6 mm, 5 um particle size; Agilent, CA, USA) was used for chromatographic analysis.

The flow rate was set to 0.8 ml min™, while the column temperature was 30 °C. The results were expressed as

Statistical analysis

Two seeds were sown into each well, and each repeat consisted of 30 plants. The experiments were
repeated thrice, and thereby each treatment was tested on 90 arugula plants. The developmental parameters’
measurement and phenolic substance quantification were done at the end of the cultivation period of 45d. The
means were compared through Duncan’s multiple range test (MRT) following analysis of variance (ANOVA)
or independent samples r-test at a significance level of p < 0.05, where appropriate. IBM SPSS Statistics
software, version 22, was used for statistical analyses. The data were represented as “mean value + standard
deviation (SD)”. The morphometric results’ relationship was analyzed through hierarchical cluster analysis
(HCA) based on the Euclidean distance and complete-linkage clustering method. The clustering heatmap was
created through ClustVis (Metsalu and Vilo, 2015).
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Results
Effece of chitosan on leaf development

Leaf development parameters in arugula plants were significantly affected in response to chitosan

treatments (Figure 1).

Figure 1. The general appearance of a cultivation set (A) and comparison of the arugula leaves harvested
from the cultures treated with 1 (B), 10 (C), and 100 kDa (D) chitosan

The plants aligned from left to right were harvested from the control group and the treatment groups irrigated with
chitosan variants at 5, 10, and 20 mg L concentrations. The scale bars represent 1 cm. The brightness and contrast of

images were adjusted for the sake of clarity

The plants grown in the control group produced 6.05 + 0.96 leaves per plant. The maximum number
of leaves per plant (6.72 + 0.66) were counted from the plants irrigated with water having 10 kDa chitosan at
S mg L', whereas the irrigation water with 100 kDa chitosan at 5 mg L™ reduced the leaf production and gave
the minimum leaf number (4.99 + 0.71). A concentration-dependent decrease in leaf number was found after
10 kDa chitosan treatments. However, 100 kDa chitosan treatments increased leaf production in the same way

(Figure 2).
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Figure 2. Effects of chitosan at 1, 10, and 100 kDa molecular weights on the leaf production in arugula
The treatments are represented as “chitosan’s MW — concentration (mg L)”. The bars with the same superscript

letters are not significantly different by Duncan’s multiple range test (p < 0.05)
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Chitosan treatments greatly influenced leaf expansion. Also, the molecular weight and concentration of
chitosan played a role in the diversification of its effects in expanding arugula plants’ leaves. The plants’ leaves
from the control group had an average of 5.68 + 0.57 cm” area per leaf. The treatments of 1, 10, and 100 kDa
chitosan at 20, 5,and 20 mg L™, respectively, induced statistically the same leaf expansion values. The maximum
leafarea (6.72 + 0.25 cm®) was found from the leaves of the arugula plants irrigated with the solution including
10 kDa chitosan at 5 mg L, whereas the 1 kDa chitosan treatment at 5 mg L resulted in minimum leaf
expansion (4.55 + 0.22 cm?) in the plants (Figure 3). A similar concentration-dependent change in the growth
parameter with leaf production and root elongation was also observed in the leaf expansion parameter.
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Figure 3. Effects of chitosan at 1, 10, and 100 kDa molecular weights on the leaf area in arugula
The treatments are represented as “chitosan’s MW - concentration (mg L*)”. The bars with the same superscript

letters are not significantly different by Duncan’s multiple range test (p < 0.05)

Effect of chitosan on root development

At the end of the cultivation period, the most elongate roots (12.87 + 0.60 cm) were found from the
plants grown in the control group, while the 1 kDa chitosan treatment at 5 mg L' significantly reduced the
root growth and gave the shortest root length (7.49 + 0.43 cm). All the chitosan treatments tested decreased
the root elongation regardless of their molecular weight and concentration in the irrigation water (Figure 4).
The 1, 10, and 100 kDa chitosan treatments at 20, 5, and 20 mg L, respectively, gave the statistically the same
results. Although they showed reduced root growth compared to the control, the treatments 1 and 100 kDa
chitosan slightly increased the root length, whereas 10 kDa chitosan treatments led to a decrease in the same
parameter concentration-dependent trend.
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Figure 4. Effects of chitosan at 1, 10, and 100 kDa molecular weights on the root elongation in arugula
The treatments are represented as “chitosan’s MW - concentration (mg L*)”. The bars with the same superscript
letters are not significantly different by Duncan’s multiple range test (p < 0.05)
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Effect of chitosan on photosynthetic pigment contents
Chlorophyll contents of arugula plants were not found different after chitosan treatments. All the

treatments induced statistically the same chlorophyll a content in the plants. The plants from the control group
had a chlorophyll a content of 3.28 + 0.17 ug ml". The highest chlorophyll a content (3.33 + 0.10 ug ml") was
found from the leaves of arugula plants irrigated with the solution having 100 kDa chitosan at 20 mg L™
concentration, while the leaves gave the minimum chlorophyll a content (3.19 + 0.06 ug ml") after 10 kDa
chitosan treatment at 20 mg L™ (Figure 5).

All the chitosan treatments increased the chlorophyll b and carotenoid contents. The leaves harvested
from the control group had the minimum chlorophyll b and carotenoid contents of 1.59 + 0.18 and 1.24 +
0.11 ug ml", respectively (Figure 5). The maximum chlorophyll b content (1.85 + 0.02 ug ml") was found from
the leaves of arugula plants irrigated with the solution having 10 kDa chitosan at 20 mg L™, while the leaves
taken from the plants treated with 100 kDa chitosan at 10 mg L gave the maximum carotenoid content (1.59
+0.06 ug ml™).
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Figure 5. Effects of chitosan at 1, 10, and 100 kDa molecular weights on the photosynthetic pigment
contents in leaves of arugula

The treatments are represented as “chitosan’s MW - concentration (mgL")”. The bars with the same-style superscript
letters are not significantly different by Duncan’s multiple range test (p < 0.05)

Effect of chitosan on individual phenolic substance pattern

Individual phenolic substance contents of the leaves harvested from control and chitosan-treated (10
kDa at 5 mg L") plants were compared. After the treatment, the gallic acid content in the arugula leaves
significantly increased (sig. = 0.00). However, catechin content from the control group was found to decrease
after the treatment. Chlorogenic acid contents remained the same both in control and in the treated plants. p-
Coumaric acid content slightly increased after the treatment; however, it was not statistically significant. Rutin
and apigenin contents in the control group leaves increased significantly (sig. = 0.04 and 0.02) after the
treatment (Figure 6). Ferulic acid and quercetin contents were below the detection limit.

Hicrarchical cluster analysis

The best treatment in means of induction of foliar growth was found 10 kDa chitosan at 5 mg L. The
most efficient treatments 10 kDa and 100 chitosan at 5 and 20 mg L, respectively, were grouped in the same
cluster with the control (Figure 7). However, the other promising treatment 1 kDa chitosan at 20 mg L' was
found in another cluster but next to the treatment 100 kDa at 20 mg L. The chitosan treatments 1 kDa at 5
and 10 mg L, and 10 kDa at 10 and 20 mg L™ were also found in the same cluster, which was distant from the
control.
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Figure 7. Hierarchical clustering heat map-based comparison of the normalized developmental data from
arugula. Leaf number (LN), Leaf area (LA), Root length (RL)

The treatments are represented as “chitosan’s MW - concentration (mg L")”

Discussion

Arugula has been employed as a research plant in studies, including the recent ones that aimed to
investigate light color and intensity on the plant’s growth (Johnson et al, 2020) to understand selenium
tolerance of the species (Santiago er a/, 2020), and to increase yield through foliar zinc (Rugeles-Reyes er al,
2019), sulfur, and tyrosine treatments (Al-Mohammad and Al-Taey, 2019). However, the studies explaining
the effects of chitosan treatment on Eruca vesicaria ssp. sativa are quite limited. Youssef (2018) placed the
arugula seeds on chitosan powder-coated cotton pads and left them for germination in one of these studies.
The author found an increase in the germination rate of chitosan-treated arugula seeds while reporting the
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minimized availability of Cu, Zn, Mn, Ni, F, and Al in the plants after chitosan treatment. However, chitosan
used in the study was not characterized; thus, it would be labor intensive to conduct the same method for
middle- or large-scale production. Therefore, chitosan application by adding it to irrigation water or by foliar
spraying would be more practical.

Leaf production and leaf arca expansion in leafy vegetables, especially those sold in bundles, are
important parameters that affect the plants’ quality and consumers’ choice. Therefore, these parameters would
play a role in the commercialization of arugula. In the current study, only 10 kDa chitosan treatment at 5 mg
L™ triggered leaf production significantly. However, chitosan oligomers’ ability to trigger leaf production has
been demonstrated in tomato plants (Monirul ez a/, 2018). The authors found the highest leaf number in the
tomato plants treated with chitosan oligomers at 100 mg L. Mondal er a/ (2016) also reported an increase in
leaf production after spraying uncharacterized chitosan at 75 mg L onto tomato plants. A similar finding has
been reported from the strawberry plant after foliar chitosan treatments between 125 and 1000 mg L™
concentrations (Rahman er af, 2018). The authors used commercially available, low-viscosity chitosan with a
higher DA than 75%. In another study, Theerakarunwong and Phothi (2016) tested the effects of 50 kDa
chitosan on ten rice cultivars, and the authors found chitosan treatments triggered leaf production in most of
the cultivars tested. Considering the reports summarized above, our study suggested that 10 kDa chitosan at a
low concentration might be enough to trigger leaf production in arugula. The beneficial effects of chitosan in
plants’ vegetative growth might be attributed to the regulation of photosynthesis, carbohydrate metabolism,
and cell redox homeostasis through a gene expression network between the nucleus and chloroplast
(Chamnanmanoontham er al, 2015). However, further molecular studies should be conducted to reveal the
exact mechanism behind chitosan’s success in arugula’s leaf production.

Besides the leaf number, leaf area in such vegetables like arugula is considered an indicator of yield. Thus,
expanded leaves with larger leaf areas would be beneficial in the commercialization of most leafy vegetables.
The lowest concentration of 10 kDa chitosan was the best treatment for leaf expansion in arugula in the current
study. Also, close results were recorded from 1 and 100 kDa chitosan treatments at 20 mg L. These treatments
are also considered to be beneficial to leaf expansion in arugula. However, their concentrations are considerably
higher than the optimal 10 kDa chitosan treatment, leading to an increase in arugula’s cultivation cost. In a
study, Dar er al (2015) reported an increase in leaf arca after treating fenugreek plant with chitosan oligomers
(obtained through gamma radiation) at 40, 80, and 120 mgL". A similar increase in the parameter was reported
from mungbean by Mondal er a/ (2013), who treated the plants with uncharacterized chitosan spray at 25 and
50 mg L. In another study, Boonlertnirun ez a/ (2011) treated corn seedlings with a chitosan oligomer with
DA of 10% at 80 mg L. The authors reported significant increases in leaf area, waxy corn yield, and leaf
greenness parameters suggesting that chitosan might be used to reduce chemical fertilizer use in corn
cultivation. Darvill e a/ (1992) attributed chitosan oligomers’ activity in triggering plants’ defense responses
and stimulating the growth to plants’ recognition of the oligomers. However, high molecular weight chitosan
treatment also increased arugula’s leaf area in our study. In this context, Barber er a/ (1989) reported that
chitosan monomer, dimer, and trimer might not might induce lignification, whereas chitin oligomers may elicit
lignification in wounded wheat leaves. Therefore, chitosan’s function may differ according to its structure and
plant species, and the increased lignification in leaves might result in better growth.

Plant root development in the cultivation of leafy vegetables directly affects neither commercialization
of the plants nor consumers’ choice. However, the root system extends deeply into the soil and directly affects
the nutrient uptake. Also, as the chitosan tested in the current study was given through irrigation but not by
foliar spraying, the arugula’s roots were the primary organ exposed to the treatments. Thus, direct effects of
chitosan could be seen in the root development in such studies. In our study, regardless of their concentration
and molecular weight, chitosan treatments restricted the root development in arugula. Chitosan treatments
have been shown to decrease root development in tissue culture of morning glory where the plant was subjected
to chitosan oligomers and polymers for 30d (Acemi er al, 2018). However, similar treatments for more
prolonged periods were reported to induce rooting and micro tuber formation in long-lipped Serapias (Acemi,
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2020a). The favorable effects of chitosan oligomers with DA of <10% have been shown on root development
in mentha (Ahmad eral/, 2017) and lemongrass (Jaleel ez al, 2017) after foliar spraying. When applied directly
to the soil, these results indicated that chitosan treatments might arrest root development, whereas chitosan
foliar application might support root development. This chitosan property might be explained by its nitrogen-
containing nature that enables a gradual penetration in the soil, thereby making it remain active for more
extended periods (Dar er al, 2015).

The consumers’ choice to select leafy vegetables might also be affected by a possible differentiation in
the plant’s look and color. In our study, the production of chlorophyll a in arugula leaves was not significantly
different based on the application of chitosans. However, a significant increase in chlorophyll b and carotenoid
contents was found after the treatments. Enhanced chlorophyll and carotenoid contents were also found in
potato plants under drought stress after foliar chitosan and oligo-chitosan treatments (Muley er a/, 2019). In
another study that the effects of chitosan oligomers and polymer were tested in morning glory plants, the
authors found both chitosan variants significantly induced the production of chlorophyll a, b, and carotenoids
(Kiran Acemi and Acemi, 2019). The increase in the photosynthetic pigment contents in plants might be due
to enhanced stomatal conductance, transpiration rate, and cell size and number after chitosan treatments
(Khan er al, 2002). The high photosynthetic performance may indirectly contribute to organic matter
accumulation in plants (Zeng and Luo, 2012). Also, Muley ez a/ (2019) indicated that chitosan might have a
role in elevating chloroplast numbers per cell and chlorophyll synthesis since it provides an extra amino group.

In light of the above-described results, the 10 kDa chitosan treatment at 5 mg L™ was the best treatment
performed in the means of leaf production and expansion to improve foliar growth arugula. Therefore, the
contents of individual phenolic substances were quantified through reversed-phase HPLC (RP-HPLC). It was
shown that chitosan treatment might also alter the phenolic substance production in plants. This property of
chitosan has also been demonstrated on Camellia sinensis (Srisornkompon et al, 2014). Therefore, chitosan
might also be a biostimulant for phenolics production in plants.

Conclusions

The current study suggested that direct chitosan application into the soil restricts root development in
arugula; however, it enhances foliar growth, which is advantageous since only leaves of arugula are commercially
significant and edible. Chitosan with a molecular weight of 10 kDa at a low concentration should be preferred
for improved foliar growth in arugula cultivation. Also, this study showed that chitosan treatment might alter
phenolic substance production in leafy vegetables. Consequently, chitosan use as an organic and natural
biostimulant in horticultural crop production could be a better option than synthetic growth stimulants.
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