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Abstract: With the ongoing climate change scenario and alarmingly increased land degradation,
understanding complex interactions of drought stress and organic fertilizers on morpho-physiological
traits and dynamics of nutrient concentration is pivotal for sustainable production leafy vegetables
such as mustard (Brassica juncea). Thus, this study evaluated the effect of drought stress and organic
fertilizers on B. juncea growth, physiology, and dynamics of nutrient concentration at the vegetative
stage. The plants were exposed to three water stress levels (well-watered (100% field capacity, FC),
mild (50% FC), and severe (25% FC) supplemented with three organic fertilizers (chitosan, ultra
green, and home-grown natural vegetable foods) either individually or in combination during the
vegetative growth stage. Water stress had a negative effect on growth and physiological traits, and
macro- and micronutrients of mustard. However, the ameliorative effects of fertilizer application
were revealed by improved plant height, leaf area, relative water content, membrane stability index,
and chlorophyll content from 9.7% to 26.9%, 28% to 32.72%, 7.97% to 39.51%, 7.93% to 39.66%, and
29.68% to 56.53%, respectively. Analysis of variance revealed a significant effect of soil moisture
level, fertilizer type and their interaction on content of macronutrients (Ca, K, P, N, C, S, Na, Mg) and
micronutrients (Fe, Zn) in mustard leaves. However, there was no significant effect detected for Cu
across all factors as well the interaction effect on Mn. Overall, our results indicated that application
of organic fertilizers enables mustard plant to withstand the deleterious effect of drought stress,
resulting in improved growth and physiological traits as well as leaf nutrient content.

Keywords: mustard; drought; fertilizers; macronutrients; micronutrients; growth; interaction

1. Introduction

The Indian mustard (Brassica juncea L.) is an economically valuable plant widely con-
sumed for its green vegetables, seed oil, and medicinal value. The species is a remarkable
source of several macro- and micronutrients and nutraceuticals which are used to prevent
and cure an array of chronic and non-communicable diseases [1–3]. Despite these economic
and health benefits, low water availability and poor soil fertility during vital stages of its
seed germination, growth, flowering, and pod filling severely impact crop yield [4–6]. For
example, Chauhan et al. [7] reported a yield decline differing between 17% and 94% in
mustard under drought stress. Nevertheless, plant growth and crop productivity may be
adversely altered depending on the genotype, plant phenological stage, as well as intensity,
timing, and duration of water stress [8,9].

Plants face uninterrupted fluxes of environmental conditions and are frequently sub-
jected to abiotic stresses such as drought (water deficit) and nutrient imbalance [9]. Drought
stress is regarded as one of the most major abiotic stresses, triggering an impediment in
several crops’ growth and production worldwide [6,10–14] and its intensity is predicted
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to increase in the future under the changing climate conditions [15,16]. Drought stress
has an effect on the vegetative and reproductive stages of mustard growth including seed
germination, branching, flowering, seed yield, and seed weight [8]. At the vegetative stage,
it affects cell expansion and division, thus affecting leaf expansion [8]. Drought disrupts the
supply of vital nutrients in the soil, reducing or triggering an imbalance in the nutritional
elements in the plant tissue [16–18]. Studies have shown that during the vegetative stage,
drought stress decreases the concentration of several nutrients content [19–21].

However, from a plants-soil perspective, the impacts of drought on soil moisture and
plant productivity can be mitigated by application of fertilizers [22–24]. Application of
organic fertilizers in plant is one of the fundamental pillars of sustainable agriculture [25].
Since the use of organic fertilizers provides essential nutrients and improves other soil
properties, such as water-holding capacity, nutrient-holding capacity, and drought tol-
erance [16,26,27]; yet, different types of fertilizer contribute differently. For example,
application of chitosan (a biodegradable polymer) stimulated plant growth and improved
availability and uptake of water and essential nutrients [28]. Others have also claimed
that application of organic fertilizers to meet a specific nutrient demand of crops may
concomitantly boost the level of other plant nutrients [29,30]. While effects of fertilizer type
and drought on crop growth and yield have been studied separately [5,31], little is known
about the combined effect of these stressors on growth plasticity of B. juncea and nutrient
dynamics across time within the vegetative stage. Quantifying the interactive effects of
different irrigation levels and fertilizer types on the growth and macro- and micronutrients
dynamics of B. juncea could provide paramount insight for developing more effective water
management leading towards sustainable agriculture [32].

Crop yield and growth are not the only crucial traits regarded for breeding programs,
but also sustaining and, if possible, increasing beneficial bioactive compounds and nutrients
content is recommended for human use [18,33,34]. Hence, understanding of the dynamics
and mechanisms involved in nutrient acquisition and distribution of edible plants like
mustard with increased nutrient contents could open an avenue to develop improved
plant varieties and alleviate malnutrition. Organically grown vegetables are progressively
sought by health-conscious consumers [35] and as a result, small-scale vegetable growers
are transitioning from conventional farming to more profitable organic farming [36,37].
Therefore, unraveling the effects of soil moisture level and organic fertilizer type on plant
growth and dynamics in macro- and micronutrients in mustard could help to identify the
harvest stage with the highest amount of nutrients available for healthy nutrition.

Overall, literatures only showed the separate effect of drought and organic fertilizers
but not the details on the interactive effect of organic fertilizer types and drought on growth
and dynamics of macro- and micronutrients in mustard leaves at the vegetative stage. It
was hypothesized that the growth and dynamics of nutrients in leaves would vary under
drought stress with and without application of organic fertilizers. The objective of this
study was to unravel the interactive effect of water stress levels and organic fertilizer
types on growth and temporal dynamics of macro- and micronutrients within the leaves of
mustard (B. juncea) throughout the vegetative stage.

2. Material and Methods
2.1. Plant Material and Growth Conditions

The experiment was carried out in the greenhouse located at Bill and Vera Daniel
Ranch and Farm, Prairie View A&M University, Prairie View, TX, USA during Spring 2021.
Seeds of the broad leaf mustard (Brassica juncea) were acquired from Twilley seed company
(Hodges, SC, USA). Seven seeds were sown in plastic pots (12-inch size) containing 5 kg
of 50% sand and 50% clay soil, with bulk density, electrical conductivity, and pH of
1.50 mg m−3, 108 dS m−1, and 8.23, respectively, in the green house at Prairie View A&M
University. All seedlings were irrigated to the field capacity (FC) before the commencement
of soil moisture deficit and fertilizer treatments. The seedlings were thinned by conserving
three seedlings of the same vigor in each pot. The FC of the soil was determined using the
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gravimetric method [38]. The experimental design was a factorial experiment arranged
in a split plot design. Two weeks after emergence, the plants were subjected to three soil
moisture levels and three organic fertilizers treatments and were replicated three times in a
split plot design.

The soil moisture levels were controlled at 100% (well-watered, WW), 50% (mild
stress, MS), and 25% (severe stress, SS) of the FC which correspond to 16.5%, 8.75%, and
4.41%, respectively, of the soil moisture meter readings (Delta-T Devices Ltd., Cambridge,
UK). Three fertilizers (20 mg each), namely chitosan (CH) (Sigma) a natural polymer
and biofertilizer or stimulant, ultra green (UG) all-purpose plant food (Pennington®,
Atlanta, GA, USA), and home-grown natural vegetable food (HO) (Dr. Earth Inc., Winters,
CA, USA), were applied at the commencement of the soil moisture treatments. CH is a
linear polysaccharide composed of randomly distributed β–linked D-glucosamine and
N-acetyl-D-glucosamine and used for soil amendment as biofertilizer and stimulant. UG is
comprised of total nitrogen (10%), available phosphate (10%), soluble potash (10%), calcium
(5%), magnesium (0.8%), sulfur (1%), copper (0.05%), iron (2%), manganese (0.05%), and Zn
(0.05%). HO is composed of total nitrogen (4%), available phosphate (6%), soluble potash
(3%), calcium (4.75%), beneficial soil microbes, and mycorrhizae. Soil moisture content was
monitored on a daily basis through a gravimetric method and the plant was periodically
watered (once every 2 days) to sustain the desired soil moisture level.

2.2. Measurement of Growth

Plant height was measured from the stem base of a plant to the tip of its shoot using
a meter scale bi-weekly. Leaf area (LA) was calculated from measurements of leaf length
(from the leaf base to the apex) and width (midpoint between the leaf base and the apex)
applying the equation:

LA (cm2) = 0.72 ∗ length ∗ width

where 0.72 is the correction factor for determination of leaf area in mustard adopted from
Ramil and Sulaiman [39]. Individual plants that were not used for relative water content
and nutrient analyses were selected to determine above-ground and below-ground biomass.
Individual plants were separated into roots (for below-ground biomass) and shoots and
leaves (for above-ground biomass) and were dried in an oven at 75 ± 1 ◦C until their
constant weights were acquired. These dried weights were their respective biomass values,
i.e., below-ground biomass and above-ground biomass, respectively. Root to shoot ratio
was determined based on above-ground biomass and below-ground biomass.

2.3. Physiological Traits

Chlorophyll contents in the intact leaves of mustard plants were measured using
Chlorophyll meter, SPAD-502 (Minolta Co., Ltd., Osaka, Japan). The SPAD values were
taken at the base of the leaf lamina, middle, and towards the tip. These values provide an
indication of the relative amount of total chlorophyll present in plant leaves. The values
were calculated according to the amount of light transmitted by the leaf area (2 × 3 mm) in
two wavelength regions in which the absorption of chlorophyll is different. Higher SPAD
values signify higher total chlorophyll contents. The observations were made early in the
morning between 9:00 and 11.00 a.m.

Relative water content (RWC) was determined by the modified method of Barrs and
Weatherley [40]. In each treatment, fully expanded leaves were collected from individual
plants and cut into 4 mm discs. Fresh weight (FW) of these discs was determined and then
submersed in distilled water for 12 h. Subsequently, the surface of the discs was blotted
dry and saturated weight (SW) was recorded. Thereafter, the samples were dried in an
oven at 65 ◦C for 24 h and DW was recorded. RWC in percent was then calculated as:
RWC = ((FW − DW)/(SW − DW)) × 100.

Membrane stability index (MSI) was estimated following the approach of Sairam [41].
One half gram of sample comprising of 8 leaf sections, 5 cm long each, were soaked in
distilled water and placed in a test tube with 20 mL of distilled water. The tubes were
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incubated overnight at room temperature. After incubation, the electrical conductivity
of the water (C1) was measured using conductivity meter HI198129 (Hanna Instruments
Inc., Woonsocket, Rhode Island). The samples were then boiled at 100 ◦C for 10 min and
conductance was recorded (C2). Membrane stability was computed as:

MSI = (1 − (C1/C2)) × 100

2.4. Leaf Macro- and Micronutrient Analysis

Young leaves of mustard plant were obtained for macro- and micronutrient analysis
after 30 and 60 days of treatments application. The leaves were freeze dried for 12 h to con-
stant weight and were ground manually using mortar and pestle. For microwave digestion,
about 250 mg of each mustard leaves sample were directly placed into a microwave closed
vessel. Then, 2 mL of 30% H2O2 and 7.0 mL of 65% (m/m) HNO3 solutions were added
to each vessel. The digestion of the samples was executed using a digester block Quimis
(model TE 040/25) with equivalent temperature controller, up to 40 borosilicate microtubes
and a high-pressure microwave oven (Milestone Ethos UP 1600, Sorisole, Italy) functioning
at a frequency of 2450 Hz, with an energy output of 900 W. After the digestion and sub-
sequent cooling, the digested samples were filtered through a 0.2-µm nylon membrane
(Millipore Sigma™ Millex™-GP Sterile Syringe Filters, Burlington, Massachusetts).

The concentration of P, K, Ca, Cu, Mg, Fe, Mn, Na, and Zn in each sample was analyzed
using radial view of Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES,
Agilent ICP-5100) equipped with Agilent SP4 autosampler, standard DV torch (1.8 mm ID
injector), concentric sea spray nebulizer type, standard double-pass glass cyclonic spray
chamber, and supplied with ultrapure argon gas. For this analysis, calibration standard
solutions ranging from 0 to 500 ppm, from single element (P, K, Ca, Cu, Mg, Fe, Mn, Na,
and Zn) and multi-element (Lu; Sigma-Aldrich, Saint Louis, Missouri, USA) were prepared.
The analyses were performed under the instrumental variables of 1.2 kW radio frequency
power, 12 L min−1 plasma gas flow rate, 1.0 L min−1 auxiliary gas flow rate, 1.0 L min−1

sample uptake rate, 0.7 L min−1 nebulizer gas flow rate, and 5 s read time. Emission
lines that displayed low interference, high analytical signal, and background ratios were
chosen for each element with Ca at 315.887, Cu at 324.754, Fe at 238.204, Mg at 285.213,
K at 766.491, Mn at 257.610, Na at 589.592, P at 214.914, and Zn at 213.857 nm with a
modification of Kebrom [30]. The correlation coefficient for the calibration curves was
>0.9990, with a readback error of <0.5%. All solutions were analyzed in triplicate. Mustard
leaf samples (30 mg grounded) were obtained and rolled in aluminum foil. The CHNS
Analyzer Flash Elemental Analyzer was used to determine the percentages of carbon,
hydrogen, nitrogen, and sulfur, through complete and instant oxidation of the mustard
leaves by flash combustion.

2.5. Statistical Analysis of the Data

Data were computed by analysis of variance (ANOVA), with treatments as the in-
dependent variable using R v3.5 [42] and the agricolae package [43]. Tukey multiple
comparison test (significance level 5%) was used to calculate the differences between each
factor. All values were expressed as mean values. A correlation analysis was executed to
study the relationship between multiple traits. The general linear model was computed
using the software Statistica 12.0. The Akaike’s Information Criterion (AIC) was used to
identify the best fit model (with the lowest AIC score) interpreting the interactive effect of
the treatments at the significance level of p ≤ 0.05 and p ≤ 0. 001. The effect of all variables
was performed by Wald statistics to estimate the significance of the regression coefficient.
The contribution of each variable relative to others in the model was assessed using the
likelihood ratio test that reports the log-likelihoods for the model that includes a particular
effect and all effects that precede it. The incremental Wald ChiSquare (χ2) provides a test of
the change in the log-likelihood that is attributable to each individual effect.
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3. Results and Discussion
3.1. Interactive Effects of Drought and Organic Fertilizers on Growth and Physiological Traits

Drought stress had a highly significant (p ≤ 0.01) effect on growth (leaf area and
height), shoot dry weight, and physiological (relative water content, chlorophyll content,
and membrane stability) traits of Brassica juncea plants at the vegetative stage (Table 1).
Significant interactions of soil moisture and fertilizer types (p ≤ 0.01) were also recorded
for all morpho-physiological traits except for root biomass (Table 2; R2 = 0.49, Table S1).
Concurrent with our results, water stress was shown to reduce plant height and leaf
area in wild mustard and brassica species [44,45] and other plant species [46,47]. The
impairment of mitosis and the elongation and expansion of cells as well as the down of
turgor pressure caused by moisture stress result in reduced leaf area and growth [9,48,49].
Additionally, a decline in leaf area, has been regarded as a morphological acclimatization
mechanism to lessen water loss through transpiration. Optimal leaf area is critical for
photosynthesis, which in turn, is the main driver of plant growth [9,50]. The effect of
water stress significantly decreased the shoot dry weight and root dry weight by 76.2%
and 74.9%, respectively (Table 1). Other Brassica species have also shown reduction in dry
matter production under water deficit condition largely due to its inhibitory effect on leaf
development and consequently light interception and reduced carbon assimilation [51].

Table 1. Effects of drought stress and organic fertilizer application on morpho-physiological traits of B. juncea.

Fertilizer Soil
Moisture SPAD RWC (%) Height

(cm) LA (cm2) MSI (%) Shoot
Biomass (g)

Root
Biomass (g) RSR

Control
WW 46.82 a 50.44 a 59.13 a 50.09 a 75.09 a 22.44 a 19.12 a 0.85 a

MS 38.19 b 45.53 b 57.40 a 38.16 b 62.95 b 15.09 b 11.66 b 0.78 a

SS 21.75 c 32.57 c 40.91 b 31.82 c 37.37 c 5.34 c 4.8 c 0.91 a

CH
WW 58.82 a 90.49 a 59.88 a 47.09 a 69.11 a 34.96 a 17.78 a 0.51 b

MS 43.74 b 48.52 b 57.06 ab 38.16 b 61.03 b 23.84 b 13.91 b 0.59 b

SS 36.64 c 35.39 c 54.69 b 32.1 c 40.59 c 12.51 c 18.59 a 1.51 a

HO
WW 52.26 a 97.18 a 59.38 a 51.08 a 89.88 a 25.08 a 7.73 b 0.31 b

MS 41.95 b 76.75 b 55.65 b 46.97 b 70.21 b 16.12 b 4.64 c 0.29 b

SS 30.93 c 53.84 c 52.45 c 33.15 c 53.86 c 8.66 c 13.52 a 1.58 a

UG
WW 60.13 a 88.51 a 59.79 a 64.56 a 53.17 a 28.72 a 13.68 b 0.48 b

MS 53.78 b 66.81 b 57.05 b 52.77 b 46.17 b 19.07 b 20.48 a 1.08 a

SS 39.95 c 49.01 c 55.97 c 47.35 c 40.62 c 12.25 c 5.98 c 0.49 b

CH + HO
WW 65.87 a 86.74 a 61.53 a 55.39 a 74.12 a 30.44 a 4.92 c 0.16 c

MS 55.76 b 64.31 b 58.63 b 45.85 b 64.84 b 19.71 b 9.44 b 0.48 b

SS 46.68 c 42.64 c 54.47 c 39.51 c 40.92 c 10.32 c 13.94 a 1.35 a

CH + UG
WW 59.64 a 96.46 a 69.46 a 52.01 a 84.75 a 27.15 a 10.96 a 0.41 a

MS 44.36 b 70.85 b 59.77 b 45.92 b 65.63 b 21.02 b 3.26 c 0.16 b

SS 31.58 c 43.86 c 45.29 c 38.88 c 54.09 c 13.51 c 7.34 b 0.55 a

HO + UG
WW 65.54 a 83.03 a 60.44 a 53.19 a 66.34 a 26.45 a 17.09 a 0.65 b

MS 54.56 b 60.88 b 59.93 b 42.37 b 50.82 b 16.42 b 11.94 b 0.73 b

SS 39.59 c 46.78 c 53.00 b 36.63 c 41.04 c 14.05 c 5.98 c 1.48 a

CH + UG
+ HO

WW 76.66 a 92.59 a 77.44 a 68.62 a 85.18 a 35.53 a 26.28 a 0.74 b

MS 61.74 b 78.58 b 61.47 b 58.58 b 74.31 b 24.52 b 12.75 b 0.52 c

SS 50.04 c 41.82 c 55.35 c 44.53 c 61.93 c 12.92 c 14.14 b 1.09 a

Different letters denote significant difference (p ≤ 0.05) among soil moisture levels while treated with a particular fertilizer or combined
ones. CH = chitosan, UG = ultra-green, HO = home-grown organic nutrition, SS = severe stress, MS = moderate stress, WW = well-watered,
RWC = relative water content, LA = leaf area, MSI = membrane stability index, and RSR = root to shoot ratio.

Despite a general decline in plant height, leaf area, and shoot dry weight being
observed along with soil moisture levels, the application of organic fertilizers improved
these traits. Compared to the control, under severe drought stress, plant height and
leaf area increased in the mixed fertilizer treatments, chitosan, and home-grown organic
nutrient (CH + HO) by 33.14% and 24.2%, HO and ultra-green, UG (HO + UG) by 29.6%
and 15.11%, and chitosan (CH) + UG + HO by 35.3% and 55.6%, respectively (Table 1).
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Combined effects of drought and fertilizer types increased leaf area and height per plant
with a greater magnitude than under drought stress alone, and this increase by combined
drought stress and fertilizer types was synergistic too (Table S1). The positive response
of plant heights, leaf area, and shoot biomass in the mixed fertilizer treatments under
severe water stress condition might partly be due to the augmented nutrient level. This
could also partly be because of the better quality of organic matter by the addition of
organic fertilizers, which conceivably increased the absorbing ability of the root systems
for nutrients [52]. In agreement with our results, application of chitosan stimulated plant
growth and increased the availability and uptake of water and essential nutrients by
alleviating drought stress [28,53]. In addition, it has been found that organic fertilizers
modulate nutrients mobility and availability under varying soil water conditions thus
ultimately enhancing plant growth [54,55]. In agreement with our results, it has been
reported that application of chitosan reduced the negative impact of drought condition on
dry matter [11] and growth attributes [56,57]. However, application of fertilizers increased
either shoot weight or dry weight at a different magnitude. In the mixed fertilizer and
well-watered treatments, the highest shoot dry weight was acquired, and this signifies
that mustard favors the regular application of water and fertilizers for optimum growth
and development.

Table 2. Analysis of variance (ANOVA) results for the effect of soil moisture, fertilizer types, and their interaction on
morpho-physiological traits of B. juncea.

Parameters

Sources of Variation

Fertilizers Soil Moisture Fertilizers * Soil Moisture

DF SS Prob > F DF SS Prob > F DF SS Prob > F

SPAD 7 905.744 <0.0001 ** 2 6458.04 <0.0001 ** 14 255.85 <0.0001 **
RWC 7 4731.75 <0.0001 ** 2 21617.94 <0.0001 ** 14 2228.57 <0.0001 **

Height 7 917.51 <0.0001 ** 2 1741.39 <0.0001 ** 14 908.06 <0.0001 **
LA 7 633.25 <0.0001 ** 2 3629.51 <0.0001 ** 14 185.23 <0.0001 **
MSI 7 2769.62 <0.0001 ** 2 9428.19 <0.0001 ** 14 810.53 <0.0001 **

Shoot biomass 7 445.41 <0.0001 ** 2 4286.30 <0.0001 ** 14 137.36 0.0014 **
Root biomass 7 2404.56 0.002 ** 2 662.95 0.031 * 14 1771.81 0.1784

RSR 7 2.141 0.007 ** 2 4.59 <0.0001 ** 14 5.02 0.0003 **

DF = degree of freedom, SS = sum of squares, RWC = relative water content, LA = leaf area, MSI = membrane stability index, and RSR = root
to shoot ratio. ** = highly significantly (p ≤ 0.01) and * = as significantly (p ≤ 0.05) different.

There was a significant general trend in decreasing of relative water content (RWC),
membrane stability index (MSI), and chlorophyll content (SPAD) of mustard plants along
with soil moisture stress intensity (p < 0.05, Table 1). However, overall, the application of
fertilizers significantly increased the leaf RWC (28.41%), MSI (75.31%), and chlorophyll
content (55.5%) under severe water stress condition as the case in the mixed fertilizers
(CH + UG + HO) relative to the control suggesting a synergistic response. This synergetic
effect was also supported by our generalized regression model, which revealed a signif-
icant interaction effect on MSI (Wald-χ2 = 236.71, p ≤ 0.001) and RWC (Wald-χ2 = 29.92,
p ≤ 0.001) when comparing the combined (CH + UG + HO) effect over a single effect
of UG (Table S1). Looking at the effect of individual stress factors, soil moisture deficit
induced significant decrease in RWC (35.43%), MSI (50.23%), and SPAD (45%) (Table 1).
Overall, the effects of combined fertilizers and drought stress on RWC, SPAD, and MSI
were stronger than the effects of individual stress factors (Table 1), but the level of the
effect varied. Lower RWC by B. juncea show its predisposition to drought stress that could
be coupled with a discrepancy between water loss and water uptake and is a signal of
the decline in turgor pressure of guard cells due to stomata closure [58,59]. In addition,
the lower RWC reflects considerable reductions of leaf water potential, which ultimately
lead to closure of stomata. This, in turn, favors stomatal resistance that could potentially
reduce the rate of transpiration and an increase in leaf temperature [60]. Consequently,
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higher temperature reduces membrane stability and permeability and, ultimately, different
aspects of plant metabolism. Higher RWC in organic fertilizers treated plants might be due
to improved water holding capacity [61] and osmolytes as supported by the increase MSI.
The decrease in MSI may be because under water deficit conditions the overproduction
of reactive oxygen species (ROS) occurs, which disrupts the cell membrane by altering its
phospholipid and fatty acid compositions [62]. Hence, the ability of a plant to maintain
MSI and integrity would explain its tolerance toward drought [63].

Chlorophyll content has been used as a proxy to determine the tolerance of plants to
water stress [64]. In the present study, chlorophyll content progressively decreased by 45%
(from 46.82 to 25.75 when the mustard plants were exposed to drought stress) (Table 1).
This reduction in SPAD could be associated with oxidative damage of chlorophyll pigment
complexes and light-harvesting proteins modulating chlorophyll synthesis [65,66]. Aligned
with our results, drought-induced reductions in chlorophyll contents are quite common in
Brassica species and cultivars [51]. In contrast, some studies have shown increased chloro-
phyll content under moderate and intensive drought stress [67,68]. However, application
of fertilizer either singly or in mix improved the total chlorophyll content under severe
drought stress compared to the control (Table 1). Under severe water deficit condition,
the maximum SPAD recorded was about 46.68 when treated with mix of CH and HGON.
Our results showed a significant coupling effect of water stress and organic fertilizers on
the chlorophyll content, based on SPAD measurements (Table 1). Application of organic
fertilizers further promoted accumulation of chlorophyll content in plants [69]. Other
studies have also shown that increasing chlorophyll content by organic fertilizer treatments
under drought stress conditions may be due to increased activity of drought responsive
enzymes [68]. The highest chlorophyll content of B. juncea plants under drought stress
was observed in combined fertilizer treatment that could be due to positive effects of
fertilizers that enhance N supply. It has been indicated that the formation of photosynthetic
pigments mainly relies on the available nitrogen content in plants [70]. The higher amounts
of chlorophyll could be correlated with the content of nitrogen (r = 0.91), which stimulates
the chlorophyll biosynthesis process [71].

3.2. Interactive Effects of Drought and Organic Fertilizer on Nutrients Content

Analysis of variance revealed a significant effect of soil moisture level, fertilizer type,
and their interaction on content of macronutrients (Ca, K, P, N, C, S, Na, Mg) and mi-
cronutrients (Fe, Zn) in mustard leaves (p < 0.001, Tables 4, 5 and Table S1). However,
there was not a significant effect detected for Cu across all factors (Table 1) as well the
interaction effect on Mn. Drought stress and associated reduction in soil moisture can
reduce plant nutrient uptake by reducing nutrient supply through mineralization [72],
but also by reducing nutrient diffusion and mass flow in the soil [73]. The decline in the
diffusion rate of nutrients towards the roots and their transport to the shoots could be
due to the concurrent declines in membrane stability recorded. Although water stress
without application of fertilizers decreased the content of all the macronutrients studied
contrastingly, the K content was increased by 62.56% (Table 3). Etienne et al. [21] also
reported that drought stress during the vegetative stage induces an increase in the con-
centration of K in leaves. Under water deficit conditions, maintaining sufficient K status
may facilitate osmotic adjustment that enhances higher turgor pressure and RWC [74].
Nevertheless, the decline in RWC in the present study did not support this presumption.
Thus, alternatively, the increase in leaf K content could be associated with its critical role in
overcoming drought-induced oxidative damage via inhibition of reactive oxygen species
(ROS) production [75]. In addition, drought stress caused a significant (p ≤ 0.05) decrease
in the Na concentration in the leaves despite fertilizer application. However, our results
also revealed a contrasting pattern between K and Na content in response to severe water
stress (r = −0.86, p ≤ 0.01). It has been thought that Na content may up- or downregulate
the function and accumulation of other compounds or nutrients such as K involved in
osmotic adaptation [21,76]. The ionomic content of vegetative tissue can be influenced in
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a very unclear way by mineral uptake and availability as well as by drought [21], which
supports our results.

Table 3. Effects of drought stress and organic fertilizer application on macro- and micronutrients of B. juncea.

Fertilizers Soil
Moisture

Macronutrients (mg/mL) Micronutrients (mg/mL)

Ca K Mg Na P Cu Fe Mn Zn

Control
WW 31.35 a 33.51 c 11.52 a 10.95 b 9.81 a 0.07 a 1.78 a 0.42 a 0.50 a

MS 24.81 b 43.84 b 7.63 b 15.03 a 7.25 b 0.04 b 1.26 a 0.29 b 0.414 b

SS 11.03 c 54.47 a 4.55 c 7.12 c 3.38 c 0.03 c 0.56 b 0.23 c 0.23 c

CH
WW 25.35 a 63.09 a 13.83 a 4.32 c 14.58 a 0.07 a 3.90 a 0.08 a 0.94 a

MS 16.13 b 57.83 a 7.98 b 12.07 b 11.32 b 0.06 ab 1.47 b 0.37 ab 0.69 a

SS 12.11 c 43.69 c 4.24 c 16.11 a 6.96 c 0.05 b 0.92 b 0.23 b 0.58 a

HO
WW 26.17 a 94.62 a 26.79 a 13.48 a 13.17 a 0.09 a 7.19 a 0.51 a 0.82 a

MS 21.12 b 68.24 b 15.13 b 9.34 b 11.00 b 0.06 ab 1.43 b 0.32 a 0.74 ab

SS 15.76 c 59.06 c 10.11 c 4.07 c 8.69 c 0.05 b 0.96 b 0.22 a 0.65 b

UG
WW 31.35 a 91.51 b 33.08 a 17.82 a 15.07 a 0.09 a 1.95 a 0.39 a 0.72 a

MS 24.81 b 83.94 b 23.21 b 12.47 b 9.65 b 0.07 ab 1.64 a 0.35 ab 0.65 a

SS 11.03 c 104.14 a 13.47 c 7.45 c 6.76 c 0.06 b 1.45 a 0.28 b 0.49 b

CH + HO
WW 18.53 a 46.84 c 14.18 a 8.59 c 12.53 a 0.87 a 3.90 a 0.38 a 0.92 a

MS 16.56 b 63.0 b 8.23 b 12.84 b 12.19 a 0.06 b 1.82 b 0.29 ab 0.59 b

SS 13.26 c 92.08 a 5.75 c 19.62 a 4.63 b 0.05 b 0.78 b 0.19 b 0.47 b

CH + UG
WW 35.68 a 71.09 a 16.90 a 14.54 a 13.55 a 0.11 a 4.42 a 0.54 a 0.54 b

MS 26.23 b 56.40 b 9.33 b 9.31 b 11.28 b 0.01 b 2.91 ab 0.41 ab 0.67 ab

SS 16.19 c 53.89 b 6.09 c 5.13 c 10.29 b 0.06 b 1.23 b 0.25 b 0.88 a

HO + UG
WW 29.27 a 82.61 a 28.63 a 16.26 a 14.60 a 0.07 b 3.82 a 0.43 a 0.57 b

MS 21.79 b 81.89 a 14.29 b 10.67 b 11.63 b 0.26 a 1.53 ab 0.28 ab 0.64 a

SS 15.84 c 71.84 b 7.97 c 10.61 b 7.57 c 0.04 b 0.66 b 0.21 b 0.68 a

CH + UG +
HO

WW 29.42 a 70.72 c 13.95 a 18.95 a 13.09 a 0.09 a 5.28 a 0.42 a 0.69 a

MS 19.31 b 81.36 b 7.62 b 8.81 b 11.63 ab 0.06 a 2.02 b 0.34 b 0.59 b

SS 14.44 c 88.95 a 4.23 c 3.44 c 10.74 b 0.06 a 0.76 c 0.23 c 0.54 b

Different letters denote significant difference (p ≤ 0.05) among soil moisture levels while treated with a particular fertilizer or combined ones.
CH = chitosan, UG = ultra-green, HO = home-grown organic nutrition, SS = severe stress, MS = moderate stress, and WW = well-watered.

On the other hand, effects of combined fertilizers and water stress on macro- and
micronutrients were stronger than the effects of individual stress factors, but the magnitude
of effects varied for the specific nutrients (Tables 3–5). Though there was an improvement
in Mg concentrations following application of organic fertilizers under severe soil moisture,
a general decline was still observed along with soil moisture gradients. This pattern
mirrors with the reduction in chlorophyll content (Table 3), as Mg plays a paramount role
in chlorophyll synthesis [77]. In agreement with Chatelain et al.’s [78] report, in the present
study, Mg concentrations were lower in the leaves of plants treated with chitosan. Ca
decreased significantly in the leaves of mustard plants treated under severe water stress
irrespective of fertilizers applied. This might be linked with restricted phloem mobility that
negatively impacts the usual unidirectional transport of Ca during vegetative stage of the
plant under water deficit conditions [79]. An increase in Ca contents in mixed fertilizers
(CH + HO, HO + UG, CH + UG and CH + UG + HO) when compared with a single fertilizer
(CH, HO, and UG) suggests a synergetic effect (Table 3). There was a general pattern in
the decline of N and P contents along water stress levels with or without application of
fertilizers (Table 3). Waraich et al. [80] have also indicated that plants decrease N and P
uptake with a decrease in soil moisture. Importantly, a combination of fertilizers had a
synergetic effect on phosphorus content when compared with the single effect of each
fertilizer under severe water stress compared to the control (Table 3 and Table S1). The
combined application of fertilizers (CH + UG + HO) showed twofold (68.53%) increase
in P compared to the control under severe water stress. Application of organic fertilizers
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enhances uptake of macronutrients such as N and P in plants under different water stress
levels [9,81].

Table 4. Effects of drought stress and organic fertilizer application on nutrient (N, C, and S) content
of B. juncea leaves at vegetative stage.

Fertilizers Soil
Moisture

% Nutrient Content Ratio

N (%) C (%) S (%) C/N

Control
WW 4.68 a 41.90 b 1.66 a 9.05 b

MS 3.18 b 53.32 a 1.09 b 17.46 a

SS 1.56 c 30.52 c 0.68 c 19.97 a

CH
WW 6.01 a 67.90 a 1.97 a 11.3 b

MS 4.40 b 53.32 b 1.45 a 12.16 b

SS 1.71 c 33.19 c 0.78 b 19.45 a

HO
WW 8.99 a 64.58 a 3.22 a 7.42 b

MS 6.24 b 57.50 b 1.27 b 10.4 b

SS 2.53 c 34.99 c 0.79 b 24.81 a

UG
WW 8.14 a 67.68 a 2.21 a 5.53 b

MS 5.11 b 43.86 b 1.35 ab 6.51 b

SS 2.08 c 33.98 c 1.12 b 16.98 a

CH + HO
WW 9.04 a 66.56 a 1.90 a 7.19 b

MS 4.30 b 44.10 b 1.81 a 11.19 ab

SS 1.49 c 34.44 c 1.76 a 17.4 a

CH + UG
WW 8.02 a 44.28 a 1.83 a 7.23 b

MS 5.50 b 34.89 b 1.33 b 9.23 ab

SS 1.92 c 31.62 b 0.83 c 13.94 a

HO + UG
WW 8.03 a 68.51 a 3.59 a 8.72 b

MS 4.52 b 45.82 b 2.19 ab 10.32 b

SS 1.73 c 35.99 c 0.86 b 21.27 a

CH +UG + HO
WW 7.80 a 55.41 a 2.38 a 8.34 b

MS 3.82 b 41.64 b 1.20 b 8.88 b

SS 2.07 b 35.85 b 0.72 c 17.27 a

Different letters denote significant difference (p ≤ 0.05) among soil moisture levels while treated with a particular
fertilizer or combined ones. CH = chitosan, UG = ultra-green, HO = home-grown organic nutrition, SS = severe
stress, MS = moderate stress, and WW = well-watered.

Table 5. Analysis of variance (ANOVA) results for the effect of soil moisture, fertilizer types, and their interaction on
nutrient content of B. juncea leaves.

Parameters

Source of Variation

Fertilizers Soil Moisture Fertilizers * Soil Moisture

DF SS Prob>F DF SS Prob>F DF SS Prob>F

K 7 9826.61 <0.0001 ** 2 1060.73 <0.0001 ** 14 7264.58 <0.0001 **
Mg 7 1445.49 <0.0001 ** 2 2019.11 <0.0001 ** 14 325.93 <0.0001 **
Na 7 706.64 <0.0001 ** 2 50.44 <0.0001 ** 14 1307.22 <0.0001 **
Ca 7 709.38 <0.0001 ** 2 2561.68 <0.0001 ** 14 357.51 <0.0001 **
Fe 7 55.04 0.0044 * 2 30.33 0.0027 ** 14 138.71 <0.0001 **
N 7 47.17 <0.0001 ** 2 390.75 <0.0001 ** 14 25.89 <0.0001 **
C 7 2557.41 <0.0001 ** 2 7974.41 <0.0001 ** 14 2023.37 <0.0001 **
S 7 10.49 <0.0001 ** 2 23.28 <0.0001 ** 14 9.33 <0.0001 **
P 7 57.80 <0.0001 ** 2 422.49 <0.0001 ** 14 83.49 <0.0001 **

Cu 7 0.004 0.997 2 0.02 0.129 14 0.08 0.370
Mn 7 0.07 0.0495 * 2 0.55 <0.0001 ** 14 0.05 0.691
Zn 7 0.63 <0.0001 ** 2 0.05 0.0475 * 14 0.94 <0.0001 **

DF = degree of freedom, SS = sum of squares, ** = highly significantly (p ≤ 0.01), and * = as significantly (p ≤ 0.05) different.
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Drought during the vegetative stage in B. juncea induces a decrease in the amount of
almost all micronutrients such as Zn, Fe, Mn, and Cu (Table 3). The observed decrease in the
accumulation of microelements in terms of both stress factors might indicate the inhibition
of the transport of these ions to the leaves of mustard. In stress conditions, a decrease in
Mn, Fe, Cu, and Zn levels may suggest a reduction in the synthesis of enzymes, especially
of superoxide dismutase, which possesses these ions [82]. However, the magnitude of these
micronutrients was slightly improved with further treatment of organic fertilizers under
severe water stress (Table 3). There was also a significant interaction between fertilizer
types and soil moisture levels for Fe in the leaves. Maximum amount of Fe (7.19 mg/mL)
in B. juncea leaves was recorded in HO-treated plants under well-watered conditions.

Plants differ widely in nutrient accumulation and demand across developmental
stages and species-specific survival strategies in response to biotic and abiotic factors
imposed [83,84]. Here, specifically, we further focus to unravel the effect of severe water
stress on macronutrient concentrations of B. juncea leaves within vegetative stage across
different time and fertilizers treatment. Compared to the macronutrients content before
the fertilizer application (0 DAT) there was a significant increase in K, Ca, P, Na, and Mg
across time (Figures 1 and 2) under severe drought stress. While Na content followed the
opposite pattern of K content (Figure 2), other micronutrients such as Fe, Mn, Cu, and
Zn revealed a non-significant increase in magnitude (data not shown). These dynamics
in content of macronutrients within mustard leaves could be ascribed to difference in
nutrient mobility and the physiological demand during vegetative growth. Most of these
nutrients are relatively immobile in plant tissues which may affect their transport than
accumulation, particularly calcium, iron, and zinc [85]. Contrasting with reproductive
stage, the concentrations of the mobile nutrients such as P and K increased in during shoot
elongation at early growth stage [83]. Further, nitrogen regulates the development of plant
organs and exerts stronger control on vegetative growth than reproductive growth [86].
The K content was significantly increased at early vegetative growth stage than late vegeta-
tive growth stages under severe drought stress while fertilizers were applied. Similarly,
Fernandez-Escobar et al. [87] have also shown that K concentration was higher at early
vegetative growth stage than late vegetative growth stages. The poorly mobile nutrient Ca
accumulated gradually in the leaves across time.

3.3. Relationships between Traits

Overall, total chlorophyll content (SPAD) was positively associated with RWC
(r = 0.841), height (r = 0.79), LA (r = 0.826), MSI (r = 0.703), shoot biomass (r = 0.855),
Mg (r = 0.828), Ca (r = 0.816), N (r = 0.908), C (r = 0.76), P (r = 0.81), and Mn (r = 0.774)
significantly during the vegetative stage of mustard (p ≤ 0.001, Table 6). The strong
association of SPAD with morphological traits (e.g., height and LA) might be linked to
directly or indirectly to the effect of chlorophyll content on photosynthesis which could
also ultimately impact shoot biomass and carbon content [88]. The positive association
between SPAD and Mg mirror with its central location in chlorophyll structure and its
integral role in modulating several physiological and biochemical processes containing the
activation of plant growth enzymes [89,90]. Leaf area was positively correlated with leaf
N concentrations (r = 0.81) in our dataset. There were negative correlations between leaf
K and Ca (r = −0.01), K and Na (r = −0.049), and K and Mg (r = −0.384) contents. The
reduction in leaf K contents as a function of the increase in Mg and Na content might be
due to the antagonistic effect among these nutrients for competing for the same site of
the carriers in the membrane [91,92]. However, these correlations between leaf nutrient
contents may not necessarily be maintained as these rely on soil moisture availability and
nutrient uptake [19]. In sum, these findings imply that drought and fertilizer application
may also modify cross talk between nutrients contents and hence modify the composition
in the leaf. Micronutrients such as Cu, Mn, Zn, and Fe were positively correlated with
the majority of morpho-physiological traits and macronutrients except their negative
association with RSR, Na (Mn and Zn), root biomass (Cu and Fe), and K (Mn) (Table 6).
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Figure 1. Short-term variation in P (a), Mg (b), and Ca (c) content of mustard plants treated with 
different organic fertilizers under severe water stress condition. Values are mean standard error. 
Different letters denote significant difference (p ≤ 0.05) among days after treatment when treated 
with a particular fertilizer or combined ones. CH = chitosan, UG = ultra-green, and HO = home-
grown organic nutrition. 

Figure 1. Short-term variation in P (a), Mg (b), and Ca (c) content of mustard plants treated with
different organic fertilizers under severe water stress condition. Values are mean standard error.
Different letters denote significant difference (p ≤ 0.05) among days after treatment when treated with
a particular fertilizer or combined ones. CH = chitosan, UG = ultra-green, and HO = home-grown
organic nutrition.
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letters denote significant difference (p < 0.05) among days after treatment when treated with a
particular fertilizer or combined ones. CH = chitosan, UG = ultra-green, and HO = home-grown
organic nutrition.



Sustainability 2021, 13, 13948 13 of 18

Table 6. Correlation analysis among morphophysiological and macro- and micronutrients recorded during the vegetative stage (30 DAT) under drought stress conditions supplemented
with organic fertilizers.

SPAD RWC Height LA SBM RBM RSR K Mg Na Ca Fe N C S MSI P Cu Mn Zn

SPAD ** ** ** ** ** ** ns ** ns ** ** ** ** ** ** ** ns ** *
RWC 0.84 ** ** ** ns ** ns ** ns ** ** ** ** ** ** ** * ** **
Height 0.79 0.72 ** ** * * ns ** ns ** ns ** ** ** ** ** ns ** *

LA 0.83 0.82 0.67 ** ns ** ns ** ns ** * ** ** ** ** ** * ** ns
SBM 0.85 0.82 0.76 0.78 ** ** ns ** ns ** ns ** ** ** ** ** * ** *
RBM 0.30 0.16 0.24 0.125 0.32 ** ns ns ns * ns ns * ns ns * ns * ns
RSR −0.34 −0.46 −0.29 −0.50 −0.45 0.61 ns * ns ** ns ** ** ** ** ** * * ns

K 0.08 0.141 0.19 0.03 0.04 0.01 0.01 ** ns ns ns ns ns * * ns ns ns ns
Mg 0.84 0.73 0.78 0.66 0.69 0.23 −0.28 0.38 ns ** ns ** ** ** ** ** ns ** ns
Na −0.16 −0.06 0.18 −0.13 −0.08 −0.17 −0.04 −0.05 −0.03 ** ns ns ns ns ** ns ns ** ns
Ca 0.83 0.68 0.75 0.85 0.78 0.28 −0.32 −0.01 0.74 −0.01 * ** ** ** ** ** ns ** ns
Fe 0.32 0.38 0.22 0.29 0.21 −0.06 −0.09 −0.18 0.17 0.03 0.25 ** ns ** ** ** ns ** *
N 0.91 0.88 0.70 0.81 0.80 0.17 −0.43 0.01 0.75 −0.16 0.73 0.33 ** ** ** ** ns ** *
C 0.76 0.76 0.70 0.52 0.78 0.25 −0.35 0.05 0.70 −0.09 0.55 0.22 0.80 ** ** ** ns ** *
S 0.66 0.73 0.59 0.57 0.65 0.07 −0.35 0.24 0.68 0.03 0.54 0.13 0.68 0.67 ** ** ns ** ns

MSI 0.70 0.60 0.38 0.71 0.58 0.09 −0.37 −0.28 0.36 −0.32 0.58 0.33 0.77 0.59 0.53 ** ns ** ns
P 0.81 0.81 0.74 0.80 0.79 0.24 −0.40 0.08 0.61 −0.17 0.64 0.33 0.79 0.71 0.57 0.64 * ** **

Cu 0.18 0.24 0.19 0.24 0.24 −0.06 −0.25 0.05 0.18 0.06 0.18 0.04 0.16 0.11 0.22 0.09 0.25 ns ns
Mn 0.77 0.65 0.52 0.70 0.71 0.25 −0.29 −0.06 0.53 −0.31 0.68 0.33 0.74 0.57 0.46 0.74 0.65 0.12 ns
Zn 0.28 0.34 0.28 0.23 0.26 0.07 −0.11 0.04 0.14 −0.09 0.04 0.29 0.26 0.30 0.06 0.14 0.49 0.09 0.14

RWC = relative water content, LA = leaf area, MSI = membrane stability index, SBM = shoot biomass, RBM = root biomass, and RSR = root to shoot ratio. Ns = not significant, ** = highly significantly (p < 0.01),
and * = as significantly (p < 0.05) different.
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4. Conclusions

In summary, this study highlights the deleterious effect of drought on growth and
physiological traits and leaf nutrient content of B. juncea at vegetative stage. However,
we found that application of combined organic fertilizers mitigates the adverse effects of
drought on the mustard plants synergistically by increasing plant height, leaf area, relative
water content, chlorophyll content, membrane stability, and shoot biomass, but not root
biomass. Moreover, the present study showed a significant effect of soil moisture level,
fertilizer type, and their interaction on content of macronutrients (Ca, K, P, N, C, S, Na,
Mg) and micronutrients (Fe, Zn) in mustard leaves. Specifically, under severe drought
stress, application of different organic fertilizers significantly and complexly affects the
short-term temporal dynamic of macronutrients such as K, N, P, Ca, and Mg. The trends in
our results seem to indicate that organic fertilizers might be most helpful in drought-prone
environments with limited inorganic fertilizer input. Finally, we suggest the importance
of studying the mechanism(s) by which the application of organic fertilizers affect plant
organ-specific nutrient dynamics/homeostasis and secondary metabolites production in
responses to drought stress by transcriptomic approaches. Such approaches can provide a
full picture of intricate interaction of drought and organic fertilizers on growth and nutrient
dynamics in the leaves of B. juncea improvement potentially that could provide health
benefits for consumers. Furthermore, it would be interesting to continue the study of the
combined influence of drought and organic fertilizers for several years, to compare annual
results between them, in order to find out if drought effect mitigation by organic fertilizer
application is sustainable.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132413948/s1, Table S1: Generalized regression model showing parameter estimates of
relative treatment effects on response variables.
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