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Abstract: Water deficits during the growing season are a major factor limiting crop production.
Therefore, reducing water use during crop production by the application of regulated deficit irrigation
(RDI) is crucially important in water resources. There are few reports on the biostimulants used for
growth and water use efficiency (WUE) in maize (Zea mays Linn.) under RDI. Therefore, the influence
of betaine and chitin treatments, alone and in combination, on maize cultivar ‘White Pearl’ was
assessed by observing changes in the physiology and morphology of plants exposed to RDI. Plants
were grown in plastic pots in greenhouses and maintained under full irrigation (FI) for 1 week until
imposing RDI and biostimulants. Plants were then subjected to FI (no water deficiency treatment,
field capacity >70%) and RDI (field capacity <50%) conditions until the end of each experiment. Plant
agronomic performance, photosynthesis parameters, and WUE values were recorded weekly for
8 weeks and three individual experiments were carried out to assess the efficacy of biostimulants
and irrigation treatments. Betaine (0, 50, and 100 mM/plant) was foliage-treated every 2 weeks
during Experiment 1, but chitin (0, 2, and 4 g/kg) was applied to the soil at the beginning of
Experiment 2. The optimal concentration of each chemical alone or in combination was then applied
to the plants as Experiment 3. A factorial experiment design of two factors with different levels under
a completely randomized arrangement was used in this investigation. Betaine (50 mM) or chitin
(2 g/kg) treatments alone significantly elevated total fresh weight (63.03 or 124.07 g/plant), dry weight
(18.00 or 22.34 g/plant), and cob weight (3.15 or 6.04 g/plant) and boosted the water-stress tolerance of
the maize under RDI compared to controls. However, a combination treatment of 50 mM betaine and
2 g/kg chitin did not increase plant height, fresh shoot and root weights, dry cob weight, and total dry
weight under RDI compared to controls. Soil-plant analysis development (SPAD) values (>30) were
effective in detecting plant growth performance and WUE values under RDI. These findings may
have greater significance for farming in dry lands and offer information for further physiological
studies on maize WUE and water stress tolerance.
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1. Introduction

Irrigated agriculture currently delivers 40% of the world’s food supply from just 20% of the world’s
cultivated land and provides crucial stability for global food security [1]. Using water sparingly can be
an efficient way to maintain the sustainability of water resources, increase productivity, and produce
yield stability in cropping systems, and thus help face the challenges of expanding human populations
and its concomitant increased need for food. Irrigating plants according to their water status can
minimize irrigation water waste. Many types of physiological stresses occur when plants encounter a
water deficiency. Variability in maize yields due to soil water deficits is a function of the severity and
timing of water deficits, available soil water at planting, effective rainfall, and irrigation [2]. Maize
(Zea mays) growth performance and water use efficiency (WUE) are frequently limited by periods of
water deficiency and soil water availability [3]. Soil water stress directly affects the soil water needed
for photosynthesis and the maize plant’s ability to efficiently convert physical resources into biological
materials; i.e., plant height, leaf area index (LAI), reduced dry biomass, and grain yields [4–6]. A few
days of severe water deficit in the vegetative stage of maize leads to a decrease in photosynthetically
active leaf area (LA) in addition to inhibiting root growth and production [7]. Furthermore, the effects
of WUE on maize yields and yield components have been discussed [8,9].

Water shortages are responsible for the greatest crop losses around the world and are expected
to worsen [8]. Various forms of deficit irrigation management have been suggested for achieving
high yields with less water where agriculture is dependent on irrigation. Deficit irrigation maintains
maize yield with less water and is especially important for buffering crops against yield losses
due to end-of-season water shortfalls in water-limited environments and for maximizing water
productivity [10]. Regulated deficit irrigation (RDI) is an efficient water-saving irrigation that tries
to ensure an optimal crop water status for water stress and restricts irrigation in the most resistant
crop [11–13]. It is particularly useful in areas where water supply is drastically limited during summer
months because of severe drought or priorities for urban use [14]. RDI has a great positive impact on
the growth, development, yield, and quality of crops, and usually improves WUE [15–17].

Strategies to mitigate losses due to inadequate water allow for the study and development of
tolerant genotypes and application of biostimulants that induce water deficit tolerance in plants [18].
Plant biostimulants such as betaine and chitin are natural constituents and metabolites of plants and
microorganisms that affect the crop itself and do not harm the environment due to their biodegradable
and non-toxic nature [19]. They contain active substances of natural origin that can hasten plant
growth and development and limit the effects of stress on plants. They also intensify water uptake
and nutrient transport and stimulate photosynthesis [20]. Chitin is composed of repeating units of
a saccharide monomer of N-acetylglucosamine and is present in arthropod exoskeletons. Betaine
is a fully N-methyl-substituted derivative of glycine that is widely distributed in plants, animals,
and microbes [21]. Betaine and chitin have several beneficial roles in different plant species under
abiotic stress and can act as elicitors to address stress adaptation [22,23]. Studies of chitin and its
derivatives (i.e., chitosan glycine) that induce resistance mechanisms under stress have been used in
plants to confer resistance against water deficit, salinity, heat stress, and heavy metal toxicity [24,25].
Glycine betaine has multiple biological functions, including the maintenance of cellular water balance
via osmotic adjustment [26,27]. However, there are no reports of betaine and chitin enhancing RDI in
maize. The mechanisms of these two biostimulants’ actions on the growth and physiological processes
of RDI maize remain unknown. This study assessed the feasibility of using those two biostimulants to
save water and increase maize yields. We hypothesized that betaine- and chitin-treated plants would
be capable of inducing water deficit tolerance while increasing the yield and WUE of plants under
RDI. The objectives of this study were to evaluate and compare the effects of optimal concentrations of
betaine and chitin on agronomic performance, photosynthesis parameters, and WUE values of maize
under RDI and full irrigation (FI) conditions.
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2. Materials and Methods

2.1. Plant Material and Experimental Site

Maize (Zea mays cv. ‘White Pearl’) seedlings grown in polyethylene plastic pots (30 cm diameter
× 26 cm height) were purchased from a local shop, Known-You Co. (Taipei, Taiwan). This variety
is an F1 hybrid that is one of the most popular of the waxy maizes grown in Taiwan in all seasons.
The medium used was a commercial potting mix of peat moss, perlite, and vermiculite (3:1:1 v/v/v)
(Known-You Co., Taipei, Taiwan). Plantlets were acclimatized and grown in environment-controlled
greenhouses at National Taiwan University (NTU, latitude 25.01◦ N) for 1 week. All plants were fully
watered in the evening, maintaining good soil moisture until RDI and biostimulants were imposed.
From 102 plants, those of a relatively uniform size of were selected and randomly separated into
different groups for the RDI and biostimulant experiments. The growth environment was controlled to
a 12/12 h day/night photoperiod at 28/25 ◦C with a relative humidity of 90% and 215 µmol·m−2

·s−1

photosynthetic photon flux.

2.2. Irrigation Treatments and Biostimulant Applications

A week before the experiments started, each pot was irrigated until gravity water was released.
Plants were then subjected to two irrigation levels differentiated by the amount of irrigation water
applied over the 56 day experimental period that lasted from the early vegetative stage until fruit
(cob) maturity. Irrigation treatments included a full irrigation treatment (FI, no water deficiency,
field capacity >70%) as the control and regulated deficit irrigation treatment (RDI, field capacity
<50%). Thirty minutes after irrigation, a soil moisture meter (WET Sensor, Type HH2, Delta-T Device,
Cambridge, UK) was used to monitor and record the field capacity (converted from the reading of soil
moisture content) of all treatments every day throughout the experiment.

Biostimulants were applied to each plant to study their responses to water stress. Three concentrations
of aqueous solutions (dissolved in distilled deionized water) of betaine (B2629, Sigma, Ontario, CA, USA)
at 0, 50, and 100 mM/plant were sprayed onto plant leaves with a hand-held power sprayer until
saturated. Betaine was foliage-treated every 2 weeks during Experiment 1 from 24 May to 23 July
2018. Moreover, three concentrations of chitin (C7170, Sigma, Ontario, CA, USA) at 0, 2, and 4 g/kg
were applied to the top 5 cm soil layer of each pot. Chitin was added to the soil once in the beginning
of Experiment 2 that ran from 30 July to 30 September 2018. After investigating the differences
in the two individual chemical treatments used in experiments 1 and 2, betaine (50 mM) or chitin
(2 g/kg) treatments alone or in combination were also applied to the plants (Experiment 3, 9 October
to 8 December 2018). All plants tested in Experiment 3 were subjected to the same experimental
procedure as used during experiments 1 and 2. The concentrations of the chemical solutions were
selected based on data from our preliminary study (data not shown). Plants without biostimulant
treatment in the FI condition were considered controls to provide a basis for comparison with the
effects of the biostimulants under FI and RDI. In each experiment, all plants from FI or RDI were
harvested at the same time of day and used for yield components and WUE measurement.

2.3. Data Collection and Analysis

All plants were manually watered once a day in the late afternoon for the measurement of
transpiration rate. Transpiration rate was determined by a portable photosynthesis system (GFS-3000,
Walz, Germany) and calculated as how much water was absorbed in a confined space per unit time for
the evapotranspiration rate. Six replicates of each irrigation treatment were arranged in a completely
randomized design, and a total of 36 pots each in Experiment 1 and 2, and 30 pots in Experiment 3
were used. The agronomic performance, chlorophyll content, and WUE were measured using six
randomly selected representative plants from each biostimulant treatment in each irrigation treatment.
All analyses were performed weekly until the end of the 8 week experimental period:
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1. Leaf area (LA) measured by a portable LAI-3000C (LI-COR; Lincoln, NE, USA);
2. Plant height, measured as the height (cm) above the soil with a Vernier caliper;
3. Fresh weight of shoots and roots, measured as green shoots and roots, and clipped at the soil

surface to assess biomass accumulation;
4. Fresh and dry weights at harvest, the cobs from each plant being removed from stalks and

weighed separately, followed by drying in an oven at 70 ◦C for 6 days;
5. Healthy, fully expanded mature leaves from the middle to upper portion of each plant were

used to determine total chlorophyll (TC) content using a soil-plant analysis development (SPAD)
analyzer (SPAD-502 Chlorophyll Meter, Konica Minolta, Tokyo, Japan); and

6. WUE parameters were calculated per treatment using the following formulae:

a. WUEi [28] was evaluated by calculating the net photosynthetic rate (µmol·m−2
·s−1) divided

by the transpiration rate (mmol·m−2
·s−1). Both transpiration rate and net photosynthetic

rate (µmol·m−2
·s−1) of the leaves were determined using a portable photosynthesis system

(GFS-3000, Walz, Germany) from 10:00 to 16:00 in a typical irrigation period. The second or
third mature and expanded leaves with an LA of 3 cm2 were clipped by the clip-pad (3 cm2)
from the GFS-3000 system. The measurement was conducted in the above-mentioned
environmentally controlled room under 25 ◦C and 1000 µmol·m−2

·s−1.
b. WUEyield [29] was calculated as the economic production (g) per treatment divided by the

total irrigation water supplied (kg·m−3).
c. WUEbiomass was calculated as the total dry weight (g) per treatment divided by the total

irrigation water supplied (kg·m−3).

2.4. Statistical Analysis

The measurements of phenotypic traits were analyzed by a completely randomized analysis
of variance (ANOVA) that compared the different irrigation and biostimulant treatments for each
parameter. Two-factor ANOVA was used to analyze growth and yield data and photosynthetic
parameters as well as the WUE data, with biostimulants and irrigation considered as two fixed effects.
For significant values, means were separated by the least significant difference (LSD) test at p ≤ 0.05
using Costat 6.29 (CoHort Software, Berkeley, CA, USA).

3. Results and Discussion

3.1. Comparisons between Betaine-Treated and–Untreated Plants under FI and RDI (Experiment 1)

Table 1 illustrates that applying betaine as a foliar spray alters morpho-physiological and yield
responses of maize under RDI. The effects of betaine concentrations (B) on maize crop growth and yield
under irrigation conditions (I) displayed significant differences (p ≤ 0.001, 0.01, and 0.05) for the main
effect and the interaction effect except for plant height, which showed non-significant differences in B
and IxB effects (Table 1). There were no significant differences in plant height, leaf area fresh shoot, cob
weight, and total fresh and dry weight among the various betaine concentrations under FI treatment.
However, in the RDI treatments, all agronomic characteristics gradually increased as foliage-treated
betaine concentrations increased. We detected significantly higher growth trait values (except fresh
root weight) in plants subjected to 100 mM of betaine compared to 50 mM of betaine treatment and
controls (no betaine treatment). Most leaves appeared healthy and green when foliage-treated with
100 mM of betaine under RDI compared to chitin-untreated plants, which were visually higher in
leaf chlorosis than chitin-treated plants subjected to RDI (Figure 1A). Therefore, adding betaine under
RDI promotes maize plant growth and yield, and it can be used for the rapid monitoring and early
detection of water stress injury in the seedling stage and screening of individual plant that exhibit
tolerance to water stress.
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Table 1. Effects of different concentrations of betaine on the agronomic performance of maize under full irrigation (FI) and regulated deficit irrigation (RDI).

Irrigation
Treatment

Betaine
Concentration (mM)

Plant Height (cm) Leaf Area
(cm2)

Fresh Weight (g·per Plant) Dry Weight (g·per Plant) Total Water
Irrigation (mL)0 Weeks 8 Weeks Shoot Root Cob Total Cob Total

FI 0 22.80 a 208.80 ab 2036.10 a 270.37 a 98.54 a 67.55 a 368.90 a 35.11 b 111.64 a 23,700
FI 50 21.93 a 209.98 ab 2077.26 a 253.46 a 77.27 b 73.10 a 330.73 ab 48.25 a 107.98 a 20,050
FI 100 22.17 a 216.62 a 2182.33 a 241.96 a 97.39 a 81.58 a 339.34 ab 51.42 a 112.49 a 19,600

RDI 0 22.42 a 143.20 c 948.91 c 90.88 c 30.20 d 0.00 c 121.08 d 0.00 d 38.83 c 8050
RDI 50 23.33 a 144.93 c 1619.77 b 180.76 b 53.40 c 21.04 b 234.16 c 11.65 c 44.74 c 5200
RDI 100 22.90 a 179.72 b 2068.90 a 238.79 a 69.87 bc 74.36 a 308.66 b 38.78 b 84.65 b 6400

Source of variation
Irrigation treatments (I) *** *** *** *** *** *** *** ***

Betaine concentration (B) ns *** ** * *** ** *** *
I × B ns ** *** * *** *** * *

Data were recorded and calculated after 8 weeks of irrigation and betaine treatments from six replicates. Means in the same column within treatments followed by different letters
are significantly different at p ≤ 0.05 by least significant difference (LSD). Each treatment is assumed to be dependent on the other. ANOVA results of the main effects of irrigation (I),
betaine (B), and their interaction effect (I × B) on the agronomic performance of maize are shown as ns, *, **, and *** as non-significant and significant at p ≤ 0.05, 0.01, or 0.001, respectively.

Table 2. Effects of different concentrations of betaine on the photosynthesis and water use efficiency (WUEi, WUEyield, WUEbiomass) of maize under full irrigation (FI)
and regulated deficit irrigation (RDI).

Irrigation
Treatment

Betaine
Concentration

(mM)

0 Weeks 8 Weeks
WUEyield
(kg·m−3)

WUEbiomass
(kg·m−3)Transpiration

(µmol m−2·s−1)
Net Photosynthesis

(mmol m−2·s−1)
WUEi

(mmol CO2·mol−1 H2O)
Transpiration

(µmol m−2·s−1)
Net Photosynthesis

(mmol m−2·s−1)
WUEi

(mmol CO2·mol−1 H2O )

FI 0 0.98 a 14.83 a 16.25 a 0.96 a 12.17 b 15.78 c 2.85 c 1.48 b
FI 50 1.05 a 15.39 a 16.85 a 0.80 ab 15.97 ab 22.55 b 3.65 bc 2.41 b
FI 100 0.93 a 14.77 a 18.78 a 0.82 ab 17.01 a 24.93 b 4.16 b 2.62 b

RDI 0 1.10 a 15.09 a 14.28 a 0.45 ab 9.41 c 22.27 b 0.00 d 0.00 c
RDI 50 1.06 a 14.82 a 15.80 a 0.52 b 15.09 ab 46.21 a 4.05 b 2.24 b
RDI 100 1.03 a 14.90 a 14.71 a 0.74 ab 16.18 ab 28.16 b 11.62 a 6.06 a

Source of variation
Irrigation treatment (I) * ns * * *

betaine concentration (B) ns ** * * *
I × B ns ns ns ns ns

Data were recorded and calculated after 8 weeks of irrigation and betaine treatments from six replicates. Means in the same column within treatments followed by different letters
are significantly different at p ≤ 0.05 by least significant difference (LSD). Each treatment is assumed to be dependent on the other. ANOVA results of the main effects of irrigation (I),
betaine (B), and their interaction effect (I × B) on the photosynthesis and WUE values of maize are shown as ns, *, ** as non-significant and significant at p ≤ 0.05, 0.01, respectively.
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Figure 1. Effects of different concentrations of betaine (A), chitin (B), and betaine and chitin (C) on the morphological appearance of maize ‘White Pearl’ plants under full 
irrigation (FI) and regulated deficit irrigation (RDI). Betaine (0, 50, and 100 mM/plant) was foliage-treated, but chitin (0, 2, and 4 g/kg) was applied to the soil. Bar indicates 20 
cm. 

Figure 1. Effects of different concentrations of betaine (A), chitin (B), and betaine and chitin (C) on the morphological appearance of maize ‘White Pearl’ plants under
full irrigation (FI) and regulated deficit irrigation (RDI). Betaine (0, 50, and 100 mM/plant) was foliage-treated, but chitin (0, 2, and 4 g/kg) was applied to the soil.
Bar indicates 20 cm.
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There were significant differences in all photosynthesis and WUE values for the main effects, except
for transpiration in B effects and net photosynthesis in I effects (Table 2). Moreover, interaction effects
did not significantly affect any of the measurements. There were no marked differences in transpiration
after the 8 weeks under FI (0.80~0.96 µmol·m−2

·s−1) and RDI (0.45~0.74 µmol·m−2
·s−1) treatments

compared to controls. However, all 100 mM betaine treatments displayed significantly higher net
photosynthesis (16.18~17.01 mmol·m−2

·s−1) values compared to controls (12.17 mmol·m−2
·s−1). WUEi

under RDI with 50 mM of betaine treatment (46.21 mmol CO2·mol−1 H2O) was significantly higher
than in other treatments and controls, ranging from 28.16 to 15.78 mmol CO2·mol−1 H2O. There were
no marked differences in WUEyield (2.85~4.16 kg·m−3) and WUEbiomass (1.48~2.62 kg·mL) among the
different betaine treatments under FI. Nevertheless, significantly higher WUEyield (11.62 kg·m−3) and
WUEbiomass (6.06 kg·m−3) values were detected in 100 mM betaine treatments under RDI compared to
other treatments. In general, net photosynthesis and WUE values increased with increasing betaine
concentrations and decreasing water application, except for WUEi in the 50 mM betaine treatment
under RDI.

The total amount of water applied to maize from the first day (0 weeks) up to the 56th day
(8 weeks) under FI was 19,600~23,700 mL. Compared to this amount, RDI received remarkably less
irrigation water, ranging from 5200~8050 mL (Figure S1). Total water irrigation decreased under RDI,
indicating that maize suffered from water stress injury. Betaine was applied biweekly four times after
planting, and because betaine application to RDI treated plants improved plant water status, it is
reasonable to expect that this in turn led to favorable effects on the photosynthesis and WUE values.
This implies that betaine treatment increased yield-related traits, photosynthesis, and WUE values
under RDI and boosted water stress tolerance.

Deficit irrigation is correctly applied only thorough an understanding of the yield response to
water. The capacity of plants to absorb nutrients is typically weak when anti-transpirants are sprayed
onto leaves under water deficit conditions because of the resulting limited transpiration pull [30].
Exogenous betaine significantly alleviates drought and salt stress-induced growth inhibition in rice [31]
and barley [32]. Glycine betaine-treated leaves significantly increase the ability of the antioxidant
defense system to resist abiotic stresses in different plant species [33–36]. Furthermore, plants can
improve their capacity for osmotic adjustment by increasing glycine betaine accumulation under
drought stress [37]. The foliar application of glycine betaine under drought conditions regulates the
turgor pressure of guard cells by increasing the bound water content in cells regulating stomatal
opening and closing, thus increasing chlorophyll content, stomatal conductance, and photosystem-II
efficiency and stabilizing total carotenoids in pepper [38] and rice [39]. Spraying 150 ppm glycine
betaine on maize plants under drought stress improves chlorophyll content, plant height, and yield [40].
When we applied 100 mM betaine under a soil water deficit, plants increased their transpiration
capacity without affecting aboveground growth. It is not clear how betaine treatment improves the
water status of leaves during water stress, but it might be that water uptake efficiency is improved
or that water loss is retarded, or both. Betaine spraying could favorably activate leaf signaling to
reduce water loss through transpiration, maintain a favorable level of transpiration, and facilitating
the absorption of water and nutrients from soil while maintaining a higher level of photosynthesis.
Reducing luxury transpiration and increasing net photosynthesis by applying betaine provides an
opportunity for relieving the adverse effects of RDI on maize plants and improving their WUE when
transpiration frequently exceeds water uptake. This contributes to reducing water loss and maintaining
proper water consumption, thus saving agricultural water resources in dry-land areas.

3.2. Comparisons between Chitin-Treated and–Untreated Plants Subjected to FI and RDI (Experiment 2)

Tables 3 and 4 present the effects of chitin treatments on agronomic performance, photosynthesis,
and WUE values of maize under FI and RDI. All measurements appeared to differ significantly in
terms of chitin’s (C) main effect. Both plant height and leaf area showed significant differences in all
effects (I, C, and I × C). Interestingly, under FI, there was an increasing trend in all measurements in
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all plants when chitin application increased from 0 to 4 g/kg. However, when 2 and 4 g/kg of chitin
were applied to each pot under RDI, the plants exhibited significantly higher levels in all agronomic
characteristics compared to the no-chitin treatment. The total amount of water applied under FI and
RDI was 9000~13,500 mL and 2050~3150 mL, respectively. These observations demonstrated that
plants were highly regulated by chitin and all measured traits drastically elevated; thus, treating maize
with chitin can mitigate the effects of drought stress.

There were significant differences in photosynthesis and WUE values among chitin concentrations,
with 2 and 4 g/kg chitin applications showing significantly higher photosynthesis and WUE values
under all irrigation conditions, except transpiration under the FI condition, in comparison to controls.
Interestingly, all chitin-treated plants displayed significantly higher (36.02~31.45) total chlorophyll
(TC) content than chitin-untreated plants (17.27~10.72) in all irrigation treatments. We also assessed
the effect of chitin treatment on plant growth under RDI. Figure 1B depicts epinasty and senescence in
the lower leaves of chitin-untreated plants under RDI after 8 weeks of stress; however, most leaves
looked green and healthy under chitin applications and RDI conditions. Water stress had a harmful
effect during RDI, the degree of chlorosis being related to a reduction in leaf TC content. These
observations imply that chitin application might reduce or delay water stress, thereby allowing plants
to survive and function during stress. This ability perhaps can be attributed to an avoidance of water
stress, as indicated by the higher yield components, photosynthesis parameters, and WUE values in
chitin-treated plants compared to chitin-untreated plants during RDI conditions. It is also possible that
chitin has the capacity to absorb water, which in turn increases the water holding capacity of the soil
and the water available for the plant to use, i.e., chitin increases soil moisture [41].

The application of chitosan leads to increases in plant height, number of shoot branches, number
of leaves, leaf area, biomass, and grain yield in maize [42]. Moreover, chitosan treatment in white
clover alleviates drought stress and increases the production of stress protective metabolites [43].
Chitosan application under drought stress increases sweet basil growth [44]. Treatment with chitin
oligosaccharides increases the photosynthesis level of maize [45]. Furthermore, water stress decreases
pigment content and photosynthesis parameters in maize, but the application of chitosan and derivatives
increases them [46]. The application of a mixture of chitosan derivatives also induces a tolerance to
water deficit in maize, improving the antioxidant system and increasing photosynthesis and grain
yield [47]. Chitin features prominent biochemical similarities in plant cell walls, including neutrally
charged linear polysaccharide chains that provide mechanical, physical, and structural stability [48].

Total chlorophyll (TC) value has been widely examined in a number of plants to determine injury
or tolerance to various environmental stresses, including drought, chilling, heat, and radiation [49].
Typically, stressful conditions reduce TC levels, so TC values from chlorophyll meter readings can
be used as a parameter of drought tolerance. The SPAD assesses TC contents and photosynthetic
capacity [50]. In this study, RDI affected maize yield components, photosynthesis parameters, and WUE
values. Plants with higher SPAD, net photosynthesis, and WUE values also had higher cob and total
dry weights. When SPAD values were >31 in the chitin-treated groups, it became useful for measuring
WUE when developing indices for nondestructive chlorophyll estimation. This means that many
hundreds of individual plants can be screened per day, providing many opportunities to discover
individuals that manifest yield indicators and exhibit greater photosynthesis and WUE. However,
no studies have been conducted on the effects of chitin treatments on yield, photosynthesis, and WUE
values of maize under RDI. In addition, because of the low cost of chitin, improvements in these
parameters under RDI conditions will reduce the cost per plant or per acre of new plantings.

3.3. Effects of Betaine and Chitin Treatments on Plant Physiology and Morphology under FI and RDI (Experiment 3)

Tables 5 and 6 summarize the impact of chitin and betaine on agronomic performance, photosynthesis,
and WUE values of maize under FI and RDI conditions. All of the measurements appear to significantly
differ in the main effect (I) and interaction effect (B × C), except for fresh root weight and transpiration.
Thus, the agronomic traits of the plants responded differently to betaine and chitin treatments alone
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or mixtures under RDI. Compared to no chemical treatments, the application of betaine (50 mM)
or chitin (2 g/kg) alone to plants under RDI had relatively higher growth, yield, photosynthesis
parameters, and WUE values, except for plant height, fresh root weight, and transpiration. Notably,
RDI combined with 2 g/kg of chitin produced significantly higher plant height, shoot fresh weight,
cob weight, total fresh and dry weights, TC level, and net photosynthesis compared to the other
treatments. The SPAD value (31.47) in leaves under 2 g/kg chitin treatment was significantly higher in
RDI compared to other treatments, ranging from 26.23~10.72. Moreover, the application of 50 mM
betaine with RDI also improved the ‘White Pearl’ maize yield and WUE as well compared to control.
Table 1 has shown that 50 and 100 mM betaine treatments under RDI resulted in relatively higher
yield, photosynthesis, and WUE values compared to untreated plants. Therefore, RDI with WUE
can be used in a nondestructive estimation of yield and biomass when screening for water stress
tolerant plants. Tables 5 and 6 reveal that treatment with a combination of betaine and chitin did
not exhibit a synergistic optimum on yield, photosynthesis, and WUE values under RDI. However,
using chitin alone on plants under RDI significantly increased yield-related traits compared to plants
without chitin treatment and controls, and thus can be applied on a commercial scale for saving water
without sacrificing yield. Compared to FI (13,503 mL), RDI plants received remarkably less irrigation
water, ranging from 1800~3148 mL. Treatment with 2 g/kg chitin per plant in RDI conditions increases
photosynthesis and WUE values in maize, which offers insight into the mechanism of its action for
water saving advances in the future.

Figure 1C illustrates that chlorosis in most RDI and chitin-untreated plants was visibly greater
than in chitin-treated plants subjected to RDI. Similarly, RDI control plants had significantly lower TC
content along with the characteristic visual symptoms. In addition, there was a gradual inhibition in
light-induced chlorophyll accumulation over the time of the RDI treatment (data not shown). Therefore,
biostimulators can be applied to plants when SPAD values reach 31. Different biostimulators acted
differently under RDI treatment; however, each biostimulator is not necessarily equally significant in
protecting against water stress. The impacts of changing plant physiology and morphology on water
stress tolerance and plant health were affected by betaine and chitin application.

The results can be applied for improving the water stress tolerance of maize plants, developing
management practices for field cultivation, reducing energy consumption, and enhancing cultivation
when water resources are limited. A better understanding of the growing characteristics of these
plants would also aid in their effective cultivation on arid lands or in extreme climates. In addition,
the cost-effectiveness of betaine (50 mM/plant) and chitin (2 g/kg soil) related to yields and reduction
of water use would be 0.017 and 0.17 US dollars per plant, respectively. Increasing yield and WUE
from different biostimulants under RDI provided plants with increased water stress tolerance, playing
a key role in providing better adaptation to water stress. The effects of water stress on maize can be
lessened by treatment with betaine and chitin because these chemicals may protect cell membranes
from the adverse effects of water stress. Betaine and chitin act at a convergence point for integrating
different signals, minimizing cell damage caused by water deficits, and improving the physiological
and biochemical condition of plants, thus making plants more tolerant to aridity. Further transcriptomic
and proteomic studies of water-stressed responsive genes and proteins need to be identified to provide
better usage of betaine and chitin in water stress management.
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Table 3. Effects of different concentrations of chitin on the agronomic performance of maize under full irrigation (FI) and regulated deficit irrigation (RDI).

Irrigation
Treatment

Chitin Concentration
(g/kg)

Plant Height (cm) Leaf Area
(cm2)

Fresh Weight (g·per Plant) Dry Weight (g·per Plant) Total Water
Irrigation (mL)0 Weeks 8 Weeks Shoot Root Cob Total Cob Total

FI 0 16.33 a 94.63 c 530.62 c 47.16 b 7.97 b 8.49 b 63.63 b 2.38 b 15.26 b 13,500
FI 2 16.13 a 95.20 c 827.49 b 78.35 a 10.44 a 24.27 a 113.06 a 4.63 a 17.03 b 9000
FI 4 16.01 a 101.02 b 1001.47 a 87.19 a 12.07 a 29.37 a 128.63 a 5.38 a 21.83 a 9300

RDI 0 16.00 a 48.72 d 190.53 d 22.00 c 3.03 c 1.72 c 26.75 c 0.55 c 6.25 c 3150
RDI 2 16.35 a 128.29 a 1057.29 a 86.27 a 10.09 a 27.81 a 124.08 a 6.07 a 22.30 a 2050
RDI 4 16.67 a 114.17 b 1046.13 a 81.06 a 10.89 a 24.20 a 116.15 a 5.73 a 20.94 a 2350

Source of variation
Irrigation treatment (I) * * ns ns ns ns ns ns

Chitin concentration (C) *** *** *** * *** *** *** ***
I × C *** ** ns ns ns ns ns ***

Data were recorded and calculated after 8 weeks of irrigation and chitin treatments from six replicates. Means in the same column within treatments followed by different letters are
significantly different at p ≤ 0.05 by LSD. Each treatment is assumed to be dependent on the other. SPAD, soil-plant analysis development, is the chlorophyll meter reading. ANOVA results
of the main effects of irrigation (I), chitin (C), and their interaction effect (I × C) on the agronomic performance of maize are shown as ns, *, **, and *** as non-significant and significant at
p ≤ 0.055, 0.01, or 0.001, respectively.

Table 4. Effects of different concentrations of chitin on the photosynthesis and water use efficiency (WUEi, WUEyield, WUEbiomass) of maize under full irrigation (FI)
and regulated deficit irrigation (RDI).

Irrigation
Treatments

Chitin Concentration
(g/kg) SPAD Value Transpiration

(µmol m−2·s−1)
Net Photosynthesis

(mmol m−2·s−1)
WUEi

(mmol CO2·mol−1 H2O)
WUEyield
(kg m−3)

WUEbiomass
(kg m−3)

FI 0 17.27 b 1.05 a 10.63 b 10.09 c 0.63 c 1.13 b
FI 2 35.53 a 1.13 a 14.43 ab 12.96 b 2.70 b 1.89 b
FI 4 36.02 a 1.21 a 16.85 a 14.05 ab 3.16 b 2.35 b

RDI 0 10.72 c 0.55 b 3.80 c 7.97 d 0.55 c 1.98 b
RDI 2 31.45 a 0.98 a 16.19 a 16.85 a 13.56 a 10.88 a
RDI 4 33.95 a 1.08 a 15.49 a 14.46 ab 10.30 a 8.91 a

Source of variation
Irrigation treatment (I) * ns ns ns ns ns
chitin concentration (C) *** ** *** *** * *

I × C ns ns * * ns ns

Data were recorded and calculated after 8 weeks of irrigation and chitin treatments from six replicates. Means in the same column within treatments followed by different letters are
significantly different at p ≤ 0.05 by LSD. Each treatment is assumed to be dependent on the other. SPAD, soil-plant analysis development, is the chlorophyll meter reading. ANOVA results
of the main effects of irrigation (I), chitin (C), and their interaction effect (I × C) on the photosynthesis and water use efficiency of maize are shown as ns, *, **, and *** as non-significant and
significant at p ≤ 0.055, 0.01, or 0.001, respectively.
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Table 5. Effects of different concentrations of betaine and chitin on the agronomic performance of maize under full irrigation (FI) and regulated deficit irrigation (RDI).

Irrigation
Treatment

Betaine
(mM)

Chitin
(g/kg)

Plant Height (cm) Leaf Area
(cm2)

Fresh Weight (g·per Plant) Dry Weight (g·per Plant) Total Water
Irrigation (mL)0 Weeks 8 Weeks Shoot Root Cob Total Cob Total

FI 0 0 16.32 a 94.65 b 530.61 c 47.14 b 7.99 ab 8.46 c 63.69 c 2.36 b 15.24 b 13,503
RDI 0 0 16.02 a 48.70 c 190.55 d 22.03 c 3.04 c 1.70 d 26.74 d 0.57 c 6.23 c 3148
RDI 50 0 16.35 a 88.80 b 561.63 b 48.49 b 5.89 bc 8.71 c 63.03 c 3.15 b 18.00 ab 2150
RDI 0 2 16.30 a 128.25 a 1057.26 a 86.26 a 10.06 a 27.80 a 124.07a 6.04 a 22.34 a 2055
RDI 50 2 16.27 a 84.58 b 867.46 ab 59.13 b 6.55 b 17.03 b 82.71 b 3.60 b 15.51 b 1800

Source of variation
Irrigation treatment (I) *** ** ** ** * ** * ***

Betaine concentration (B) ns * ns ns ns ns ns ns
Chitin concentration (C) ** *** *** ns *** *** ** *

B × C ** * * ns *** ** ** **

Data were recorded and calculated after 8 weeks of irrigation and chemical treatments from six replicates. Means in the same column within treatments followed by different letters are
significantly different at p ≤ 0.05 by LSD. Each treatment is assumed to be dependent on the other. ANOVA results of the main effects of irrigation (I), betaine (B), chitin (C), and their
interaction effect (B × C) on the agronomic performance of maize are shown as ns, *, **, and *** as non-significant and significant at p ≤ 0.05, 0.01, or 0.001, respectively.

Table 6. Effects of different concentrations of betaine and chitin on the photosynthesis and water use efficiency (WUEi, WUEyield, WUEbiomass) of maize under full
irrigation (FI) and regulated deficit irrigation (RDI).

Irrigation
Treatments

Betaine
(mM)

Chitin
(g/kg) SPAD Value Transpiration

(µmol m−2·s−1)
Net Photosynthesis

(mmol m−2·s−1)
WUEi

(mmol CO2·mol−1 H2O)
WUEyield
(kg m−3 )

WUEbiomass
(kg·m−3)

FI 0 0 17.29 d 1.04 a 10.69 b 10.10 b 0.61 c 0.18 b
RDI 0 0 10.72 e 0.55 b 3.80 c 7.97 c 0.55 c 0.17 b
RDI 50 0 22.18 c 0.97 a 13.16 b 14.30 a 4.05 b 1.47 a
RDI 0 2 31.47 a 0.96 a 16.20 a 16.86 a 13.54 a 2.96 a
RDI 50 2 26.23 b 1.05 a 12.13 b 11.64 b 9.46 a 2.00 a

Source of variation
Irrigation treatments (I) * ** *** * * *

betaine concentration (B) ns ns * * ns ns
chitin concentration (C) *** ns ** * ns ns

B × C *** ns *** *** * *

Data were recorded and calculated after 8 weeks of irrigation and chemical treatments from six replicates. Means in the same column within treatments followed by different letters are
significantly different at p ≤ 0.05 by LSD. Each treatment is assumed to be dependent on the other. ANOVA results of the main effects of irrigation (I), betaine (B), chitin (C), and their
interaction effect (B × C) on the photosynthesis and water use efficiency of maize are shown as ns, *, **, and *** as non-significant and significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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4. Conclusions

We studied the effects of optimal concentrations of betaine and chitin treatments on the changes
in yield and WUE in maize under RDI conditions. Biostimulant treatment with betaine and chitin
increased the tolerance of maize to water stress by exhibiting markedly higher yield-related traits,
photosynthesis parameters, and WUE values under RDI than untreated plants. Compared to the
mixture treatment and controls, treatments with 2 g/kg chitin or 50 mM betaine alone ameliorate
water stress and can be used as a substitute technology for developing WUE plants and improving
plant yields, resulting in increased farm income. Furthermore, the SPAD developed in this study
for evaluating and screening the photosynthesis and WUE parameters of maize plants under RDI
is a nondestructive and applicable way to assess seedlings grown on a large scale in open fields.
These findings may have greater significance for farming in dry lands and offer information for
further physiological studies on maize WUE and water stress tolerance. Further studies are needed
to confirm the specific signal regulation and transduction components that are present in chitin or
betaine-mediated improvements of water stress tolerance in ‘White Pearl’ maize through genetic
modification or mutagenesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/9/559/s1,
Figure S1: The total amount of water applied to Zea. mays ‘White Pearl’ from the first day up to the 56th day
under FI and RDI with different concentrations of betaine, chitin, and betaine and chitin.
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