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Effects of drought stress on
water content and biomass
distribution in summer maize
(Zea mays L.)

Siying Yan*, Baisha Weng™*, Lanshu Jing™* and Wuxia Bi*?

State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of
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National Observation and Research Station, China Institute of Water Resources and Hydropower
Research, Beijing, China, 3College of Hydrology and Water Resources, Hohai University,
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The resource allocation of different component organs of crops under drought
stress is a strategy for the coordinated growth of crops, which also reflects the
adaptability of crops to drought condition. In this study, maize variety namely
‘Denghai 618’, under the ventilation shed, two treatment groups of light drought
(LD) and moderate drought (MD), and the same rehydration after drought are set,
as well as the normal water supply for control in shed (CS). The drought
experiment was conducted in the jointing—tasseling stage in 2021. The effects
of different drought stress on the water content and biomass allocation of each
component organ were analyzed. The results showed that (1) during the drought
period, the water content of each component organ of summer maize
decreased in general, but the Water content distribution ratio (WCDR) of the
root increased by 1.83%— 2.35%. The WCDR of stem increased by 0.52%— 1.40%.
(2) Under different drought treatments, the root biomass (RB) increased 33.94% ~
46.09%, and fruit biomass (FB) increased 1.46% ~ 2.49%, the leaf biomass (LB)
decreased by 8.2% and 1.46% respectively under LD and MD. (3) The allometric
growth model constructed under sufficient water is not suitable for drought
stress; the allometric exponent oo under drought stress is lower than that of the
CS: CS (0=1.175) > MD (o = 1.136) > LD (o0 = 1.048), which also indicates that the
impact of existing climate change on grain yield may be underestimated. This
study is helpful to understand the adaptive strategies of the coordinated growth
of maize component organs under drought stress and provide a reference for the
prediction of grain yield under climate change.
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1 Introduction

With the impact of global climate change and intensified
human activities, most of the world’s land is affected by drought,
which is one of the biggest factors affecting crop growth and
development (Osmolovskaya et al., 2018; Kaukab and Sowbiya,
2021; Zhang et al., 2022). The yield of maize, as the main food crop
in the world, is mainly limited by drought (Saini and Westgate,
2000; Zhou et al,, 2011). Understanding the adaptability of maize
under drought stress is crucial to the growth, development, and
yield of maize, which can ensure food security under the
background of climate change (Egamberdiyeva, 2007; Sposito,
2013). At present, many scholars (Mubeen et al,, 2021; Salehi
et al, 2021; Li et al, 2022; Muroyiwa et al., 2022) have carried
out a lot of research on the impact of drought on maize, but few of
them (Yan et al., 2022b) pay attention to the adaptability of maize
under drought stress, especially the adaptability of the coordinated
growth of maize component organs under drought (Song and Dai,
2005), which limits the understanding of crop adaptation strategies
in arid environments.

Crops adapt to drought through a series of physiological,
morphological, and biochemical processes (Mahdid et al, 2011;
Huseynova et al., 2016; Mubeen et al.,, 2021; Prince et al,, 2022).
Water is not only an important component of crops but also the raw
material and medium of most life activities (Wei et al., 2016; David
et al, 2018; Yang et al,, 2022). The ability of crops to maintain an
appropriate water status and effectively use available resources is
crucial for their growth and survival in water- deficient
environments (Shao et al., 2005). Generally speaking, the root is
an important organ for crops to supplement nutrition and absorb
water (Grzesiak et al., 2014; Yan et al., 2022a). Its main function is to
fix and support the plant, absorb water and minerals dissolved in
water, transport water and minerals to the stem, and store nutrients
(Smith and Smet, 2012). The stem is the main transport organ,
which can transport nutrients and water and prop up leaves, flowers,
and fruits in a definite space (Shang et al., 2020; Zhang et al., 2021).
The leaf is the most important organ for the photosynthesis of plants
and has transpiration function, providing the power to absorb water
and mineral nutrients from the outside from the root (Liu et al.,
2022; Suryanarayanan et al., 2022). The fruit is a reproductive organ,
which plays a role in propagation and reproduction. Its material
accumulation after maturity also reflects the crop yield (Isabel et al.,
2022). The water content of each component organ of a plant reflects
its metabolic activity (Pan, 2014). Different component organs of the
same plant have different water content. Generally, the component
organs with vigorous metabolism have a high water content (Wang,
2010; Tao et al., 2020). The distribution of water among roots, stems,
leaves, and fruits is an important resource allocation form of crops,
which can directly reflect the pattern of water acquisition and
utilization among various components of crops (Garbin and
Dillenburg, 2009). Some studies have shown that (Luo et al,
2020), under water stress, the water content of different
component organs is different, and their resource allocation rates
are different, indicating that plants can adjust their own balance
through internal redistribution.
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The accumulation of biomass in crops reflects the ability to use
resources and the environment (Jevon and Lang, 2022). The
biomass allocation of each component organ of crops is
considered as one of the important strategies for plants to adapt
to stress. Many studies have proven that (Pandit et al., 2020), under
drought stress, many plants can effectively improve their
adaptability to drought stress by adjusting their own material
distribution pattern. For instance, under drought stress, crops will
preferentially accumulate the biomass of roots to improve the water
absorption capacity and reduce the amount of dry matter in stems
and leaves above ground to reduce transpiration and water loss,
thus improving the overall adaptability of plants (Liu et al., 2004).
The drought adaptation mechanism of reducing the biomass
distribution of aboveground parts by increasing the root is a
common drought adaptation strategy of plants, which reflects the
cooperative growth strategy among component organs.

This experiment is mainly done to deeply understand the
adaptability of coordinated growth among the component organs of
summer maize under drought stress. Different degrees of drought were
set in the field, and the effects of different drought stress on the water
content and biomass distribution component organs were analyzed.
The hypotheses of this study are as follows: (1) drought stress would
make different component organs affected to different degrees and
affect the water content distribution ratio (WCDR) of summer maize;
(2) drought stress would affect the distribution of biomass, and the
allometric growth model established is different from the control in
shed (CS); and (3) there is a relationship between the water content and
biomass of component organs in summer maize. Under drought stress,
how to adjust the distribution of the water content and biomass of
maize to adapt to this stress is a problem that cannot be ignored.
Determining the coordinated growth of maize component organs
during drought will help to understand the adaptive strategies of
maize and provide a basis for targeted drought control measures.

2 Materials and methods
2.1 Overview of the experimental area

The experimental site was selected at the Wudaogou
Hydrological Experimental Station (33°09'N, 117°21'E) in Anhui
province, China, which is located in the northern Anhui plain and is
the main crop- producing area. The crop layout is mainly arid
crops, and the farming system is mostly double cropping a year. The
average annual precipitation for many years is 899.2 mm, of which
the precipitation during the growth period of summer maize (June
to October) accounts for approximately 68.66% (Supplementary
Table 1). The soil type is Shajiang black soil, which is characterized
by poor permeability, easy drought and waterlogging, low organic
matter content, the lack of phosphorus and nitrogen, the soil texture
being too sticky, and the plough sole being thick. The return period
of drought in this area is 2-3 years, and summer is the growing
season of maize in this area. Moreover, maize is not only the major
crop in the northern Anhui plain but also the dominant crop in
this area.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1118131
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.

2.2 Experimental setup

In 2021, the control experiment of controlling the water content
was carried out during the jointing- tasseling stage. A total of six
control experimental fields were set up to observe the growth law of
summer maize under different drought scenarios. Due to the limited
number of experimental fields, each group is provided with two
repeated experimental fields, but the measured data can ensure
three or more repetitions. The size of each experimental field is
5.3 m x 3.7 m; there have been a partition around the field to block
the lateral seepage and cross flow between the fields. The depth of
the partition in the underground part is 2 m, and the above ground
part is 0.4 m higher than the ground level. One soil moisture
aluminum tube was buried in each experimental field to measure
the soil moisture of summer maize at different depths. In this study,
the maize variety is normal variety ‘Denghai 618’. Before sowing,
the experimental field needs to be applied with the same amount of
fertilizer, based on 22,500 kg km™ urea and 75,000 kg km? maize
compound fertilizer. The soil water content was controlled to reach
the same level 5 days before sowing, and the soil water content was
measured the day before sowing. The summer maize in the field is

10.3389/fpls.2023.1118131

6.74 plants m™, the row spacing of summer maize in the field is
60 cm, and the plant spacing is 25 cm (Figure 1A).

In the jointing-tasseling stage in 2021, the experiments of light
drought, moderate drought, and rehydration after drought and the
control group without drought inside the shed were set up
(Figure 1B). The LD and MD were sampled five times, and the
CS was sampled six times (green point in Figure 1B). Among them,
the data used for LD mentioned below refer to the data sampled on
August 15, denoted by BLD, and the data used for rehydration after
LD (RLD) refer to the data sampled on August 22, denoted by ALD.
The data used for MD mentioned below refer to the data sampled
on August 22, denoted by BMD, and the data used for rehydration
after MD (RMD) refer to the data sampled on September 2, denoted
by AMD.

The drought grade standard in this study is divided by the
relative humidity of 10-20 cm soil layer in the Meteorological
Drought Grade (GB/T20481-2006, 2006) (Table 1). The calculation
formula of soil relative humidity is shown in formula (1).

R:%xloo%

summer maize

soil water pipe.

B Seeding- jointing stage “ Jointing-tasseling stage { Grouting-mature stage
Suitable moisture | Drought # Rehydration | Suitable moisture
- = = -/~ — - — —— - - ===
= v = = > > x> &2 Z
g ¢ = E EE & g2 % 2%
BE -1~ 5 s= 3R &3 Y
Important P & | A ® o—A—0— @ ——0—90°
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| |
LD f A
| Drought Rehydration |
} BMD AMD{
|
I \ Drought |
I Rehydration|
| |
CS *—@ L L L @
@ Sampling date A Start/end date of light drought /. Start/end date of moderate drought

Notes: The red line indicates the drought stage, the green line indicates the rehydration stage, and the
blue line indicates the suitable water stage

FIGURE 1

Design diagram of the experimental scheme. (A) is the design diagram of the experimental field; (B) is a simplified diagram of drought- level

experimental design.
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TABLE 1 Classification standard of drought grade.

Grade

Relative humidity of soil at the depth of 10-20
cm

No drought 60%< R

Light drought 50%< R < 60%

Moderate
drought

40%< R < 50%

Severe drought 30%< R < 40%

Extreme R <30%

drought

where R is the relative humidity of soil (%); w is the soil water
content (%); f is the soil field capacity (%); according to the test of
the experimental station for many years, the soil field water capacity
is approximately 30.7%.

2.3 Measurement and calculation of items

2.3.1 Measurement items
2.3.1.1 Soil moisture content

In the experiment, the soil water content was measured each
day with an AIM-WIFI soil multiparameter monitoring system
(Beijing AoZuo Ecology Instrumentation Ltd., Beijing, China). The
soil measurement accuracy of the instrument was + 2%, and the
measurement repetition accuracy was * 0.3%. During the test, the
soil moisture content was measured every morning, 7:00-9:00 a.m.
(GMT+8). The soil relative humidity data are calculated from the
soil moisture content of 10 cm layer of field. In the test, the
measurement is repeated for three times, and the test data are
taken as the average value of three times.

2.3.1.2 Plant sample measurement

In this subject, in order to observe the change characteristics of
growth morphology during the growth period of summer maize
and determine the biomass of various organs of summer maize,
first, dig the whole maize plant with a shovel. Four maize plants are
dug in each treatment group (two plants each field). Then, wash the
soil on the roots, wipe out the water stains, separate and sort out the
various organs of maize, weigh the fresh weight of each component
organ, dry them in the drying box (the temperature is set to 105 °C),
and then weigh them. Finally, get the dry weight (also
called biomass).

2.3.2 Calculation items
(1) The water content of the component organ is calculated as
formula (2),

’

%100 )

W;
WCi= :
w
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where WC, is the water content of a component organ; W; is the
fresh weight of a component organ; W is the dry weight of the same
component organ; and i refers to the root, stem, leaf, and fruit.

(2) The WCDR of the component organ is calculated by
formula (3),

W, - W,
2 Wi-X W
Where DR; is the WCDR of component organ; ZW; is the fresh

weight of the whole plant; > W, is the dry weight of the whole plant;
W is the fresh weight of a component organ; W; is the dry weight of

x 100 3)

the same component organ; and i refers to the root, stem, leaf,
and fruit.

(3) The change rate of the water content refers to the change
amount of the water content per unit time; the formula for the
change rate of the water content is calculated as formula (4),

A= WCin-WC, @
D

where A; is the change rate of the water content of a component
organ (unit: %/d); WC;” is the water content of a component organ
at time; WC’;, p is the water content of the same component organ
after D days; D is the time interval (unit: days); and i refers to the
root, stem, leaf, and fruit.

(4) The proportion of the biomass of a component organ is
calculated as formula (5),

W,
= (5)
> Wi
where, P; is the proportion of the biomass of a component
organ; > W; is the dry weight of the whole plant; W, is the dry
weight of a component organ; i refers to the root, stem, leaf,

P=

and fruit.
(5) The root- shoot ratio is calculated by formula (6),

’

w,

CSww, ©

where R, is the root- shoot ratio; W; is the root dry weight; and
EW; is the dry weight of the whole plant.

2.3.3 Allometric growth model

In order to reveal the law of summer maize, we introduced the
allometric growth model with underground biomass and
aboveground biomass as the research object, and its formula
(Weiner et al., 2009) is shown in formula (7). After the
logarithmic conversion of data to homogenize variance, scaling
exponents (slope) and allometric constants (intercept) are
determined through linear regression, as shown in formula (8),

Y=BX* )

logY = logP + alogX (8)

where X is the underground biomass (also root biomass); Y is
the aboveground biomass; f3 is often referred to as the allometric
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coefficient, and log 3 is called intercept; ¢ is the allometric exponent
or the slope, where o = 1 is isokinetic growth, a>1 is positive
allometric growth, and o<1 is negative allometric growth.

2.4 Statistical analysis

The obtained data were statistically calculated and processed by
Microsoft Excel 2010, and the data were analyzed by one-way
ANOVA, LSD, and Pearson methods with the IBM SPSS statistics
26 (o
average values, and the graph is drawn in Origin2018.

0.05). The experimental data results are expressed as

3 Results
3.1 Water content distribution

3.1.1 Water content under different
drought conditions

The dynamic change of the water content in each component
organ of summer maize under different drought conditions is
shown in Figure 2. The root water content (RWC) of summer
maize decreased first, then increased, and then decreased with time
(Figure 2A). Under LD and MD (refers to BLD and BMD, the same
below), the RWC was 79.44% and 81.91%, it was 0.5% and 6.04%

moderate drought

1
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FIGURE 2
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lower than the CS, respectively, but there was no significant
difference. The rate of decrease of RWC during LD was 0.91%/d
(Table 2), and the RWC increased by 1.65% (increased rate
0.24%/d) in RLD (refers to ALD, the same below). The rate of the
decrease of RWC during MD was 0.2%/d; the RWC did not increase
in RMD (refers to AMD, the same below), with a decreased rate of
0.09%/d.

The stem water content (SWC) showed a decreased trend in the
whole measurement period (Figure 2B). In LD and MD, the SWC
was 87.13% and 85.03%, which had no significant difference with
the CS at the same period. The rate of decreased of SWC was 0.41%/
d and 0.24%/d in the LD and MD period, respectively. In RLD, the
SWC still decreased by 2.34% (decreased rate = 0.24%/d). The SWC
increased in RMD. It increased by 0.94% (increased rate = 0.09%/d).

The leaf water content (LWC) showed a decreased trend in the
whole measurement period (Figure 2C). The change was not very

obvious before the date September 10 and then decreased rapidly.
The LWC was 81.33% and 82.23% in LD and MD, which were
1.01% and 0.44% higher than that of the CS, respectively, but there
was no significant difference. The rate of decrease of LWC during
LD was 0.12%/d, and the rate of increase of LWC during MD was
0.11%/d. The LWC increased by 1.55% (increased rate = 0.22%/d)
in RLD. The LWC decreased by 2.17% (decreased rate = 0.2%/d).

The fruit water content (FWC) showed a decreasing trend in the
whole measurement period (Figure 2D). The FWC was 87.68% and
81.44% under the LD and MD, which was 1.28% and 2.37% lower
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Analysis on dynamic changes of the water content in component organs of summer maize under different drought conditions. (A-D) are the
dynamic changes of the water content in the root, stem, leaf, and fruit of summer maize, respectively. LD, MD, and CS represent the light drought
treatment group, moderate drought treatment group, and control treatment group, respectively.

Frontiers in Plant Science

05

frontiersin.org


https://doi.org/10.3389/fpls.2023.1118131
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.

10.3389/fpls.2023.1118131

TABLE 2 Analysis on the rate of increase (decrease) of the water content of component organs under different periods.

Period LD period RLD period MD period RMD period
Rate of RWC (%/d) -0.91 0.24 -0.20 -0.09
Rate of SWC (%/d) -0.41 -0.33 -0.24 0.09
Rate of LWC (%/d) -0.12 022 0.11 -0.20

The LD period, RLD period, MD period, and RMD period represent the light drought period, the period of rehydration after light drought, the moderate drought period, and the period of
rehydration after moderate drought, respectively. The rate of RWC, SWC, and LWC represents the increase or decrease rate of the water content in the root, stem, and leaf.

than that of the CS, respectively. The FWC after rehydration is still
declining, and the FWC in RLD and RMD is 3.19% and 12.36%
lower than that in drought.

3.1.2 Comparative analysis of component organs’
water content

Through a comparative analysis of the water content of each
component organ drought and after rehydration (Figure 3), it was
found that there was a significant difference in the water content of
the component organs of summer maize, and the difference
changed with the growth period. When LD occurs, the water
content of each component organ is as follows (Figure 3A): fruit
(87.68%) > stem (87.13%) > leaf (81.33%) > root (79.44%). The
SWC and FWC were significantly higher than that of the RWC
and LWC, which was similar to the CS at the same time. In RLD,
the difference between component organs decreased, only the
SWC and FWC were significantly higher than the RWC, and
there was no significant difference between other component
organs. In MD, the water content of each component organ is

that (Figure 3B) stem (85.03%) > leaf (82.23%) > root (81.91%) >
fruit (81.44%), and the SWC was significantly higher than the
RWC and FWC. Different from the MD, the relationship of the
water content of each component organ in the CS is as follows:
root (87.95%) > stem (85.43%) > fruit (83.81%) > leaf (81.79%).
The RWC was significantly higher than that of the LWC and
FWC. In RMD, because this period is the fruit- ripening stage
(fruit dehydration), the FWC sharply decreases, which was
significantly lower than that of other component organs. The CS
also has similar differences.

3.1.3 Component organ water content
distribution ratio

The WCDR of each component organ of summer maize
under different drought stress is shown in Figure 4, calculated
by formula (3). The WCDR of the root in different treatment
groups was the lowest, ranging from 8.42% to 18.4%, and the
WCDR of the stem was the highest, ranging from 34.31% to
51.2%. No matter under LD or MD, the WCDR of the root was

100
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FIGURE 3

BMD BCS AMD ACS

Comparative analysis of the water content of each component organ under different drought conditions and after rehydration. (A, B) are the
comparative analysis of the water content of each component organ in light drought and moderate drought, respectively. Error bars represent
standard deviations (n = 3), different capital letters indicate significant difference between groups (p< 0.05), and different lowercase letters indicate
significant difference between different component organs of the same group (p< 0.05). BLD, BCS, ALD, and ACS represent before light drought,
control group in the same period during light drought, after rehydration in light drought, and control group in the same period during after
rehydration, respectively. Similarly, BMD, BCS, AMD, and ACS represent before moderate drought, control group in the same period during moderate
drought, after rehydration in moderate drought, and control group in the same period during after rehydration, respectively.
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Comparative analysis of the WCDR of component organs in different drought and after rehydration. (A, B) are comparative analysis of the WCDR of
component organs in LD and MD, respectively. Error bars represent standard deviations (n = 3), different capital letters indicate significant difference
between groups (p< 0.05), and different lowercase letters indicate significant difference between different organs in the same group (p< 0.05). Note
BLD, BCS, ALD, and ACS and BMD, BCS, AMD, and ACS have the same definitionsas in Figure 3.

higher than the CS in the same period, while the WCDR of the
fruit was lower than the CS in the same period, but there was no
significant difference. In LD (Figure 4A), the WCDR of each
component organ of summer maize was as follows: stem
(51.2%) > leaf (25.54%) > fruit (11.67%) > root (11.59%). The
WCDR of the stem was significantly higher than that of other
component organs, and the CS had a similar distribution law at
the same period. In RLD, the WCDR of the root, stem and leaf
decreases, while the WCDR of the fruit increases. This is
because this is the peak water demand period for the maize
fruit. The drought in the early stage hinders the water
transportation to the fruit. After rehydration, the root absorbs
water and transport most of the water to the aboveground parts,
especially to meet the water demand of reproductive organs,
ensure the cumulative maturity of fruit, and distribute most of
the water to the fruit growth. In the MD (Figure 4B), the WCDR
of each component organ of summer maize was as follows: stem
(38.79%) > fruit (27.25%) > leaf (25.02%) > root (8.94%). The
WCDR of stem was significantly higher than that of the WCDR
of the root, and the CS had a similar distribution rule at the
same time. In RMD, the WCDR of the root increased, while the
WCDR of the fruit and leaf decreased. This is because the root is
close to the water source and gives priority to the root water
supply. After the root absorbs water, it would try its best to
compensate for its early drought water shortage; thus, the
WCDR of the root would increase. In addition, this period is
the ripening (dehydration period) of the maize fruit. The fruit
water demand is reduced; thus, the WCDR of the fruit is
reduced, while the WCDR of the leaf is reduced because of
accelerated aging and withering due to drought in the early
stage, the performance of the leaf is reduced, and the WCDR of
the leaf is reduced.
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3.2 Biomass allocation

3.2.1 Biomass of component organs

The proportion of the biomass of summer maize varies with the
growth period (Figure 5), calculated by formula (5). As a whole, the
proportion of root biomass first increases and then decreases,
accounting for 6.66%- 29.8% of the total biomass. The
proportion of stem biomass (SB) and leaf biomass (LB) decreased
slowly during the whole measurement period, and the proportion of
SB accounted for 14.27%- 42.36%, the proportion of leaf accounts
for 15.73%- 48.53%.The proportion of fruit biomass (FB) increased
gradually throughout the measurement period, accounting for 0%-
62.73% of the total biomass.

According to the analysis of the biomass of each component
organ of summer maize drought and after rehydration (Figures 6A,
B), there is a significant difference between the biomass of
component organs of summer maize. In LD, the biomass of each
component organ of summer maize is as follows: stem (27.87 g) >
leaf (21.27 g) > root (10.98 g) > fruit (6.18 g), and the SB is
significantly higher than that of other component organs. In MD,
the biomass of each component organ of summer maize is that stem
(32.45 g) > fruit (30.3 g) > leaf (25.78 g) > root (9.35 g), and root
biomass (RB) is significantly lower than that of other
component organs.

In this study, drought would promote the accumulation of RB.
The RB under LD and MD was 33.94% and 46.09% higher than the
CS, respectively, with no significant difference. After rehydration,
the RB increased by 5.16% and 71.48% compared with that of
drought, respectively. The RB of RLD and RMD was 80.47% and
17.89% higher than that of the CS, respectively.

Different degrees of drought have different effects on SB. Under
LD, it is conducive to the accumulation of SB. The SB of summer
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FIGURE 5

Dynamic change analysis of the biomass proportion of summer maize under different drought conditions.

maize is 1.39% higher than that of the CS. Under MD, it would be
adverse to the accumulation of SB. The SB is 3.80% lower than that
of the CS. The SB increased after rehydration, the RLD and RMD
increased by 22.37% and 25.48%, respectively, compared with that
in drought. The SB was 1.09% and 0.87% higher than that of the CS
in the same period in RLD and RMD, respectively. It can be seen
that rehydration can effectively alleviate the inhibition of MD on
SB accumulation.

The occurrence of LD and MD is not conducive to LB
accumulation. Under LD and MD, the LB was 8.20% and 1.46%
lower than the CS, respectively. The LB increased after
rehydration; in RLD and RMD, it increased by 19.59% and
26.12%, respectively, compared with that in drought. It can be
seen that after rehydration can compensate the early drought to a
certain extent. Compared with that, the accumulation rate of LB
in RMD is faster.
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FIGURE 6
Comparative analysis of biomass and root shoot ratio of component organs in different drought and after rehydration. (A, B) are the comparison of
biomass of each component organ of LD and MD, respectively; (C, D) are the comparison of root shoot ratio of organs in LD and MD, respectively.
Error bars represent standard deviations (n =3), different capital letters indicate significant difference between groups (p<0.05), and different
lowercase letters indicate significant difference between different organs in the same group (p<0.05). Note: BLD, BCS, ALD, and ACS and BMD, BCS
AMD, and ACS have the same definitions as in Figure 3.
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Drought is beneficial to the accumulation of FB. Under LD and
MD, the FB was 2.49% and 3.35% higher than that of the CS,
respectively. The FB increased after rehydration, the FB in LD and
MD increased by 364.15% and 120.46% respectively compared with
that in drought, but the FB in RLD and RMD was 2.10% and 25.68%
lower than that in the CS, respectively.

According to the analysis of the root- shoot ratio of summer
maize under different drought and after rehydration (Figures 6C,
D). The root- shoot ratio of LD and MD was 0.20 and 0.11,
respectively, which is higher than that of the CS, but there was no
significant difference. The root- shoot ratio decreased in RLD, and
the CS also had a similar rule in the same period. The root- shoot
ratio increased slightly (little change) in RMD, and there was no
significant difference with that in drought.

3.2.2 Allometric growth model

The allometric growth of plants is an important manifestation
of adaptation to heterogeneous habitats. The biomass allocation and
growth relationship of plant component organs can effectively
reveal the law of the allometric growth of plants. First, we found
that by fitting and analyzing the CS data (Figure 7A), there was a
very significant positive allometric growth relationship between the
underground biomass and the aboveground biomass (P<0.001).
That is, the aboveground part grew with the growth of the
underground part, indicating that the underground part would
affect the photosynthesis of the aboveground part while absorbing
the growth of nutrients in the soil, and the aboveground biomass
was also accumulating materials synchronously. To verify whether
the model parameters of the CS are applicable to two different
drought conditions, we analyzed R, R, adjustment R?, and the
RMSE (Table 3), and found that the fitting accuracy was not good.
Thus, we need to reformulate the model parameters to represent the
allometric growth rule of the different drought scenarios. By fitting
the data under two drought scenarios (Figures 7B, C), the fitting
accuracy is good, and different allometric exponents and coefficient

10.3389/fpls.2023.1118131

are obtained. It is found that, under drought stress, the
underground and aboveground parts also show positive
allometric growth, CS (a=1.175) > MD (0=1.136) > LD
(0:=1.048). However, under drought, the allometric exponent is
smaller than the CS. It also shows that, under drought, the growth of
the aboveground part of maize would slow down with the growth of
the underground part. Therefore, the growth trend of the
aboveground part of maize with the growth of the underground
part is slower than the CS. Compared with the two degrees of
drought, the aboveground growth is slower in LD. The results in
section 3.2.1 further support the accuracy of the model. Drought
stress promoted the accumulation of RB (the RB under LD and MD
was 33.94% and 46.09% higher than the CS, respectively) and
inhibited the accumulation of LB (the LB under LD and MD was
8.20% and 1.46% lower than the CS, respectively).

3.3 Analysis of correlation between water
content and biomass of component organs

The correlation analysis was conducted on the water content
and biomass of each component organ of summer maize under
different drought conditions (Figure 8). The water content of each
component organ of summer maize has a negative correlation with
the biomass of the corresponding component organ. The
correlation coefficient between the FWC and the FB is high, and
the degree of correlation is that LD (r =-0.97) > MD (r =-0.915) >
CS (r =-0.89). Under LD, the correlation between the water content
of each component organ and its corresponding component organ
biomass is good; fruit (r =-0.97) > root (r =-0.706) > stem (r
-0.622) > leaf (r =-0.614). Under MD, the correlation coefficient
between the water content of each component organ and its
=-0.915)

corresponding component organ biomass is that fruit (r
> leaf (r =-0.324) > root (r =-0.208) > stem (r =-0.045).
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FIGURE 7

Allometric growth relationship between underground and aboveground biomass summer maize under different drought conditions. (A-C) are fitted
for the allometric growth of the CS, LD, and MD, respectively. The red solid line represents the linear fitting under different drought scenarios, and

the red dotted line represents the linear fitting of the CS.
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TABLE 3 Fitting parameters and inspection indexes under different drought conditions.

Group Different models
cs o) 1.175 0.832 0.846
LD o 1.175 0.832 0.649
® 1.048 0.859 0.910
MD o) 1.175 0.832 0.683
® 1.136 0.787 0.841

R? Adjustment R® RMSE  Optimal choice of model
0.716 0.696 0.133 V
0.421 0376 0.183 x
0.828 0.814 0.095 3
0.466 0.425 0.130 x
0.707 0.684 0.103 v

The water content of each organ in the aboveground part of
summer maize was positively correlated with that of the root.
Among them, the correlation coefficient between the RWC and
the SWC is high, and the degree of correlation is that MD
(r =0.878) > LD (r =0.689) > CS (r =0.571). Under LD, the
correlation coefficient between the RWC and the water content of
each organ is that stem (r =0.689) > leaf (r =0.513) > fruit (r =0.218).
Under MD, the correlation coefficient between the RWC and the
water content of each organ is that stem (r =0.878) > leaf
(r =0.761) > fruit (r =0.693).

There was a positive correlation between the biomass of organs
and the biomass of roots in summer maize. Among them, the
correlation coefficient between RB and LB is high, and the degree of
correlation is that MD (r =0.814) > LD (r =0.742) > CS (r = 0.615).
Under LD, the correlation coefficient between RB and the biomass
of each organ was higher, which was stem (r =0.833) > fruit
(r =0.811) > leaf (r =0.742). Under MD, the correlation
coefficients between RB and the biomass of each organ are that
leaf (r =0.814) > fruit (r =0.539) > stem (r = 0.371). These
correlation coefficients further confirmed the adaptive strategy of
the coordinated growth of water allocation and biomass allocation
among various component organs of summer maize under
drought stress.

3.4 Distribution characteristics of
different component organs under
different drought stress

Through the analysis of the water content, WCDR, and biomass
distribution of each component organ of summer maize under
different drought stress, the distribution maps of each component
organ of summer maize under different drought levels were drawn
(Figure 9). Under different levels of drought stress (Figure 9A),
there is a significant difference between the water content of each
component organ. Drought would affect the water distribution ratio
of each component organ. Under LD, the WCDR of the root and
stem would increase, while the WCDR of the leaf and fruit would
decrease. Under MD, the WCDR of the root, stem, and leaf would
increase, while the WCDR of the fruit would decrease. This also
indicates that crops would give priority to allocate water to
component organs closer to the water source during drought.
Summer maize would also adjust and actively adapt to drought in
terms of biomass accumulation. Whether it is LD or MD, the RB
and FB of summer maize increases, while the SB and LB decreases,
making the root- shoot ratio increase. Thus, the allometric
exponent of underground- aboveground biomass fitting is smaller
than that of the CS. The regulation of the underground and
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=
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FIGURE 8

Correlation between the water content and biomass of each organ under different drought conditions (A—C) are the correlation between the water
content and biomass of each component organ in LD, MD, and CS, respectively. *p<0.05; * *p< 0.01.
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aboveground parts of summer maize is inseparable (Figure 9B). The
water content of each component organ of summer maize is
negatively correlated with its corresponding biomass. The RWC is
positively correlated with the SWC, LWC, and FWC. Similarly, RB
is also positively correlated with SB, LB, and FB. It shows that each
component organ of summer maize has a closer coordination in the
distribution of water and biomass. This also provides a theoretical
study on the mechanism of the mutual regulation among the
component organs.

4 Discussion
4.1 Water content distribution

The distribution of water in plants can directly reflect the
pattern of water acquisition and utilization among plant
components and organs. In this study (Figure 2), the RWC of
summer maize showed a decrease first. Then, it increased and then
decreased during the measurement period, and the SWC, LWC, and
FWC gradually decreased with the growth period. During drought,
the general trend of the water content in component organs is that
the water content decreases gradually with the increase of days
without rainfall, which is consistent with some scholars’ conclusion
(Wang et al., 2015; Abdalla and Ahmed, 2021). The LWC is higher
than the CS during drought, the reason may be that with the leaf as
the main photosynthesis site, the water retention of maize is more
obvious under drought stress. By reducing the leaf area and closing
their stomata, transpiration consumption is reduced to maintain the
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LWGC, so as to conduct photosynthesis (Sade et al., 2012). Thus, the
LWC is higher than that of the CS. This is consistent with some
studies; when the drought is in a certain range, the LWC would
increase (Ma et al., 2021).

There is a significant difference in the water content of the
component organs of summer maize, and the difference changes
with the growth period. In this study (Figure 3), in LD, the water
content of each component organ is as follows: fruit > stem > leaf >
root. The SWC and FWC were significantly higher than that of the
LWC and RWC, which was similar to the CS at the same period.
However, In MD, the water content of each component organ is
that stem > leaf > root > fruit; the SWC was significantly higher than
the RWC and FWC. The difference of the water content of each
component organ is different from the CS. The difference in the
water content of each component organ is mainly due to the large
range of changes in the FWC. The main reason for the difference in
LD is the difference of the water content of each component organ
caused by the different composition and content of each component
organ; it is less affected by drought. Generally, the root and stem
contain more cellulose, and the fruit contains more sugar and
starch. Due to the sampling date being August 15 in LD, which is
just at the beginning of the ear stage of the fruit, the fruit component
organs are delicate, growing vigorously, and the water content is
generally high. This is consistent with some results: the water
content of the vigorous component organs is higher than that of
the aged component organs, the water content of the upper
component organs is higher than that of the lower component
organs, and the water content of the meristem and conducting
tissues is higher than that of the epidermis, cortex, and other tissues
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(Shinn and Lemon, 1968). There are two main reasons for the
differences in the water content of component organs caused by
MD. One is that the sampling time of MD is August 22; at this time,
the fruit had been growing for a period of time, not as delicate as at
the beginning of heading, and the FWC is lower than before. The
second is that the water content of each organ is different due to
drought. Drought would make the RWC, SWC, and FWC lower
than the CS, while the LWC is higher than the CS. Therefore, the
difference of the water content of the component organ during MD
is not consistent with that of the CS. This is also consistent with the
conclusions of some studies; in different environments, the water
content of different component organs of the same plant has a large
difference (Sternberg and Shoshany, 2001).

In this study (Figure 4), the WCDR of the root in different
treatment groups was the lowest, and the WCDR of the stem was
the highest. Although the WCDR of root was the lowest among all
component organs, it was higher than the CS at the same period
under drought, while the WCDR of the fruit was lower than that of
the CS at the same period. This also shows that, under drought,
more water would be allocated to the root to improve the water
absorption capacity, so as to provide enough water for the
component organs above the ground, which is related to the
physiological function of the root (Prince et al,, 2022; Sandar
et al, 2022). The summer maize fruit is the reproductive organ,
and its physiological activity is the most vigorous component organ
at this stage. The effect of drought leads to the reduction of the
WCDR of the fruit, which is because the fruit is far away from the
water source and the root absorbs water and then transmits it to the
fruit, there is a certain height between the root and the fruit that
would hinder the water transportation (Scholander et al., 1965). The
maize gives priority to allocate water to the component organs
closer to the water source (priority: root > stem > leaf > fruit).
Drought reduces the water transportation capacity, thereby
reducing the WCDR of the fruit. Drought reduces the water
transport capacity from the root to the fruit; thus, the WCDR of
the fruit is reduced.

4.2 Biomass allocation

The proportion of the biomass of each component organ of a
plant represents the distribution proportion of assimilation
products to different component organs and the coordination
relationship of each component organ in the growth process
(Yang et al., 2021). In this study (Figure 5), the proportion of the
RB of summer maize increased first and then decreased, the
proportion of SB and LB decreased slowly throughout the
measurement period, and the proportion of FB increased
gradually throughout the measurement period. The biomass of
each component organ of summer maize is that (Figure 6) in LD,
stem (27.87 g) > leaf (21.27 g) > root (10.98 g) > fruit (6.18 g). In
MD, stem (32.45 g) > fruit (30.3 g) > leaf (25.78 g) > root (9.35 g). In
the same period, the CS had similar laws. The stem is a huge energy
reservoir and regulator of a plant; in general, the biomass allocated
is large (Xu et al, 2020). In this study, drought increased RB,
decreased LB, and increased the root- shoot ratio; this is consistent
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with some research results (Madhav et al., 2017; Sofi et al., 2017;
Gao et al, 2022). Under drought stress, summer maize makes
corresponding changes to adapt to the environment at this time.
The first is to reduce evaporation. When the water is limited,
summer maize itself would give priority to divide water to roots
to form larger roots; thus, RB increases and then transports more
nutrients to the ground as much as possible. The transpiration of
summer maize is mainly carried out by the leaves. The leaves would
wither and curl in order to keep water (Ye et al., 2020). They would
turn yellow and fall off in severe drought, which would inhibit the
growth and reduce the LB.

Plant growth is the result of balancing various resources
allocated by plants to the root, stem, leaf, and other component
organs (Reich et al, 1998; Xu et al,, 2015). There are significant
correlations and allometric growth relationships between crop
component organs, which reflect the cooperative growth strategy
of various tissues (Yuan et al., 2018). In this study (Figure 8), the
water content of each component organ of summer maize has a
negative correlation with its corresponding biomass. This is because
the overall trend of the water content of each component organ
decreases with the increase of growth time, while the biomass
gradually increases with the increase of time; thus, there is a
negative correlation. The RWC of summer maize is positively
correlated with the water content of each component organ, and
RB is also positively correlated with the biomass of each component
organ, which reflects that the underground and aboveground parts
of summer maize are inseparable, and the underground and
aboveground component organs need to maintain a relatively
stable coordinated growth. According to the biomass allocation
theory put forward by some scholars (Enquist and Niklas, 2002), the
underground and aboveground parts of plants under a non- stress
environment show the isokinetic growth, but, under the water
shortage or other environments, each component organ of plants
is likely to change into allometric growth because plants often adapt
to a specific growth environment by adjusting their own resource
allocation during the growth and development process, so as to
achieve the goal of coordinated growth and reproduction (Boutraa,
2010). In this study (Figure 7), the underground biomass and
aboveground biomass of summer maize under different
conditions have a very significant positive allometric growth
relationship, that is, the aboveground part grows with the
underground part. However, under drought, the allometric
exponent is smaller than the CS. It also indicates that the growth
of the aboveground part is slower than that of the CS with the
growth of the underground part. From the section 3.2.1 results, we
can find out that, under drought stress, the root would grow
preferentially, and RB increased while LB decreased. Therefore,
the allometric exponent is smaller than the CS under drought, This
biomass allocation pattern can optimize resource utilization to
ensure maximum growth (Rigoberto et al., 2004).

5 Conclusion

Our research focused on the coordinated growth strategy of the
water content and biomass allocation of each component organ of
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summer maize under drought stress. The results showed that under
drought stress, summer maize would preferentially distribute water
to the component organs close to the water source; thus, the WCDR
of the root and stem increased 1.83%- 2.35% and 0.52%- 1.40%,
respectively. Drought would promote BR and FB while inhibiting
the SB and LB, so as to increase the root- shoot ratio. We also
verified this by establishing the allometric growth model. It was
found that under drought stress, the allometric exponent o under
drought stress is lower than that of the control group in shed. It also
shows that existing estimates of the impact of climate change on
food production may be underestimated. The results of this study
basically verified our hypothesis. Further research can add drought
experiments of different grades and measure the distribution
characteristics of enzymes, proteins, and so on among component
organs. Therefore, the coordination and adaptability of each
component organ under different drought stresses can be further
explored, providing a theory for improving water use efficiency.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

SY and LJ collected basic data. SY performed the statistical
analysis and wrote the first draft of the manuscript. BW provided
the working concept. The manuscript was critically revised by BW,
and WB provided modification suggestions. All authors contributed
to this article and approved this version for submission.

Funding

This work was supported by the National Key R&D Program of
China (No. 2022YFC3080300), the National Natural Science

References

Abdalla, M., and Ahmed, M. A. (2021). Arbuscular mycorrhiza symbiosis enhances
water status and soil-plant hydraulic conductance under drought. Front. Plant Sci. 12.
doi: 10.3389/fpls.2021.722954

Boutraa, T. (2010). Growth performance and biomass partitioning of the desert
shrub calotropis procera under water stress conditions. Res. J. Agric. Biol. Sci. 6(1), 20—
26.

David, O. A., Osonubi, O., Ajiboye, A. A., and Ajewole, T. O. (2018). Agronomic
components of drought stressed wheat plants under different soil properties. Vegetos-
Int. J. Plant Res. 31(4), 82-91. doi: 10.5958/2229-4473.2018.00098.8

Egamberdiyeva, D. (2007). The effect of plant growth promoting bacteria on growth
and nutrient uptake of maize in two different soils. Appl. Soil Ecol. 36 (2-3), 184-189.
doi: 10.1016/j.apsoil.2007.02.005

Enquist, B. J., and Niklas, K. J. (2002). Global allocation rules for patterns of biomass
partitioning in seed plants. Science 295 (5559), 1517-1520. doi: 10.1126/
science.1066360

Gao, G, Li, Z. C,, Ge, X. G,, Huang, R. X,, and Li, A. B. (2022). Effects of nitrogen
application on biomass and root morphology of phyllostachys pubescens seedlings
under drought stress. J. Ecol. 41 (05), 858-864. doi: 10.13292/j.1000-4890.202203.017

Garbin, M. L., and Dillenburg, L. R. (2009). Effects of different nitrogen sources on
growth, chlorophyll concentration, nitrate reductase activity and carbon and nitrogen

Frontiers in Plant Science

13

10.3389/fpls.2023.1118131

Foundation of China (No. 52022110 and No. 52209043), and the
IWHR Research & Development Support Program
(No. MK0145B022021).

Acknowledgments

Many thanks to the Wudaogou experimentation research
station for their full support and help during this study. We also
thank the reviewers for their useful comments and suggestions.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1118131/

full#supplementary-material

distribution in araucaria angustifolia. Braz. J. Plant Physiol. 20 (4), 295-303.
doi: 10.1590/s1677-04202008000400005

GB/T20481-2006 (2006). National standards of the people’s republic of China
meteorological drought grade (Beijing: China Standards Press).

Grzesiak, M. T., Ostrowska, A., Hura, K., Rut, G., Janowiak, F., Rzepka, A., et al.
(2014). Interspecific differences in root architecture among maize and triticale
genotypes grown under drought, waterlogging and soil compaction. Acta
Physiologiae Plantarum 36 (12), 3249-3261. doi: 10.1007/s11738-014-1691-9

Huseynova, I. M., Rustamova, S. M., Suleymanov, S. Y., Aliyeva, D. R., Mam-madov,
A. C, and Aliyev, J. A. (2016). Drought induced changes in photosynthetic apparatus
and antioxidant components of wheat(Triticum durum desf.) varieties. Photosynthesis
Res. 130 (1-3), 215-223. doi: 10.1007/s11120-016-0244-z

Isabel, E., Yanira, E., Francisco, B. F., and Maria, C. B. (2022). Improving production
and fruit quality of tomato under abiotic stress: Genes for the future of tomato breeding
for a sustainable agriculture. Environ. Exp. Bot. 204. doi: 10.1016/
J.LENVEXPBOT.2022.105086

Jevon, F. V., and Lang, A. K. (2022). Tree biomass allocation differs by mycorrhizal
association. Ecology 103 (6), e3688. doi: 10.1002/ecy.3688

Kaukab, R., and Sowbiya, M. (2021). Drought stress-induced physiological
mechanisms, signaling pathways and molecular response of chloroplasts in common

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1118131/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1118131/full#supplementary-material
https://doi.org/10.3389/fpls.2021.722954
https://doi.org/10.5958/2229-4473.2018.00098.8
https://doi.org/10.1016/j.apsoil.2007.02.005
https://doi.org/10.1126/science.1066360
https://doi.org/10.1126/science.1066360
https://doi.org/10.13292/j.1000-4890.202203.017
https://doi.org/10.1590/s1677-04202008000400005
https://doi.org/10.1007/s11738-014-1691-9
https://doi.org/10.1007/s11120-016-0244-z
https://doi.org/10.1016/J.ENVEXPBOT.2022.105086
https://doi.org/10.1016/J.ENVEXPBOT.2022.105086
https://doi.org/10.1002/ecy.3688
https://doi.org/10.3389/fpls.2023.1118131
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yan et al.

vegetable crops. Crit. Rev. Biotechnol. 41 (5), 41-40. doi: 10.1080/
07388551.2021.1874280

Li, E,, Zhao, J., Pullens, J. W. M., and Yang, X. G. (2022). The compound effects of
drought and high temperature stresses will be the main constraints on maize yield in
northeast China. Sci. Total Environ. 812. doi: 10.1016/j.scitotenv.2021.152461

Liu, L., Hao, L. H,, Zhang, Y. X,, Zhou, H. R., Ma, B. G, Cheng, Y., et al. (2022). The
CO2 fertilization effect on leaf photosynthesis of maize (Zea mays l.) depends on
growth temperatures with changes in leaf anatomy and soluble sugars. Front. Plant Sci.
13. doi: 10.3389/fpls.2022.890928

Liu, H. S, Li, F. M., and Xu, H. (2004). Deficiency of water can enhance root
respiration rate of drought sensitive but not drought-tolerant spring wheat. Agric.
Water Manage 64, 41-48. doi: 10.1016/s0378-3774(03)00143-4

Luo, Y. Z, Li, G, Yan, G. J,, Liu, H,, and Turner, N. C. (2020). Morphological
features and biomass partitioning of Lucerne plants (Medicago sativa 1.) subjected to
water stress. Agronomy-Basel 10 (3), 322. doi: 10.3390/agronomy10030322

Ma, X. Y., Zhou, G. S, Li, G., and Wang, Q. L. (2021). Quantitative evaluation of the
trade-off growth strategies of maize leaves under different drought severities. Water 13
(13), 1852. doi: 10.3390/w13131852

Madhav, T. V., Madhu, B. G. S., Kumar, M. V., and Naik, C. S. (2017). Study on root
characteristics of sugarcane (Saccharum officinarum) genotypes for moisture stress. Int.
J. Plant Soil Sci.18 (5), 1-4. doi: 10.9734/IJPSS/2017/34838

Mahdid, M., Kameli, A., Ehlert, C., and Simonneau, T. (2011). Rapid changes in leaf
elongation, ABA and water status during the recovery phase following application of
water stress in two durum wheat varieties differing in drought tolerance. Plant Physiol.
Biochem. 49 (10), 1077-1083. doi: 10.1016/j.plaphy.2011.08.002

Mubeen, M., Bano, A., Ali, B,, Ul Islam, Z., Ahmad, A., Hussain, S., et al. (2021).
Effect of plant growth promoting bacteria and drought on spring maize (Zea mays L.).
Pakistan J. Bot. 53 (2), 731-739. doi: 10.30848/PJB2021-2(38

Muroyiwa, B., Masinda, N., and Mushunje, A. (2022). Smallholder farmers'
adaptation strategies to mitigate the effect of drought on maize production in OR
tambo district municipality. Afr. J. Sci. Technol. Innovation Dev. 14 (2), 459-471.
doi: 10.1080/20421338.2020.1847385

Osmolovskaya, N., Shumilina, J., Kim, A., Didio, A., Grishina, T., Bilova, T, et al.
(2018). Methodology of drought stress research: Experimental setup and physiological
characterization. Int. J. Mol. Sci. 19 (12), 4089. doi: 10.3390/ijms19124089

Pan, S. Z. (2014). Variation in leaf metabolic ecological exponent and leaf traits along
environmental gradients (Hangzhou,China: hejiang University).

Pandit, E., Panda, R. K., Sahoo, A., Pani, D. R, and Pradhan, S. K. (2020). Genetic
relationship and structure analysis of root growth angle for improvement of drought
avoidance in early mid-early maturing rice genotypes. Rice Sci. 27 (2), 124-132.
doi: 10.1016/j.rsci.2020.01.003

Prince, S., Anower, M. R., Motes, C. M., Hernandez, T. D., Liao, F. Q., and Putman,
L. (2022). Intraspecific variation for leaf physiological and root morphological
adaptation to drought stress in alfalfa (Medicago sativa 1.). Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.795011

Reich, P. B, Tjoelker, M. G., Walters, M. B., Vanderklein, D. W., and Buschena, C.
(1998). Close association of RGR, leaf and root morphology, seed mass and shade
tolerance in seedlings of nine Boreal tree species grown in high and low light. Funct.
Ecol. 12 (3), 327-338. doi: 10.1046/j.1365-2435.1998.00208.x

Rigoberto, R. S,, Josue, K. S, Jorge, A. A. G., Carlos, T. L., Joaquiin, O. C,, and James, D. K.
(2004). Biomass distribution, maturity acceleration and yield in drought-stressed common
bean cultivar. Field Crops Res. 85 (2-3), 203-211. doi: 10.1016/S0378-4290(03)00161-8

Sade, N., Gebremedhin, A., and Moshelion, M. (2012). Risk-taking plants:
anisohydric behavior as a stress-resistance trait. [Review]. Plant Signaling Behav. 7
(7), 767-770. doi: 10.4161/psb.20505

Saini, H. S., and Westgate, M. E. (2000). Reproductive development in grain crops
during drought. Adv. Agron. 68, 59-96).

Salehi, M., Zare, M., Bazrafshan, F., Aien, A., and Amiri, B. (2021). Effects of zeolite
on agronomic and biochemical traits and yield components of zea mays 1. cv Simone
under drought stress condition. Philippine Agric. Scientist 104 (2), 157-166.

Sandar, M. M., Ruangsiri, M., Chutteang, C., Arunyanark, A., Toojinda, T., and
Siangliw, J. L. (2022). Root characterization of Myanmar upland and lowland rice in
relation to agronomic and physiological traits under drought stress condition.
Agronomy-Basel 12 (5), 1230. doi: 10.3390/agronomy12051230

Scholander, P. F., Hammel, H. T., Bradstreet, E. D., and Hemmingsen, E. A. (1965).
Sap pressure in vascular plants - negative hydrostatic pressure can be measured in
plants. Science 148 (3668), 339-346. doi: 10.1126/science.148.3668.339

Shang, Q. Q., Zhang, D. G,, Li, R.,, Wang, K. X, Cheng, Z. M., and Zhou, Z. Q. (2020).
Mapping quantitative trait loci associated with stem-related traits in maize (Zea
maysL.). Plant Mol. Biol. 104 (6), 583-595. doi: 10.1007/s11103-020-01062-3

Shao, H. B,, Liang, Z. S., and Shao, M. A. (2005). Changes of anti-oxidative enzymes
and MDA content under soil water deficits among 10 wheat (Triticum aestivum 1.)

genotypes at maturation stage. Colloids Surfaces B-Biointerfaces 45 (1), 7-13.
doi: 10.1016/j.colsurfb.2005.06.016

Frontiers in Plant Science

14

10.3389/fpls.2023.1118131

Shinn, J. H., and Lemon, E. R. (1968). Photosynthesis under field conditions. XI. soil-
Plant-Water relations during drought stress in corn. Agron. J. 60 (4), 337-343.
doi: 10.2134/agron;j1968.00021962006000040002x

Smith, S., and Smet, I. D. (2012). Root system architecture: Insights from arabidopsis
and cereal crops. Philos. Trans. R. Soc. B-Biological Sci. 367 (1595), 1441-1452.
doi: 10.1098/rstb.2011.0234

Sofi, P. A., Saba, 1., and Amin, Z. (2017). Root architecture and rhizobial inoculation
in relation to drought stress response in common bean (Phaseolus vulgaris L.). . Appl.
Natural Sci. 9 (1). doi: 10.31018/jans.v9i1.1221

Song, F. B,, and Dai, J. Y. (2005). Response and adaptability of the growth of leaves,
stems and roots of maize to drought stress. Arid Zone Res. 22 (2), 256-258.
doi: 10.13866/j.azr.2005.02.025

Sposito, G. (2013). Green water and global food security. Vadose Zone J. 12 (4),
1742-1751. doi: 10.2136/vzj2013.02.0041

Sternberg, M., and Shoshany, M. (2001). Aboveground biomass allocation and water
content relationships in Mediterranean trees and shrubs in two climatological regions
in Israel. Plant Ecol. 157, 171-179. doi: 10.2307/20051170

Suryanarayanan, T. S., Ayesha, M. S., and Shaanker, R. U. (2022). Leaf
photosynthesis: Do endophytes have a say? Trends Plant Sci. 27 (10), 968-970.
doi: 10.1016/].TPLANTS.2022.07.009

Tao, Y., Nuerhailati, M., Zhang, Y. M., Zhang, J., Yin, B. F., and Zhou, X. B. (2020).
Influence of branch death on leaf nutrient status and stoichiometry of wild apple trees
(Malus sieversii) in the Western tianshan mountains, China. Polish J. Ecol. 68 (4), 296—
312. doi: 10.3161/15052249PJE2020.68.4.003

Wang, B. S. (2010). Plant biology under stress (Beijing: High Education Press).

Wang, Q. L., Zhou, G. S., and Ma, X. Y. (2015). Response of leaf water content and
photosynthetic characteristics of summer maize to continuous drought of different
intensity. J. Ecol. 34 (11), 3111-3117. doi: 10.13292/j.1000-4890.20151023.008

Wei, J., Yang, H. Y., Cao, H., and Tan, T. W. (2016). Using polyaspartic acid hydro-
gel as water retaining agent and its effect on plants under drought stress. Saudi J. Biol.
Sci. 23 (5), 654-659. doi: 10.1016/j.sjbs.2015.08.016

Weiner, J., Campbell, L. G., Pino, J., and Echarte, L. (2009). The allometry of
reproduction within plant populations. J. Ecol. 97, 1220-1233. doi: 10.1111/j.1365-
2745.2009.01559.x

Xu, W, Cui, K. H,, Xu, A. H,, Nie, L. X,, Huang, J. L., and Peng, S. B. (2015). Drought
stress condition increases root to shoot ratio via alteration of carbohydrate partitioning
and enzymatic activity in rice seedlings. Acta Physiologiae Plantarum 37 (2).
doi: 10.1007/s11738-014-1760-0

Xu, B., Wang, J. N,, and Shi, F. S. (2020). Impacts of ontogenetic and altitudinal
changes on morphological traits and biomass allocation patterns of fritillaria
unibracteata. J. Mountain Sci. 17 (1), 83-94. doi: 10.1007/s11629-019-5630-5

Yan, S. Y., Weng, B. S, Jing, L. S., and Bi, W. X. (2022a). Effects of drought and
rehydration on root growth of summer maize. Water Saving Irrigation 03),
75-81+91.

Yan, S. Y., Weng, B. S, Jing, L. S, Bi, W. X,, and Yan, D. H. (2022b). Adaptive
pathway of summer maize under drought stress: Transformation of root morphology
and water absorption law. Front. Earth Sci. 10. doi: 10.3389/feart.2022.1020553

Yang, F., Xie, L., Huang, Q., Cao, H., Wang, J., and Liu, Y. (2021). Twig biomass
allocation ofbetula platyphyllain different habitats in wudalianchi volcano, northeast
china. Open Life Sci. 16 (1), 758-765. doi: 10.1515/biol-2021-0078

Yang, C,, Zhang, J. L., Zhang, G., Lu, ]. W, Ren, T,, and Cong, R. H. (2022).
Potassium deficiency limits water deficit tolerance of rice by reducing leaf water
potential and stomatal area. Agric. Water Manage. 271. doi: 10.1016/
j.agwat.2022.107744

Ye, Y. X, Wen, Z. R,, Yang, H., Lu, W. P, and Lu, D. L. (2020). Effects of post-silking
water deficit on the leaf photosynthesis and senescence of waxy maize. J. Integr. Agric.
19 (9), 2216-2228. doi: 10.1016/S2095-3119(20)63158-6

Yuan, J. H, Ling, Q, Li, H. Y., and Yang, Y. F. (2018). Growth plasticity and
distribution rule of clonal components of rhizomatous wheatgrass synbiotic group in
songnen plain. J. Grassland Sci. 26 (04), 811-817. doi: 10.11733/j.issn.1007-
0435.2018.04.003

Zhang, Y. J, Liu, Z. X,, Wang, X. R, Li, Y, Li, Y. S,, and Gou, Z. W. (2022).
Identification of genes for drought resistance and prediction of gene candidates in
soybean seedlings based on linkage and association mapping. J. Crops 10 (03), 830-839.
doi: 10.1016/.¢j.2021.07.010

Zhang, Y., Wang, J. L., Du, J. J,, Zhao, Y. X,, Lu, X. J., and Wen, W. L. (2021).
Dissecting the phenotypic components and genetic architecture of maize stem vascular
bundles using high-throughput phenotypic analysis. Plant Biotechnol. J. 19 (1), 35-50.
doi: 10.1111/pbi.13437

Zhou, X. B., Zhang, Y. M., Ji, X. H., Downing, A., and Serpe, M. (2011). Combined
effects of nitrogen deposition and water stress on growth and physiological responses of
two annual desert plants in northwestern China. Environ. Exp. Bot. 74, 1-8.
doi: 10.1016/j.envexpbot.2010.12.005

frontiersin.org


https://doi.org/10.1080/07388551.2021.1874280
https://doi.org/10.1080/07388551.2021.1874280
https://doi.org/10.1016/j.scitotenv.2021.152461
https://doi.org/10.3389/fpls.2022.890928
https://doi.org/10.1016/s0378-3774(03)00143-4
https://doi.org/10.3390/agronomy10030322
https://doi.org/10.3390/w13131852
https://doi.org/10.9734/IJPSS/2017/34838
https://doi.org/10.1016/j.plaphy.2011.08.002
https://doi.org/10.30848/PJB2021-2(38
https://doi.org/10.1080/20421338.2020.1847385
https://doi.org/10.3390/ijms19124089
https://doi.org/10.1016/j.rsci.2020.01.003
https://doi.org/10.3389/fpls.2022.795011
https://doi.org/10.1046/j.1365-2435.1998.00208.x
https://doi.org/10.1016/S0378-4290(03)00161-8
https://doi.org/10.4161/psb.20505
https://doi.org/10.3390/agronomy12051230
https://doi.org/10.1126/science.148.3668.339
https://doi.org/10.1007/s11103-020-01062-3
https://doi.org/10.1016/j.colsurfb.2005.06.016
https://doi.org/10.2134/agronj1968.00021962006000040002x
https://doi.org/10.1098/rstb.2011.0234
https://doi.org/10.31018/jans.v9i1.1221
https://doi.org/10.13866/j.azr.2005.02.025
https://doi.org/10.2136/vzj2013.02.0041
https://doi.org/10.2307/20051170
https://doi.org/10.1016/J.TPLANTS.2022.07.009
https://doi.org/10.3161/15052249PJE2020.68.4.003
https://doi.org/10.13292/j.1000-4890.20151023.008
https://doi.org/10.1016/j.sjbs.2015.08.016
https://doi.org/10.1111/j.1365-2745.2009.01559.x
https://doi.org/10.1111/j.1365-2745.2009.01559.x
https://doi.org/10.1007/s11738-014-1760-0
https://doi.org/10.1007/s11629-019-5630-5
https://doi.org/10.3389/feart.2022.1020553
https://doi.org/10.1515/biol-2021-0078
https://doi.org/10.1016/j.agwat.2022.107744
https://doi.org/10.1016/j.agwat.2022.107744
https://doi.org/10.1016/S2095-3119(20)63158-6
https://doi.org/10.11733/j.issn.1007-0435.2018.04.003
https://doi.org/10.11733/j.issn.1007-0435.2018.04.003
https://doi.org/10.1016/j.cj.2021.07.010
https://doi.org/10.1111/pbi.13437
https://doi.org/10.1016/j.envexpbot.2010.12.005
https://doi.org/10.3389/fpls.2023.1118131
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of drought stress on water content and biomass distribution in summer maize(Zea mays L.)
	1 Introduction
	2 Materials and methods
	2.1 Overview of the experimental area
	2.2 Experimental setup
	2.3 Measurement and calculation of items
	2.3.1 Measurement items
	2.3.1.1 Soil moisture content
	2.3.1.2 Plant sample measurement

	2.3.2 Calculation items
	2.3.3 Allometric growth model

	2.4 Statistical analysis

	3 Results
	3.1 Water content distribution
	3.1.1 Water content under different drought conditions
	3.1.2 Comparative analysis of component organs’ water content
	3.1.3 Component organ water content distribution ratio

	3.2 Biomass allocation
	3.2.1 Biomass of component organs
	3.2.2 Allometric growth model

	3.3 Analysis of correlation between water content and biomass of component organs
	3.4 Distribution characteristics of different component organs under different drought stress

	4 Discussion
	4.1 Water content distribution
	4.2 Biomass allocation

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


