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Abstract: Water deficit and soil salinization are the primary abiotic stress factors hindering maize
growth. To assess the effect of water and salt stress on xylem embolism in maize and investigate
the relationship between drought resistance and xylem vulnerability, a greenhouse experiment was
designed using two maize cultivars, Zhengdan 958 (drought-resistant) and Denghai 605 (drought-
sensitive). Four treatments were included: control (CK), water deficit (WD), salt stress (SS), and
combined water and salt stress (WS). Various hydraulic characteristic indicators, such as stem xylem
water potential, leaf xylem water potential, the specific hydraulic conductivity (Ks) and percentage
loss of conductivity (PLC), were analyzed. Specific hydraulic conductivity curves and vulnerability
curves were constructed, and the hydraulic safety margin (HSM) of the xylem was determined
based on stomatal conductance (Gs). The results indicated that the hydraulic conductivity and
embolism resistance of maize xylem were not correlated. Compared to Denghai 605, Zhengdan 958
had lower maximum specific hydraulic conductivity Ksmax and Psy values (xylem water potential
at 50% PLC) in all treatments, indicating lower water transport capacity but stronger resistance to
embolism. Under single-cultivar conditions, salt stress had a greater inhibitory effect on Ksmax and
HSM in maize xylem compared to water deficit; thus, more severe embolism was found under salt
stress. Under different treatment conditions, Zhengdan 958 had a larger HSM than Denghai 605,
showing a wider water transport safety range and overall superior water transport security. To
summarize, water and salt stress inhibited the water transport efficiency of the xylem in maize stems,
and stronger drought-resistant cultivars showed greater resistance to embolism and larger hydraulic
safety margins.

Keywords: water and salt stress; maize cultivars; drought resistance; xylem water transport efficiency;
embolism vulnerability; hydraulic safety margins

1. Introduction

Maize is a widely cultivated and versatile crop. It is the third most important cereal,
after wheat and rice in terms of sown area and total production [1]. Due to its high nu-
tritional content and application in various products, maize is an important part of the
global agricultural food system. However, throughout its growth process, maize continu-
ously faces various environmental stresses [2], among which soil salinization and water
deficit are the most common abiotic stress factors [3]. These stress factors often decrease
photosynthesis, transpiration, and yield, affecting not only the growth morphology of
maize but also influencing all metabolic processes [4]. Therefore, effective water and salt
management is essential to ensure optimal maize yield and quality [5]. Thus, monitor-
ing the water status of maize can facilitate efficient irrigation management during crop
growth [6]. Among various available methods, constructing embolism vulnerability curves
and hydraulic safety margins (HSM) by measuring the percentage loss of conductivity
(PLC) in the xylem is a superior technique [7-9], as it is more convenient and accurate
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compared to soil water content and soil water potential. It also highlights the significance
of the hydraulic performance of the xylem in maize growth.

Water movement in plant tissues occurs against gravity, and within the xylem, water
exists as a continuous column under negative pressure [10]. The strong cohesive forces
between water molecules enable the water column to withstand tension generated by
transpiration from the leaves [11,12]. The water column under negative pressure generally
exists in a metastable state. The degree of this negative pressure is influenced by factors such
as plant height, soil moisture content, plant transpiration rate, atmospheric water potential
and soil-plant hydraulic path resistance [11,13]. Changes in the growth environment of the
plant, such as drought or salt stress, which alter the transpiration requirements of plants or
the effectiveness of soil moisture, can induce xylem embolism [14-16].

When tension within the xylem reaches a critical threshold due to drought, air is drawn
into the xylem vessels (or tracheids) through the pit membranes, causing the continuous
water column to rupture and gradually expand, resulting in embolism formation [17,18]. In
the context of climate change, salt stress in agricultural soils interacts with drought stress.
Imposing osmotic stress decreases the hydraulic conductivity of plant roots, reducing
intercellular water transport and inducing embolism [19,20]. If the stress persists, the
hydraulic conductivity of the xylem gradually decreases until failure, which severely
affects the photosynthetic performance of the plant, leading to organ death [21,22]. Under
stress, the water potential of maize is disrupted, characterized by a decrease in dehydration
tolerance and photosynthetic activity. This triggers internal signal transduction cascades,
leading to self-hydraulic adjustments and the loss of K* and C1™ in the cells of the xylem and
phloem, followed by a decrease in stomatal aperture in maize. This process ensures a water
potential balance in the xylem, which prevents the formation of xylem embolism [23,24].

To quantitatively visualize the extent of xylem embolism in plant tissues, Sperry and
Tyree [25-27] established the xylem “vulnerability curve” (VC). Based on the PLC and the
corresponding water potential, this curve was used to assess the embolism vulnerability
and drought resistance of the plant xylem. It can be used to elucidate the relationship
between xylem water potential and the degree of embolism, providing crucial information
for studying plant water transport and hydraulic regulation strategies. However, when
determining the actual degree of xylem embolism and hydraulic regulation strategies
in the plant xylem, VC curves have certain limitations [28-30]. Therefore, the concept
of xylem HSM was proposed to evaluate the risk level of plant hydraulic regulation
strategies [31,32]; it can better explain the connection between plant gas exchange processes
and the occurrence of embolism.

However, researchers often focus on the impact of a single abiotic stress on plants;
while, in fact, crops typically experience stress in the form of combined stress during their
growth [33,34]. Since plant responses to combined stress cannot be inferred from a single
stress factor, more attention should be paid to the effects and mechanisms of combined
stress on plants. Current research on xylem embolism primarily involves woody plants,
and researchers generally believe that there is a trade-off between water transport capacity
and embolism resistance in woody plants [35-39], so does maize, as a graminaceous plant,
behave the same way among varieties with different drought resistance? However, there are
limited reports on understanding the drought resistance of maize based on the hydraulic
performance of xylem [36,40], and so further research is needed. To improve the yield and
quality of maize under stress, the tolerance/resistance of the xylem to embolism needs to
be evaluated. In order to investigate the relationship between drought resistance and xylem
vulnerability in maize varieties, and the effect of water and salt stress on xylem embolism
in maize, we analyzed the tolerance of two maize cultivars to water and salt stress using
several factors, including photosynthetic performance, hydraulic characteristic indicators
and HSM. Following initial screening, two maize cultivars, Denghai 605 and Zhengdan
958, with different drought resistances, were used to assess the vulnerability of xylem
embolism and elucidate potential differences in drought resistance. The analysis of xylem
HSM under different conditions of water and salt stress was performed to comprehensively
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understand xylem hydraulic regulation strategies. Our study provided a new perspective
for comprehending the drought adaptability of different maize cultivars. It may also
provide a theoretical foundation and data support for the cultivation and management of
maize in arid and saline-alkali soils.

2. Materials and Methods
2.1. Overview of the Study Area

The experiment was conducted from March 2020 to July 2022 in the Key Laboratory of
Crop Water Use and Regulation at the Institute of Farmland Irrigation, Chinese Academy
of Agricultural Sciences. The experiments were conducted in an FYS-20 model controlled-
environment chamber (113°47' E, 35°09’ N; altitude: 78.8 m) (Figure 1). The chamber
covered an area of 20 m? and allowed environmental factors, such as temperature, humidity,
light duration and intensity, and CO; concentration, to be controlled artificially. The
temperature in the controlled-environment chamber was set at 35 °C/25 °C (day/night),
with 14 h of light per day (6:00 a.m. to 20:00 p.m.), light intensity of 600 umol/(m?-s), and
air humidity of 30-50%, and the atmospheric water potential (¢411,) is —954 to —1712.
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Figure 1. Schematic diagram of the experimental location.

2.2. Experimental Materials

The maize cultivars Zhengdan 958 (stronger drought resistance) and Denghai 605
(weaker drought resistance) were tested in this study by conducting a barrel experiment
on soil culture. The dimensions of the pot are 20 cm in length, 20 cm in width, and 50 cm
in height, with a 5 cm diameter hole at the bottom to enhance air circulation and prevent
water accumulation inside the pot. The soil type was loam, obtained from the top 0—40 cm
layer of the field, air-dried, sieved through 5 mm mesh, and then, filled into pots with a
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soil bulk density of 1.35 g/cm?, each pot contains 24 kg of dry soil. Soil bulk density (o) is
determined using the cutter ring method, and the calculation formula is as follows:

oy =G/V 1)

where py, is soil bulk density (g/cm?); G is the mass of oven-dried soil sample; V is the
volume of the cutter ring.

Before sowing, take the top 0-10 cm layer of the pot for mixing fertilizer, take out the
soil and put it in a basin, weigh 2.5 g of compound fertilizer (180 kg N/hm?, the standard
of basal fertilizer application in local experimental field) completely dissolved in 100 mL of
deionized water, pour it evenly on the soil surface, and backfill it into the pot to its original
bulk density after mixing it well. The proportions of clay, silt, and sand in the experimental
soil were 3.81%, 43.14%, and 53.05%, respectively. Soil nutrient indicators for the soil layer
0—40 cm deep are presented in Table 1, where “d” denotes soil depth, “w” represents the
mass fraction of soil components, and “EC” indicates soil electrical conductivity.

Table 1. Soil physical and chemical properties.

w/(mg-kg~1)
d/cm PH EC/(uS-cm~1)
Organic Matter ~ Available Nitrogen  Available Phosphorus  Available Potassium
0-20 1.64 42.63 8.82 203.92 8.47 229.0
20-40 0.78 19.92 1.64 170.07 8.80 214.0

2.3. Experimental Design

The experiment included four treatments: drought stress (WD), salt stress (SS), com-
bined water and salt stress (WS), and control (CK). In the CK treatment, plants were
irrigated with plain water, and soil moisture was maintained at 70-75% of field capacity, for
drought stress (WD), plain water irrigation was performed, with soil moisture controlled
at 50-55%. In salt stress (SS) treatment, plants were irrigated with a 50 mmol/L NaCl
solution [41,42], with moisture maintained at 70-75%, and the combined water and salt
stress (WS) treatment, irrigation was performed with a 50 mmol/L NaCl solution, with soil
moisture controlled at 50-55%. Each treatment had 5 replicates (Table 2).

Table 2. Experimental design of water stress and salt stress.

Cultivar Treatment Soil Moisture Nacl Concentration/(mmol-L—1)
CKosg 70~75 0
WDosg 55~60 0
ZD958 SSosg 70~75 50
WSgsg 55~60 50
CKygos 70~75 0
WDggs5 55~60 0
DH605 SSe0s 70~75 50
WSkos 55~60 50

Before sowing, the soil moisture content for all treatment groups was adjusted to 70-75%
to ensure healthy seedling growth, thus avoiding soil moisture content being too high or
too low resulting in too wet or too dry soil in the pot, which could affect seed germination.
After sowing, the soil moisture content was tested every two days by the oven-drying
method to ensure that the lower limit of the soil moisture content was between 70 and 75%
and manually irrigated with 1/2 Hoagland nutrient solution formulated as Ca(NO3),-4H,O
(0.59 g/L), KNO;3 (0.253 g/L), KHyPOy (0.068 g/L), MgSO,4-7H,0 (0.347 g /L), and trace
elements (0.5 mL/L). The nutrient solution required during the treatment period was
measured using a portable pH meter, and the pH was adjusted to 5.8-6.2 with dilute
hydrochloric acid. Water and salinity stress induction was started one week before entering
the jointing stage for all replicates. After initiating the treatment, the Hoagland nutrient
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solution was replaced by water and NaCl solution for irrigation, and the soil moisture was
maintained within the target range for each treatment group; the whole treatment period
lasts 3 weeks.

2.4. Sampling, Measurement, and Calculation Methods
2.4.1. Leaf Sample Collection

Leaf samples were collected between 8:00 a.m. and 9:00 a.m. The middle portion of
the fully expanded upper leaves was selected for measurement, and samples were collected
while submerged in water. After soaking the leaves in water overnight, the saturated
weight of the leaves was measured. Next, the water potential was determined using a
pressure chamber. Then, the leaves were removed and left to air-dry indoors. The mass
and the water potential of the leaves were measured at regular intervals until the samples
were severely wilted and could no longer be measured [43,44].

2.4.2. Stem Segment Sample Collection

Stem segment samples were collected from the ear position of the plant. The leaves
attached to the stem segment to be measured were wrapped in aluminum foil, placed
in a foam box with ice, and kept in equilibrium to maintain the water potential balance
between the leaves and stem segments. The water potential of the stem segment was
estimated by measuring the water potential of the wrapped leaves. Subsequently, the
sample was dehydrated indoors for different durations, with measurements taken at
various intervals [43,44].

2.4.3. Leaf Stomatal Gas Exchange Parameters

The photosynthetic rate, transpiration rate, and stomatal conductance of leaves were
measured using a Li-6400 Portable Photosynthetic System (Li-COR, Huntingdon Beach,
CA, USA) between 9:30 a.m. and 11:30 a.m. Leaves with consistent growth, facing in the
same direction, and fully expanded were selected for measurement. Three sets of data
were collected for each leaf, and the average values were calculated. Three plants were
measured for each treatment.

2.4.4. Hydraulic Conductance of the Stem Xylem

Xylem hydraulic conductivity and degree of embolism were measured using a XYLEM-
Plus measurement system. The K; hydraulic conductivity was measured at intervals, and
the water potential was measured simultaneously [43,45]. The formula used to calculate
the percentage of hydraulic conductivity loss PLC is as follows:

PLC =100 x (1—K'/K;) )

If PLC = 0, indicating K; = K/, the xylem is not embolized. In contrast, if PLC = 100%,
K’ =0, indicating that all vessels are embolized [18,19]. The degree of embolism is quantified
using the percentage loss of hydraulic conductance (PLC).

The specific hydraulic conductivity represented by K;, indicates the ratio of hydraulic
conductivity to the cross-sectional area of the stem segment. The formula used for calculat-
ing K; is as follows:

Ks = K;/cross sectional area of stem segment 3)

2.4.5. Simulation of Specific Conductivity Curve

The specific conductivity (Ks) of the xylem in stems of plants refers to the conductivity
per unit cross-sectional area of the stem segment. It reflects the efficiency of water transport
in the xylem. When the cross-sectional area of the stem segment is constant, a higher K;
indicates greater water transport efficiency in the plant. The K curve can be simulated
using the Weibull function as follows:

Ks = Ksmax EXP(—(—X/b)C) (4)
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where x is the water potential in the xylem of the stem; b is the absolute value of the
negative xylem pressure corresponding to a PLC of 63.4%; and c is the slope of the curve
when the negative pressure in the xylem is equal to —b.

2.4.6. Simulation of the Embolism Vulnerability Curve

Embolism vulnerability in the xylem is generally represented by the xylem water
potential (Psp) corresponding to a 50% loss in PLC. A lower Psy indicates stronger resistance
to embolism; thus, it is a crucial indicator for assessing the ability of a plant to resist
embolism. The embolism vulnerability curve is simulated using the Weibull function:

PLC/100 =1 — exp(—(—x/b)* (5)

2.4.7. Hydraulic Safety Margin (HSM)

The HSM for the maize leaf xylem is constructed by correlating leaf stomatal conduc-
tance (Gs) with xylem PLC, which represents the safety of water transport in the xylem.
The stomatal conductance G; is fitted with an S-shaped curve:

f=a/(1+exp(=(x —x0)/b)) 6)

where x is the water potential of leaf xylem; x¢ is the water potential when stomata are
closed (10%Gspax)-

The simulation results obtained from the S-shaped curve provide the maximum
stomatal conductance (Gspqy). Stomatal conductance decreases as leaf water potential
drops, and when G; decreases to 10% of Gguax, leaf stomata are considered to be shut. At
this point, the corresponding water potential is denoted as ¥s¢, and Y5y represents the
water potential at which the loss of leaf xylem conductivity is 50%. The difference between
the water potential at stomatal closure ¥5c and ¥5g is used to represent the HSM of the leaf
xylem. The formula used for calculating HSM is as follows:

HSM = ¥5c — Y50 (7)

2.5. Data Analysis

All experimental data were analyzed and sorted in Microsoft Excel 2019. SPSS 20.0
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The Kolmogorov-Smirnov
test was applied first to justify the normality of the data. If data were normally distributed,
statistical analysis was performed using the one-way ANOVA test with 5% as the level of
significance. If data were not normally distributed, a non-parametric test was applied. The
LSD Test and Duncan’s Multiple New Range Test were used to compare differences between
the maize cultivars and among different treatments. All differences were considered to be
statistically significant at p < 0.05. All figures were generated using Origin Pro 2022 (Origin
Lab Corp., Redmond, MA, USA).

3. Results
3.1. Xylem-Specific Hydraulic Conductivity Curve

The specific hydraulic conductivity curves (Ks) of the stem xylem for the two maize
cultivars are shown in Figure 2. These curves were modeled using the Weibull function
(Equation (4)), and the maximum specific conductivity (Ksmax) was obtained when the stem
xylem water potential was 0 (Table 3). The K curves of ZD 958 and DH 605 showed similar
trends under different treatments, displaying an S-shaped curve, but with differences in
Ksmax (Figure 2). Under water stress alone, Ksmax for WDgs5g and WDgg5 decreased by
8.9% and 15.4%, respectively, compared to the Ksmax of the control groups CKgsg and
CKgps. Under salt stress alone, Ksmax for SSosg and SSgo5 decreased by 12.5% and 18.5%,
respectively. Under combined water and salt stress, Ksmax for WSgsg and WSgg5 decreased
by 35.7% and 33.8%, respectively. All treatments showed significant differences in Ksmax
compared to that in CK (p < 0.05), which indicated a notable inhibitory effect of water and
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salt stress on the stem xylem conductivity in maize. In all four treatments, Ksmax for DH 605
was higher than that for ZD 958, with average values of 0.54 and 0.47 Kgs~! MPa~! m~!,
respectively. DH 605 exhibited a 14.9% higher average specific conductivity than ZD 958,
suggesting a higher efficiency of water transport in the stem xylem of DH 605. In the
Weibull function, the parameter b represents the vulnerability of the xylem to embolism,
with smaller b values indicating greater vulnerability. The b values in both maize cultivars
followed the order CK > WD > SS > WS (Table 3). In all four treatments, the b values for
DH 605 were smaller than those for ZD 958, with average b values of 1.04 and 1.23,
respectively. DH 605 showed an 18.3% lower average b value than ZD 958 (p < 0.05), which
indicated that DH 605 had a higher vulnerability to xylem embolism.

® — Denghai605

= Zhengdan958

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 —2.0 -1.6 -1.2 -0.8 -0.4 0.0
Water potential (Mpa) Water potential (Mpa)
Figure 2. Specific conductivity curves (Ks) of two maize cultivarsunder different treatments.
Table 3. The parameters of the Weibull function and P5( in stems of DH605 and ZD958.
Weibull Function Parameters
Indicator Cultivar Treatment Ps5o (MPa)
Ksmax (kg Mpa—1m~1) b (Mpa) c

CK 0.56 £ 0.015b 1.36+ 0.010 a 3.61 +£0.125¢ --
ZD958 WD 0.51 £+ 0.006 d 127 £0.011b 3.134+0.130e --
SS 0.45 + 0.054 ¢ 1.16+ 0.010 cd 416 £0.239b --
K WS 0.36 +£0.039 g 1.11 £ 0.007 bc 4.72 +0.157 a --
s CK 0.65 +£0.014 a 1.16 + 0.005 de 2.93 £ 0.066 g --
DH605 WD 0.55 £ 0.019 ¢ 1.06 4 0.005 ef 3.04 £+ 0.051 f --
SS 0.53 £ 0.009 ¢ 0.99 £ 0.005 f 3.13+0.166 e -~
WS 0.43 +0.034 f 093 +£0.012¢g 3.53 £0.076 d --




Agronomy 2024, 14, 438 8 of 15
Table 3. Cont.
Weibull Function Parameters
Indicator Cultivar Treatment Ps5¢ (MPa)
Ksmax (kg Mpa—1m~1) b (Mpa) c

CK -- 1.28 £ 0.022 a 2.85+0.215d -117+002¢g

D958 WD - 124 +0.014a 2.32 £0.095e —1.13 £0.05f

SS -- 1.20 £ 0.027 b 3.58 + 0.296 ¢ —1.08 +0.05¢

PLC WS -- 1.15+ 0.012b 347 +£0.132¢ —1.03 +0.08 d
CK - 1.06 + 0.037 ¢ 1.91 +0.144 £ —0.88 = 0.09 ab

DH605 WD -- 1.02 £ 0.029 cd 1.99 £ 0.211 f —091+0.07b

SS - 0.97 + 0.008 d 4.67 £0.703b —0.91 + 0.08 a

WS - 0.89 £ 0.027 f 5.66 £+ 0.533 a —0.91 £ 0.09 ¢

Note: In the Weibull function, the b values represents the absolute value of the negative pressure in the xylem
corresponding to a loss of 63.4% in hydraulic conductivity; the ¢ values is the slope of the curve when the negative
pressure in the xylem is equal to —b, and the larger the c value, the steeper the curve; and Ps is the water potential
of the xylem corresponding to a 50% loss in hydraulic conductivity, indicating the ability of the xylem to resist
embolism. “--” indicates that this parameter was not involved in the analysis of the data in this row. Different
letters within a date indicates significant differences (p < 0.05) between treatments.

3.2. Vulnerability Curves for Stem Xylem Embolism

The vulnerability curves (VC) for stem xylem embolism in the two maize cultivars
exposed to different treatments are shown in Figure 3, and the simulation results obtained
using the Weibull function (Equation (5)) are presented in Table 3. The VC curves for both
maize cultivars showed that the PLC increased as water potential decreased (Figure 3). The
simulation results indicated that the c¢ values for the salt treatment groups (SS and WS)
were significantly higher than those for the single water treatment groups (CK and WD)
(Table 3), aligning with a more pronounced trend in SS and WS treatments compared to
the CK and WD treatments. P represents the water potential at which significant xylem
embolism occurs. A smaller Ps indicates that significant embolism occurs at lower water
potential, making embolism formation more challenging. Compared to that in the con-
trol groups (CKgsg and CKgps), Psp increased by 3.4% and 4.4% in the WDgsg and WDg5
groups, by 7.7% and 8.9% in the SSgsg and SSgg5 groups, and by 13.7% and 14.4% in the
WSgsg and WSgp5 groups. The differences were significant compared to the control groups
(p < 0.05). The decreasing gradient in Ps5y across treatments showed CK > WD > S5 > WS,
which indicated that water and salt stress could increase the critical water potential at
which significant embolism occurred, increasing the chances of severe embolism. In all
four treatment groups, Psp for ZD 958 was lower than that for DH 605, with average values of
—1.1 and —0.91 MPa, respectively. ZD 958 exhibited an average reduction of 34.1% compared
to DH 605 (p < 0.05), which suggested that ZD 958 had stronger resistance to embolism.

3.3. Hydraulic Safety Margins in Leaf Xylem

Figure 4 shows the multi-day average changes of various gas exchange parameters
of DH605 and ZD958 under water and salt stress. The stress treatments had a significant
inhibitory effect on the photosynthetic rate, transpiration rate, and stomatal conductance of
leaves (p < 0.05). The stronger the photosynthetic performance of leaves, the more water
plants consume, and the stronger the transpiration tension within the xylem, resulting in
a greater leaf-root water potential difference. Under water and salt stress, various gas
exchange parameters showed a gradient change of CK > WD and SS > WS, showing an
overall trend of high moisture content treatment > low moisture content treatment, and
non-salt treatment > salt treatment. The vulnerability curves for leaf xylem embolism and
the curves depicting stomatal conductance variation with leaf water potential for DH 605
and ZD 958 are shown in Figures 5 and 6, respectively. The HSM (Equation (6)) for leaf
xylem is presented in Table 4. The trends in curve variations were similar for DH 605
and ZD 958 (Figures 5 and 6), but the water potentials (¥sc) corresponding to stomatal
closure differed under different treatments. The changes in ¥sc for both maize cultivars
followed the order CK > WD >SS > WS (Table 4), indicating a significant increase in the
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water potential at which stomatal closure occurred due to water and salt stress. The same
trend was observed for ¥59. Compared to CK958 and CK605, the three stress treatment
groups showed reductions of 13.2%, 42.2%, and 44.6%, respectively, for the HSM in ZD 958;
in DH 605, HSM decreased by 7.3%, 33.6%, and 47.4%, respectively. The reductions in the
HSM for the salt treatment groups (SS and WS) were 72.9% and 77.7% higher than those
for the water treatment groups (WD), which indicated that salt stress had a stronger effect
on hydraulic safety than water stress. In all four treatment groups, ZD 958 consistently
exhibited higher HSM than DH 605, with average values of 0.23 MPa and 0.29 MPa,
respectively. ZD 958 had a 25.9% higher average HSM than DH 605, demonstrating a
broader safe water transport range and greater hydraulic safety.

® —— Denghai605 o ——- Zhengdan958
L — T T T T T T T 1
WD

=
3

~
W

[
[

(=]

Percentage loss of hydraulic conductivity
PLC(%)
W
S

1)
3

~
[

%3
=

[
[

(=

Percentage loss of hydraulic conductivity
PLC(%)

. v v v T e

2.0 -1.6 -1.2 -0.8 -0.4 0.0 2.0 -1.6 -1.2 -0.8 -0.4 0.0
Water potential(Mpa) Water potential(Mpa)

Figure 3. Xylem vulnerability curves (PLC) of two maize cultivars under different treatments.
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Figure 4. Gas exchange parameters under water and salt stress of DH605 and ZD958. Error bars
indicate standard errors (n = 3) of mean. Different letters within a treatment indicates significant
differences (p < 0.05) between treatments.



Agronomy 2024, 14, 438

10 of 15

Percentage loss of hydraulic conductivity
PLC(%)

Stomatal conductivity
G, (mol'-m™-s™")

Percentage loss of hydraulic conductivity
PLC(%)

WS

¥ 471

Stomatal conductivity
G, (mol'm™-s™)

-1.5 -0.5 0.0
Water potential(Mpa)

—2.5

-2.0

-1.5 -1.0 05
Water potential(Mpa)

Figure 5. The curves of leaf-specific conductivity and stomatal conductance in leaf of DH605. The
horizontal dotted line represents 50% PLC; The vertical solid line represents the water potential
corresponding to 50% PLC (¥50); The vertical dotted line represents the water potential when the leaf
stomata are closed (¥sc).

v —— PILC

Stomatal conductivity
Gg (mol-m’z-s’l)

Percentage loss of hydraulic conductivity
PLC(%)

Stomatal conductivity
Gg (mol~m'2-s'1)

Percentage loss of hydraulic conductivity
PLC(%)

. L L L L L L . L L A L L L

-1.5 -1.0 -0.5 0.0 0.5 -1.0  -0.5 0.0 0.5
Water potential(Mpa) Water potential(Mpa)

Figure 6. The curves of leaf-specific conductivity and stomatal conductance in leaf of ZD958.



Agronomy 2024, 14, 438 11 of 15
Table 4. The parameters of the Weibull function of maize in different treatments.
Treatment Cultivar ¥sc ¥so HSM
CK DH605 —0.625 —0.914 0.289
ZD958 —0.571 —0.957 0.386
WD DH605 —0.722 —0.99 0.268
ZD958 —0.684 —1.019 0.335
s DH605 —0.886 —1.078 0.192
ZD958 —0.896 -1.119 0.223
WS DH605 —1.007 —1.159 0.152
ZD958 —0.962 -1.176 0.214

4. Discussion

Generally, a mutually restrictive trade-off relationship occurs between water transport
capacity and embolism resistance in woody plants, suggesting that as the water transport
efficiency of the xylem increases, the resistance to embolism decreases [46—48]. Whether a
similar relationship exists among maize cultivars with different levels of drought resistance
is not clear. To investigate the interplay between drought resistance, water transport
capacity, and embolism resistance, we conducted experiments using ZD 958, which has
stronger drought resistance, and DH 605, which has weaker drought resistance. We found
that DH 605 had significantly higher maximum specific conductivity (Ksmax) than ZD 958
in all four treatment groups (p < 0.05). Contrary to expectations, the variety with stronger
drought resistance showed lower xylem-specific conductivity than the variety with weaker
drought resistance. This occurred probably because of the anatomic structural differences
in the xylem of the two maize cultivars. The number of vessels and the diameter of these
vessels were higher in DH 605 than in ZD 958 [49]. According to the Hagen—Poiseuille
equation, water conductivity is proportional to the fourth power of the vessel diameter and
is cumulatively related to the number of vessels [50,51]. Therefore, the water conductivity
of DH 605 was higher than that of ZD 958. This finding suggested the presence of a trade-off
between drought resistance and water transport capacity in maize cultivars.

Based on the “air-seeding” theory, embolism formation is primarily determined by
micropores on pit membranes between vessels, and micropores with larger diameters
increase the chances of embolism formation. The larger vessel diameter in DH 605 in-
creased the probability of larger micropores on pit membranes, and they also decreased
the mechanical strength of vessel walls, making it less resistant to cavitation compared to
ZD 958. We confirmed this based on the b-value of the Weibull function (which represents
the vulnerability of the xylem to embolism) which was smaller in DH 605 than in ZD 958 by
18.3% (on average). A lower Ps indicates stronger resistance to embolism. In all treatments,
ZD 958 showed lower Psy values than DH 605. ZD 958 demonstrated stronger resistance
to embolism, indicating a correlation between drought resistance and xylem embolism
resistance. These findings matched the results obtained by Cochard [52], which indicated
that cultivars with stronger drought resistance have greater resistance to cavitation and
adaptability to drought. The differences in hydraulic performance between the cultivars
reflected their distinct water-use strategies; DH 605 maximizes water uptake through a
high-water transport capacity in the absence of embolism, whereas, ZD 958 relies on a
low-water transport capacity to delay embolism occurrence.

Drought and saline growth environments significantly inhibit plant growth [53,54].
By affecting the photosynthesis of crops, they disrupt the water potential balance within
the xylem [55], triggering cavitation and leading to xylem embolism, ultimately affecting
the yield and quality of crops [13,56]. Therefore, water potential and PLC are the most
closely related parameters related to xylem embolism. Our results indicated that PLC in
both maize cultivars increased with a decrease in the water potential, following the order
WS >SS > WD > CK concerning the severity of embolism. This finding suggested that
water and salt stress increased the severity of xylem embolism. The Weibull simulation
results for b and ¢ values also showed the same trend for the changes in both cultivars, and
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the order of changes in the values was CK > WD > SS > WS. Additionally, the ¢ values were
significantly higher for the salt treatment groups (SS and WS) than for the water treatment
groups (CK and WD), indicating a faster increase in PLC. This highlighted that compared to
water stress, salt stress is more likely to induce cavitation, leading to more severe embolism.

Water—salt stress causes changes in the stability of the soil-plant-atmosphere con-
tinuum, affecting the water uptake process from the soil to the root system, causing a
disruption of the water potential balance within the xylem, which in turn affects the photo-
synthetic system of the crop [57]. Atmospheric water potential affects the way stomatal
opening and closing are regulated, and stomatal conductance directly reflects the state of
stomatal opening and closing; this stomatal activity causes transpiration tension, and it has
the most significant impact on the water potential balance in the xylem [58] and it is the
gas exchange parameter most closely related to the risk assessment of xylem embolism [59].
Therefore, a combined curve of stomatal conductance (Gs) and PLC was selected to assess
the risk level of imbalance in xylem tension, represented by the HSM. In this study, HSM
was significantly higher in the CK group than in the other treatment groups. The HSM
of the three stress treatment groups decreased by 7.3% to 47.4%, showing a gradient that
followed the order CK > WD > SS > WS. The decrease in HSM was significantly higher
under salt-related stress than under stress unrelated to salt, which indicated that water—salt
stress significantly decreased the HSM of the xylem, leading to a substantial increase in
xylem embolism risk and a severe effect on the water transport safety of maize. Addi-
tionally, other studies reported a close relationship between Psy values and HSM, where
smaller P5y values were found to be associated with larger HSM and stronger drought
resistance [9,60]. In our study, the P5y values of Zhengdan958 were consistently smaller
than those of Denghai605, and the HSM of Zhengdan958 was consistently larger than that of
Denghai605, following the gradient change where smaller Psy values were associated with
larger HSM values. The average values of the HSM for the two cultivars were 0.23 MPa and
0.29 MPa, and the average HSM of Zhengdan958 was 25.9% higher than that of Denghai605.
Thus, Zhengdan958 showed overall higher water transport safety and a wider hydraulic
safety range.

5. Conclusions

(1) In maize cultivars with varying levels of drought resistance, the drought-resistant
ZD 958 showed lower water transport efficiency in the leaf xylem compared to the
drought-sensitive DH 605. However, ZD 958 showed a stronger ability to resist
cavitation in the xylem compared to DH 605. The drought resistance of maize cultivars
showed no direct correlation with water transport efficiency but was closely associated
with the ability to resist cavitation. Higher water transport efficiency might be more
prone to inducing cavitation, suggesting that stronger drought resistance in a variety
is associated with a greater ability to resist cavitation.

(2) Water—salt stress increased the P5g values and PLC in both the stem and leaf xylem,
increasing the susceptibility of the xylem to cavitation. Overall, the severity of cavita-
tion followed a gradient of WS >SS > WD > CK. Different stress conditions resulted
in different degrees of cavitation, with salt stress inducing more severe cavitation
compared to water stress. The degree of xylem cavitation was greater under salt stress.

(3) During stomatal closure, the water potential (¥sc) of DH 605 and ZD 958 was higher
than the water potential during severe cavitation (Psp). Maize can maintain normal
water transport by closing leaf stomata to halt transpiration, ensuring that xylem
potential remains higher than the potential at which severe cavitation occurs (Psp). We
found that both cultivars adopt the same hydraulic regulation strategy, but ZD 958
showed higher hydraulic safety, with a broader safe water transport range, indicating
stronger adaptability to arid and saline-alkali environments.
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