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Abstract

Water deficit is a major constraint on apple production in arid and semi-arid regions,
and the selection of drought-adapted rootstocks is an effective strategy for improving
orchard sustainability. This study evaluated the drought resistance of ten apple rootstocks
and identified promising germplasm for apple production in the arid region of the Loess
Plateau in Ningxia, China. A field experiment was conducted in Yanchi County, where
annual precipitation is approximately 200 mm. Twelve leaf anatomical traits, nine stomatal
traits, and ten physiological and biochemical parameters were measured and integrated for
multivariate analysis. Significant differences were observed among rootstocks in epidermal,
mesophyll, and stomatal traits. Qingzhen No. 1 exhibited the greatest upper and lower
epidermal thicknesses, Qingzhen No. 2 had the greatest leaf thickness, and Pajam had the
greatest mesophyll thickness. Stomatal traits also differed substantially among rootstocks,
with SH40 showing the highest stomatal density, whereas Qingzhen No. 1 showed the
largest stomatal size and opening characteristics. Pajam also exhibited relatively high
proline content and POD activity, indicating coordinated osmotic and antioxidant responses
under severe aridity. Principal Component Analysis (PCA) of 21 leaf anatomical and
stomatal traits extracted five principal components explaining 91.888% of the total variance,
while PCA of the 10 physiological and biochemical indicators extracted four principal
components explaining 87.394% of the total variance. Membership function and Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS) analyses consistently ranked
Pajam highest, followed by M26 and B9. The rootstocks were classified into high (Pajam
and M26), moderate (B9, Qingzhen No. 1, SH40, JM7, T337, and Qingzhen No. 2), and low
(M7 and Nic29) drought-resistance categories. These findings support environment-specific
rootstock selection for apple production under water-limited conditions.

Keywords: water-limited conditions; stomatal regulation; leaf functional traits; multivariate
analysis; rootstock screening

1. Introduction
Water scarcity is a major constraint on sustainable apple production in arid and semi-

arid regions, particularly in northwestern China, where low and uneven precipitation,
high evaporative demand, and frequent seasonal drought can restrict plant growth and
productivity. Under limited water availability, the selection of drought-adapted rootstocks
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is an important strategy for improving orchard water-use efficiency and maintaining sta-
ble tree performance. Apple (Malus domestica Borkh.) is one of the world’s most widely
cultivated perennial fruit crops, and commercial production predominantly relies on graft-
ing [1]. Rootstocks influence scion vigor, root development, water and nutrient acquisition,
and physiological responses to environmental stresses. Consequently, differences among
rootstocks in root-system characteristics, hydraulic regulation, and shoot physiological
adjustment can substantially affect the ability of grafted trees to maintain function under
water-limited conditions.

Previous studies indicate that drought adaptation in apple is a complex and genotype-
dependent process involving leaf structure, stomatal regulation, water relations, osmotic
adjustment, and antioxidant defense. Leaf anatomical characteristics, including leaf thick-
ness, mesophyll development, epidermal traits, and vascular structure, can influence
photosynthetic tissue protection, internal CO2 diffusion, and water transport, whereas
stomatal characteristics determine the balance between carbon acquisition and transpira-
tional water loss [2,3]. Physiological and biochemical responses provide additional levels of
protection through osmotic adjustment and the regulation of oxidative stress. Compatible
solutes such as proline and soluble sugars can contribute to cellular water balance, while
antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) participate in the control of drought-induced reactive oxygen species (ROS) [4].
Importantly, the available evidence does not indicate that a single rootstock group or indi-
vidual trait consistently confers superior drought adaptation. Studies involving commonly
used M-series and B-series dwarfing rootstocks have demonstrated substantial genotypic
differences in leaf morphology, anatomy, photosynthetic performance, and physiological
responses to water deficit [5]. However, the relative performance of individual rootstocks
can vary depending on the trait considered and the environmental conditions under which
drought is imposed. For example, greater leaf thickness, stronger mesophyll develop-
ment, or particular stomatal characteristics may be associated with improved structural
protection or water conservation in some genotypes, but these traits do not necessarily
translate into superior overall drought resistance. Similarly, physiological studies have
reported differences among rootstocks in osmotic adjustment and antioxidant activity, but
contrasting responses among genotypes indicate that drought adaptation may depend
on the coordination of several protective mechanisms rather than on uniformly increased
activity of a single pathway [6]. Other rootstock and interstock materials further illustrate
this complexity. SH40 has recently been evaluated in relation to drought responses of
grafted apple scions, demonstrating that the drought response of grafted trees can differ ac-
cording to the scion–interstock combination [7]. Studies of multiple apple rootstocks under
drought have likewise reported differences in morphology, yield, fruit quality, stomatal
regulation, and physiological responses, emphasizing that rootstock effects are multidi-
mensional and may depend on the drought conditions and plant material evaluated [8].
In contrast, the Qingzhen series has received comparatively less attention in comparative
drought-resistance studies than the more extensively investigated M- and B-series materi-
als. Thus, although previous research has established substantial genotypic variation in
apple drought responses, comparisons across these different rootstock groups under the
same severe field environment remain limited. A further limitation of previous research is
methodological. Many drought-resistance studies have focused on a relatively small num-
ber of physiological, biochemical, morphological, or photosynthetic indicators, while others
have evaluated plants under short-term or artificially imposed drought conditions [2,3,7–9].
Such approaches are valuable for identifying specific response mechanisms, but they may
not adequately capture the simultaneous effects of soil-water limitation, high atmospheric
evaporative demand, temperature, and radiation that occur under natural arid-field con-
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ditions. Moreover, because drought resistance is a quantitative and multifaceted trait,
variation in one indicator may not correspond directly to the overall drought performance
of a genotype. This creates a need for field-based assessments that integrate complementary
structural, stomatal, physiological, and biochemical characteristics rather than relying on
individual indicators.

Yanchi County in Ningxia was selected in the present study specifically as an ex-
perimental environment representing severe water limitation. The region has an arid
continental climate characterized by approximately 200 mm of annual precipitation, high
evaporative demand, intense solar radiation, and pronounced seasonal temperature varia-
tion [10]. These conditions are substantially more water-limited than those of conventional
apple-growing environments. Therefore, the Yanchi site was not intended to represent a
typical high-rainfall apple production environment; rather, it provides a stringent field en-
vironment for evaluating whether different rootstocks can maintain favorable leaf structure
and physiological function under naturally occurring, severe aridity. This environmen-
tal context also makes the results particularly relevant to the selection of rootstocks for
water-limited apple-production areas.

Against this background, the present study evaluated ten apple rootstocks represent-
ing diverse genetic backgrounds, including the SH, M, B, and Qingzhen series, under the
same field conditions in Yanchi County. Rather than examining a single drought-response
mechanism, we integrated leaf anatomical characteristics, stomatal traits, and physiological
and biochemical indicators to characterize multiple dimensions of drought adaptation.
Specifically, the study aimed to (i) characterize variation in structural, stomatal, physiologi-
cal, and biochemical responses among the ten rootstocks; (ii) identify representative traits
associated with their differential drought responses; and (iii) comprehensively evaluate
and classify the drought resistance of the tested rootstocks using multivariate approaches.
By integrating complementary trait categories through principal component analysis, mem-
bership function analysis, and TOPSIS, this study seeks to provide a more biologically
meaningful assessment of rootstock performance under severe arid field conditions and to
clarify whether differences among diverse rootstock groups can be better distinguished
through multidimensional trait integration.

2. Materials and Methods
2.1. Study Site and Plant Materials

The field experiment was conducted in Yanchi County, Ningxia Hui Autonomous
Region, China (37.90◦ N, 107.41◦ E), at an altitude of approximately 1550 m above sea level.
The study site is located in an arid region of the Loess Plateau and is characterized by a
temperate continental climate with low precipitation, high evaporative demand, intense
solar radiation, and pronounced seasonal temperature fluctuations. The mean annual
temperature is approximately 7.8 ◦C, with mean monthly temperatures of −10.4 ◦C in
January and 22.8 ◦C in July. The difference between the mean temperatures in winter
and summer is approximately 28 ◦C. Annual precipitation is approximately 200 mm,
whereas annual evaporation substantially exceeds precipitation. The average daily sunshine
duration is approximately 6.0 h, and the accumulated temperature above 10 ◦C ranges
from 4480 to 4590 ◦C [10].

Ten apple rootstocks representing diverse genetic backgrounds were selected for
the field experiment: SH40, Nic29, T337, B9, Pajam, JM7, Qingzhen No. 1, Qingzhen
No. 2, M7, and M26. All rootstocks were planted in 2020 and were approximately three
years old during the 2023 sampling season. The rootstocks were maintained under the
same field management conditions, including planting density, fertilization, irrigation,
pruning, and other routine agronomic practices, to minimize variation arising from cultiva-
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tion management. Approximately 100 plants were established for each rootstock for the
broader rootstock resource experiment. For the present study, three independent plants
were randomly selected for each rootstock and used as biological replicates (n = 3). From
each selected plant, three fully expanded and healthy mature leaves were collected from
comparable canopy positions, resulting in nine sampled leaves per rootstock. The sub-
sequent sampling procedures for anatomical, stomatal, physiological, and biochemical
measurements are described separately below.

In mid-June 2023, fully expanded and healthy mature leaves were collected from
comparable canopy positions of each rootstock. Leaves showing visible mechanical damage,
disease symptoms, or other abnormalities were excluded. Immediately after collection, leaf
samples were placed in sealed plastic bags and transported to the laboratory in insulated
containers. The samples were sequentially rinsed with tap water and distilled water, and
excess surface water was gently removed with absorbent paper before subsequent analyses.

2.2. Measurement of Leaf Anatomical Traits

Leaf anatomical characteristics were determined using a conventional paraffin-
sectioning technique following previously established procedures [11]. Three independent
plants were used as biological replicates for each rootstock (n = 3). From each plant, three
fully expanded and healthy mature leaves were selected from comparable canopy positions.
Approximately 1 cm2 tissue segments were excised from the central region of each selected
leaf and immediately fixed in 50% FAA (formalin–acetic acid–alcohol) solution. For each
leaf, three sections were prepared, and ten randomly selected microscopic fields of view
were examined for each section. Thus, nine leaves were examined for each rootstock, with
three leaves collected from each of the three biological replicate plants. Measurements
obtained from the technical observations were averaged within each individual plant before
statistical analysis, and the three individual plants constituted the biological replicates.

Digital micrographs were captured under consistent microscopic conditions using a
Moticam Pro microscopy imaging system (Motic, Shanghai, China). The measurements ob-
tained from the sections and microscopic fields were used to characterize the leaf anatomical
traits of each rootstock.

Nine leaf anatomical traits were directly measured: main vein diameter (VD), upper
epidermis thickness (TU), lower epidermis thickness (TL), palisade tissue thickness (TP),
spongy tissue thickness (TS), leaf thickness (LT), mesophyll thickness (MT), upper cuticle
thickness (CU), and lower cuticle thickness (CL). All directly measured anatomical traits
were expressed in µm.

Three structural indices were additionally calculated:

P/S = TP/TS, CTR = TP/LT, and SR = TS/LT.

where P/S represents the palisade-to-spongy tissue ratio, CTR represents leaf structural
compactness, and SR represents leaf structural porosity. Thus, 12 leaf anatomical variables
(nine measured traits and three derived indices) were available for subsequent analyses.

The coefficient of variation (CV) was calculated as follows:

CV = (Standard Deviation/Mean) × 100%.

Variation in leaf anatomical traits may reflect structural plasticity associated with
differences in water availability and may contribute to the maintenance of leaf function
under drought conditions [12].
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2.3. Measurement of Stomatal Traits

Stomatal characteristics were determined using the transparent nail-polish imprint
method, which is widely used for assessing stomatal density and morphology in leaves [13].
The abaxial epidermal surface of each leaf was evenly coated with transparent nail polish.
After the polish had completely dried, the epidermal imprint was carefully peeled from the
leaf surface using transparent adhesive tape and mounted on microscope slides.

Stomatal imprints were observed using a Motic optical microscope equipped with a
digital imaging system. Digital images were captured under consistent magnification and
imaging conditions. Stomatal traits were measured using Motic Images Plus 3.0 software.

For each rootstock, three independent plants were used as biological replicates (n = 3),
and three fully expanded and healthy mature leaves were collected from each plant from
comparable canopy positions. Stomatal observations were performed on the selected leaves
using epidermal imprints. Technical measurements obtained from the leaves of each plant
were averaged to generate one plant-level value, and the three plant-level values were used
as the three biological replicates for statistical analysis.

Nine stomatal traits were measured: stomatal density (SD, number of stomata mm−2),
stomatal length (SL, µm), stomatal width (SW, µm), stomatal area (SA, µm2), stomatal
perimeter (SP, µm), stomatal opening length (LSO, µm), stomatal opening width (WSO,
µm), stomatal opening area (ASO, µm2), and stomatal opening circumference (CSO, µm).

2.4. Determination of Physiological and Biochemical Parameters

Physiological and biochemical parameters associated with drought responses were
measured to characterize the physiological status and potential adaptive mechanisms of
the ten apple rootstocks under field conditions.

The contents of soluble sugars, proline (Pro), and lignin were determined using
commercial assay kits. The activities of peroxidase (POD), catalase (CAT), chitinase, β-
1,3-glucanase (β-1,3-GA), phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO),
and superoxide dismutase (SOD) were also determined using commercial assay kits. The
catalogue numbers used were: soluble sugar, BC0030; proline, BC0290; lignin, BC4200;
POD, BC0090; CAT, BC0200; chitinase, BC0820; β-1,3-GA, BC0360; PAL, BC0210; PPO,
BC0190; and SOD, BC0170 (Solarbio, Beijing, China).

All assay kits were purchased from Shanghai Solarbio Bioscience Co., Ltd. (Shanghai,
China), and the assays were conducted strictly according to the manufacturer’s instructions.
For each rootstock, three independent plants were used as biological replicates (n = 3). From
each plant, three fully expanded and healthy mature leaves were collected from comparable
canopy positions for physiological and biochemical analyses. Samples from each plant
were processed independently, and technical measurements were averaged within each
plant. Therefore, the three individual plants, rather than the individual leaves or technical
measurements, constituted the three biological replicates used for statistical analysis.

2.5. Statistical Analysis and Comprehensive Evaluation of Drought Resistance

All experimental data were initially organized and processed using Microsoft Excel.
Statistical analyses, including analysis of variance (ANOVA), correlation analysis, and
principal component analysis (PCA), were performed using IBM SPSS Statistics version
26.0 (IBM Corp., Armonk, NY, USA). The coefficients of variation (CVs) were calculated to
characterize the relative variability of the measured traits among the ten rootstocks.

Differences among rootstocks were evaluated by one-way ANOVA. When the ANOVA
indicated a significant effect, Duncan’s multiple range test was used for post hoc pairwise
comparisons. Statistical significance was assessed at p < 0.05, with p < 0.01 considered
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highly significant. Correlation analysis was conducted to assess relationships among the
measured leaf anatomical, stomatal, and physiological and biochemical traits.

PCA was performed to reduce the dimensionality of the multivariate dataset and
identify the principal sources of variation among the rootstocks. Principal components
with eigenvalues >1 were retained according to the Kaiser criterion. The contribution rate
and cumulative contribution rate of each retained principal component were calculated,
and retained components were interpreted according to their factor loadings. For the
comprehensive drought-resistance evaluation, representative indicators were selected
from the PCA results according to their contributions to the principal components. The
membership function method integrates multiple drought-related traits into a common
dimensionless scale and has been widely used for the comprehensive evaluation of drought
resistance in plant germplasm resources [14–16].

The nine representative indicators were further evaluated using the Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) method. In TOPSIS analysis,
each rootstock was evaluated according to its relative distance from the positive ideal
solution and the negative ideal solution. The relative closeness coefficient was calculated
to determine the comprehensive ranking of drought resistance, with a larger coefficient
indicating greater similarity to the ideal drought-resistant genotype.

The PCA, membership-function, and TOPSIS analyses were integrated to establish a
transparent comprehensive evaluation framework for drought resistance among the ten
apple rootstocks. The final drought-resistance classification was determined according to
the comprehensive evaluation results.

3. Results
3.1. Leaf Anatomical Characteristics of Apple Rootstocks
3.1.1. Epidermal Anatomical Characteristics of Leaves

Cross-sectional observations revealed that the leaves of all ten apple rootstocks exhib-
ited typical bifacial anatomy, consisting of an upper epidermis, palisade tissue, spongy
tissue, a lower epidermis, and vascular bundles (Figure 1). Both the upper and lower
epidermal layers consisted of a single layer of closely arranged rectangular or polygonal
cells, with a distinct cuticle layer on the outer surface.

Figure 1. Cross-sectional anatomy of leaves from ten apple rootstocks. (A) B9; (B) Pajam; (C) JM7;
(D) Nic29; (E) SH40; (F) T337; (G) M7; (H) M26; (I) Qingzhen No. 1; (J) Qingzhen No. 2.

Significant differences were observed among the ten rootstocks in epidermal thickness,
whereas cuticular thickness showed relatively limited variation (Table 1). Upper epidermal
thickness differed significantly among rootstocks (p < 0.05), with Qingzhen No. 1 exhibiting
the greatest value, which was 72.2% higher than that of Nic29. Similarly, Qingzhen No. 1
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had the greatest lower epidermal thickness, which was 64.7% higher than that of JM7
(p < 0.05). The coefficients of variation for upper and lower epidermal thickness were
19.94% and 17.61%, respectively.

Table 1. Analysis of variance of epidermal and cuticular thickness in leaves of ten apple rootstocks.

Trait
Lower

Epidermis
Thickness (µm)

Lower Cuticle
Thickness

(µm)

Upper
Epidermis

Thickness (µm)

Upper Cuticle
Thickness

(µm)

F-value 8.655 1.230 3.239 2.158
p-value 0.000 0.332 0.014 0.073
CV (%) 17.61 10.66 19.94 8.58

The upper cuticle of M26 was significantly thicker than that of T337 (p < 0.05), whereas
no significant difference was detected in lower cuticle thickness among the rootstocks
(p > 0.05). Across all ten rootstocks, upper epidermal thickness was consistently greater
than lower epidermal thickness (Figure 2).

Figure 2. Epidermal anatomical parameters of leaves from ten apple rootstocks. Different lowercase
letters above the columns indicate significant differences among rootstocks (p < 0.05).

3.1.2. Mesophyll Anatomical Characteristics of Leaves

All ten apple rootstocks showed clear differentiation between palisade and spongy
tissues. Palisade cells were elongated and densely arranged, whereas spongy tissue cells
were irregularly shaped and contained relatively large intercellular spaces.

Significant differences were observed among the rootstocks in leaf thickness and
mesophyll-related traits (Table 2). Leaf thickness and mesophyll thickness showed similar
patterns of variation among genotypes. T337 exhibited the lowest leaf thickness, whereas
Qingzhen No. 2 exhibited the highest value (317.70 ± 16.99 µm; p < 0.05). Pajam had the
greatest mesophyll thickness (265.73 ± 44.19 µm), with significant differences detected
among the rootstocks (p < 0.05).

Palisade and spongy tissue thickness generally followed the variation pattern of
total leaf thickness. Qingzhen No. 2 exhibited the greatest palisade tissue thickness
(141.41 ± 7.16 µm) and spongy tissue thickness (148.86 ± 14.25 µm), whereas T337 and
JM7 showed the lowest values for these traits, respectively (p < 0.05).
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Table 2. Analysis of variance of mesophyll anatomical traits in leaves of ten apple rootstocks.

Trait
Main Vein
Diameter

(µm)

Leaf
Thickness

(µm)

Mesophyll
Thickness

(µm)

Palisade Tissue
Thickness

(µm)

Spongy Tissue
Thickness

(µm)

P/S
Ratio

CTR
(%)

SR
(%)

F-value 2.336 7.312 5.051 4.893 5.821 7.308 6.722 1.554
p-value 0.055 0.000 0.001 0.002 0.001 0.000 0.000 0.196
CV (%) 24.57 24.57 18.27 20.03 19.58 14.79 10.94 18.25

The P/S ratio and leaf structural compactness (CTR) exhibited similar ranking patterns
among the rootstocks. Both indices were highest in Nic29 and lowest in Qingzhen No. 1
(p < 0.05). In contrast, leaf structural porosity (SR) did not differ significantly among the
rootstocks (p > 0.05) (Figure 3).

Figure 3. Mesophyll anatomical parameters of leaves from ten apple rootstocks. Different lowercase
letters above the columns indicate statistically significant differences (p < 0.05). (a) LT and MT; (b) TP
and TS; (c) CTR and SR; (d) P/S and VD.

3.1.3. Characteristics of Leaf Vein Anatomy

Considerable variation was observed in the main vein anatomical characteristics of
the ten apple rootstocks. All rootstocks exhibited well-developed vascular bundles within
the main veins. Accessory veins adjacent to the main veins were observed in Pajam, M7,
M26, and Qingzhen No. 2.

Pajam exhibited the most prominent accessory vein development. Main vein diameter
also varied substantially among the rootstocks. M26 exhibited the greatest main vein diam-
eter (1242.78 ± 291.91 µm), whereas Nic29 showed the smallest value (661.56 ± 198.57 µm),
representing a difference of approximately 87.8% (Figure 3).
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The coefficient of variation for main vein diameter was 24.57%, indicating relatively
high variation among the tested rootstocks.

3.1.4. Correlation Analysis Among Leaf Anatomical Traits

Correlation analysis revealed significant associations among several leaf anatomical
traits (Figure 4). Leaf thickness, mesophyll thickness, palisade tissue thickness, and spongy
tissue thickness were strongly and positively correlated with one another. The strongest
correlation was observed between leaf thickness and mesophyll thickness (r ≈ 0.98).

Figure 4. Heatmap showing correlations and significance levels among leaf anatomical traits in ten
apple rootstocks.

Main vein diameter was not significantly correlated with the mesophyll-related traits
examined (p > 0.05). The P/S ratio showed a strong positive correlation with CTR (r ≈ 0.98)
and a strong negative correlation with SR (r ≈ −0.89). Epidermal thickness was negatively
correlated with the P/S ratio and CTR. Upper and lower epidermal thickness were strongly
and positively correlated (r ≈ 0.87).

3.2. Stomatal Characteristics of Apple Rootstock Leaves
3.2.1. Variation in Stomatal Characteristics Among Apple Rootstocks

Stomata were predominantly distributed on the abaxial epidermis of leaves in all ten
apple rootstocks. The stomatal apparatus was predominantly anomocytic, and individual
stomata were generally elliptical to subcircular, with a pair of kidney-shaped guard cells
surrounding each stomatal pore [17].

Significant differences were observed among the rootstocks in stomatal density,
size, and opening characteristics (Figures 5 and 6). Stomatal density differed signifi-
cantly among the rootstocks (p < 0.05). SH40 exhibited the highest stomatal density
(484.28 ± 55.64 stomata mm−2), whereas Qingzhen No. 1 exhibited the lowest value
(315.14 ± 34.15 stomata mm−2). The stomatal density of SH40 was approximately 1.54-fold
higher than that of Qingzhen No. 1.
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Figure 5. Microstructure of stomata on the leaf epidermis of ten apple rootstocks (40× magnification).
(A) B9; (B) Pajam; (C) JM7; (D) Nic29; (E) SH40; (F) T337; (G) M7; (H) M26; (I) Qingzhen No. 1;
(J) Qingzhen No. 2.

Figure 6. Stomatal characteristics of the abaxial epidermis of leaves from ten apple rootstocks.
The figure summarizes stomatal density and stomatal morphological and opening characteristics,
including stomatal length, width, area, perimeter, opening length, opening width, opening area,
and opening circumference. Bars represent the mean ± SD of three biological replicates. Values are
presented as mean ± SD (n = 3 biological replicates, with each biological replicate representing one
independent plant). Technical measurements within each biological replicate were averaged before
statistical analysis. Different lowercase letters, where shown, indicate significant differences among
rootstocks according to ANOVA (p < 0.05). The figure is arranged in clearly separated panels with
enlarged axis labels and trait-specific units to facilitate comparison among rootstocks.

Stomatal size-related traits generally showed an inverse pattern relative to stomatal
density. SH40 exhibited the smallest stomatal length, width, area, and perimeter, whereas
Qingzhen No. 1 exhibited the largest values for all four traits. The relative differences
among rootstocks in these stomatal size parameters ranged from 29.0% to 74.8%.

For stomatal opening characteristics, Qingzhen No. 1 exhibited the greatest stomatal
opening length and perimeter, whereas B9 exhibited the smallest values for both parameters.
Stomatal opening area was greatest in JM7 and smallest in B9. Pajam exhibited the greatest
stomatal opening width, whereas M26 exhibited the smallest value (p < 0.05).
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3.2.2. Correlation Analysis Among Stomatal Traits

Correlation analysis revealed significant associations among several stomatal traits.
Stomatal density was negatively correlated with most stomatal size-related parameters.

The strongest negative correlation was observed between stomatal density and stomatal
opening length (r ≈ −0.74, p < 0.05). In contrast, the correlations of stomatal density with
stomatal width, area, perimeter, and opening area were not significant (p > 0.05).

Stomatal perimeter was positively correlated with several stomatal size and opening
parameters. The strongest correlation was observed between stomatal perimeter and
stomatal area (r ≈ 0.99, p < 0.01). Stomatal opening area was significantly and positively
correlated with stomatal opening width (r ≈ 0.75, p < 0.05).

Most stomatal size-related traits, including stomatal length, width, area, perimeter,
opening length, and opening perimeter, were significantly and positively correlated with
one another (p < 0.05 or p < 0.01).

3.3. Physiological and Biochemical Characteristics of Apple Rootstocks

Substantial variation was observed among the ten apple rootstocks in physiological
and biochemical indicators associated with drought responses (Figure 7).

Figure 7. Physiological and biochemical characteristics of apple rootstock leaves. The figure presents
ten drought-related physiological and biochemical indicators, including soluble sugar, proline, lignin,
peroxidase (POD), catalase (CAT), chitinase, β-1,3-glucanase (β-1,3-GA), phenylalanine ammonia-
lyase (PAL), polyphenol oxidase (PPO), and superoxide dismutase (SOD). (a) chitinase, β-1,3-GA
and soluble sugar; (b) PAL, POD and PPO; (c) Pro, lignin and SOD. Values are presented as mean
± SD of three biological replicates. Different lowercase letters, where shown, indicate significant
differences among rootstocks according to ANOVA (p < 0.05). Individual parameters should be
displayed in separate panels with enlarged labels and appropriate units to improve readability and
facilitate identification of differences among rootstocks.

Among the cell-wall-related defense traits, chitinase activity varied considerably among
rootstocks. Pajam and JM7 exhibited the highest chitinase activities (27.43 ± 12.01 U g−1

and 24.69 ± 8.96 U g−1, respectively), whereas Nic29 exhibited the lowest activity
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(5.54 ± 1.37 U g−1). The activities in Pajam and JM7 were approximately fivefold higher
than that in Nic29.

Lignin content was highest in SH40 and B9 (33.28 ± 3.30% and 30.20 ± 9.71%, respec-
tively) and lowest in Nic29 (10.20 ± 4.41%). β-1,3-glucanase activity showed comparatively
limited variation, ranging from 3.24 ± 0.58 U g−1 to 5.29 ± 2.93 U g−1.

Among the osmotic adjustment-related compounds, soluble sugar content was highest in
Nic29 and Pajam (14.69 ± 0.24 mg g−1 and 14.55 ± 1.58 mg g−1, respectively). Proline content
was highest in Pajam and SH40 (300.69± 106.53µg g−1 and 292.40 ± 42.90 µg g−1, respectively).

Antioxidant enzyme activities also differed among the rootstocks. POD activity was
highest in Qingzhen No. 2 and Pajam (1103.94 ± 470.43 U g−1 and 1057.62 ± 609.21 U g−1,
respectively) and lowest in SH40 (163.66 ± 47.47 U g−1). CAT activity was highest in
Qingzhen No. 2 and B9 (18.86 ± 8.77 U g−1 and 13.83 ± 6.99 U g−1, respectively), whereas
SH40 exhibited the lowest CAT activity (2.26 ± 2.26 U g−1).

SOD activity was relatively high in SH40 and JM7 (25.14 ± 3.03 U g−1 and
22.32 ± 0.53 U g−1, respectively) and lowest in M7 (4.05 ± 0.68 U g−1). PPO activ-
ity was relatively high in SH40 and Qingzhen No. 2 (35.39 ± 17.93 mg U−1 and
28.53 ± 19.29 mg U−1, respectively).

Overall, the ten rootstocks exhibited distinct profiles across the measured physiological
and biochemical indicators.

3.4. Principal Component Analysis and Comprehensive Evaluation of Drought Resistance
3.4.1. Principal Component Analysis of Leaf Anatomical and Stomatal Traits

Principal component analysis (PCA) was conducted using the rootstock-level means of
21 leaf anatomical and stomatal traits, including 12 anatomical variables and nine stomatal
variables. The data matrix consisted of 10 observations (the ten rootstocks) × 21 variables.
Three biological replicates obtained for each rootstock were first averaged for each trait,
and the resulting rootstock-level means were used for PCA. Five principal components
with eigenvalues greater than 1 were extracted, collectively explaining 91.888% of the
total variance. The first four principal components accounted for 82.549% of the cumula-
tive variance.

PC1 explained the largest proportion of the total variance (39.36%), followed by PC2,
PC3, and PC4, which explained 20.169%, 11.805%, and 11.214%, respectively.

The loading matrix showed distinct contributions of the measured traits to the princi-
pal components (Figure 8). PC1 showed high positive loadings for epidermal thickness,
stomatal size-related traits, and SR, whereas the P/S ratio and CTR showed negative load-
ings. PC2 was mainly associated with mesophyll-related traits, including leaf thickness,
mesophyll thickness, palisade tissue thickness, and spongy tissue thickness.

3.4.2. Principal Component Analysis of Physiological and Biochemical Indicators

A second PCA was conducted using the rootstock-level means of the 10 physiological
and biochemical indicators retained for multivariate analysis. The data matrix consisted
of 10 observations (the ten rootstocks) × 10 variables. Three biological replicates obtained
for each rootstock were first averaged for each indicator, and the resulting rootstock-level
means were used for PCA. The two PCAs were retained as separate analyses because the
anatomical/stomatal traits and physiological/biochemical indicators represent biologically
distinct response domains and were intended to identify domain-specific patterns and
representative indicators. Combining all variables into a single PCA was not used because
the objective was not to define a single latent structure across all measurements, but to
reduce dimensionality within each domain before the subsequent integrated membership-
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function and TOPSIS evaluation. Four principal components with eigenvalues greater than
1 were extracted, collectively explaining 87.394% of the total variance.

Figure 8. Principal component loading plot of leaf anatomical and stomatal traits.

PC1 accounted for the largest proportion of the total variance (33.949%), followed by
PC2 (23.206%), PC3 (18.637%), and PC4 (11.602%).

The loading matrix showed that PC1 was characterized by high loadings for CAT and
chitinase activities, whereas soluble sugar and proline exhibited opposite loading patterns.
PC2 showed high positive loadings for lignin, β-1,3-glucanase, and SOD, whereas POD
and CAT exhibited negative loadings (Figure 9).

Figure 9. Principal component loading matrix of physiological and biochemical indicators.
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3.4.3. Comprehensive Evaluation Using Membership Function and TOPSIS

Based on nine representative indicators selected from the PCA results, membership
function values were calculated and subsequently integrated using the TOPSIS method.

The rankings obtained from the two evaluation approaches were highly consistent.
Pajam exhibited the highest comprehensive drought-resistance score, followed by M26 and
B9, whereas Nic29 and M7 exhibited relatively low scores.

The TOPSIS relative closeness coefficients (C) ranged from 0.307 to 0.802. Based on
the relative closeness coefficients, the ten rootstocks were classified into three drought-
resistance categories: high drought resistance, moderate drought resistance, and low
drought resistance (Figure 10).

Figure 10. Comprehensive drought-resistance evaluation results based on TOPSIS analysis (* indicates
statistical significance at p < 0.05).

Pajam exhibited the shortest distance to the positive ideal solution (148.289) and the
greatest distance to the negative ideal solution (599.326), corresponding to the highest
comprehensive drought-resistance score. In contrast, Nic29 exhibited the greatest distance
to the positive ideal solution (606.842) and the shortest distance to the negative ideal
solution (269.251).

Overall, Pajam and M26 were classified as having high drought resistance; B9,
Qingzhen No. 1, SH40, JM7, T337, and Qingzhen No. 2 were classified as having moderate
drought resistance; and M7 and Nic29 were classified as having low drought resistance.
The results indicate that drought-resistance performance differed substantially among the
ten rootstocks and was associated with coordinated variation across anatomical, stomatal,
physiological, and biochemical characteristics.

4. Discussion
4.1. Integrated Drought-Resistance Strategies of Apple Rootstocks Under Extremely
Arid Conditions

Drought resistance is a complex quantitative trait that results from the coordinated
regulation of structural, stomatal, osmotic, and antioxidant processes rather than from a
single physiological characteristic [5,18]. In the present study, substantial variation was
observed among the ten apple rootstocks in leaf anatomical traits, stomatal characteristics,
and physiological and biochemical responses under the extremely arid conditions of Yanchi
County. The integration of these multidimensional traits through principal component
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analysis (PCA), membership function analysis, and TOPSIS effectively differentiated the
tested rootstocks into distinct drought-resistance categories. Pajam and M26 exhibited
the highest comprehensive drought-resistance performance, followed by B9, Qingzhen
No. 1, SH40, JM7, T337, and Qingzhen No. 2, whereas M7 and Nic29 showed relatively low
comprehensive drought resistance.

The superior performance of Pajam is unlikely to be attributable to a single dominant
trait. Rather, its high comprehensive score appears to reflect the coordinated contribution
of several structural and physiological characteristics. Pajam exhibited relatively thick
mesophyll, a relatively large stomatal opening width, high proline accumulation, and high
POD activity. These traits represent different components of plant adaptation to water
deficit. Greater mesophyll development may help preserve the structural integrity of pho-
tosynthetically active tissues under dehydration, whereas stomatal regulation determines
the balance between CO2 acquisition and transpirational water loss. Proline accumulation
may contribute to osmotic adjustment, while enhanced antioxidant enzyme activity may
be associated with the maintenance of cellular redox homeostasis under drought-induced
oxidative stress. The simultaneous occurrence of these characteristics supports the concept
that drought resistance in apple rootstocks is a multidimensional trait generated by the
coordination of structural and physiological responses [19].

Importantly, the present study extends previous evaluations of apple rootstock drought
responses by examining these traits under an extremely arid field environment rather than
under short-term, artificially imposed drought conditions alone. Previous studies have
demonstrated that apple rootstocks differ in stomatal regulation, leaf water relations, root-
associated microbial interactions, and the timing and magnitude of stomatal closure in
response to soil drying [20,21]. These findings suggest that rootstock drought resistance
depends strongly on the interaction between genotype and environmental conditions.
Therefore, the high performance of Pajam observed here should be interpreted as evi-
dence of its favorable trait combination under the specific environmental conditions of
Yanchi County, rather than as evidence of universally superior drought resistance across
all environments.

The multidimensional nature of the responses observed in this study also has practical
implications for rootstock evaluation. Under extremely arid conditions, plants are simul-
taneously exposed to soil-water limitation and high atmospheric evaporative demand. A
rootstock that conserves water through strong stomatal restriction may reduce water loss
but may also limit carbon assimilation, whereas a rootstock maintaining greater stomatal
opening may sustain carbon uptake at the cost of increased water loss. Consequently, effec-
tive drought adaptation is likely to depend on maintaining a functional balance between
water conservation, carbon acquisition, cellular protection, and structural integrity. The
present ranking of rootstocks therefore provides evidence that comprehensive evaluation
based on multiple complementary traits may better capture drought performance than
selection based on any individual indicator.

4.2. Contribution of Leaf Anatomical Traits and Stomatal Characteristics to Drought Adaptation

Leaf anatomical characteristics provide an important structural foundation for main-
taining photosynthetic function and regulating water use under drought. Mesophyll and
palisade tissue development can influence light interception, internal CO2 diffusion, and
the preservation of photosynthetically active tissues during water limitation [22]. Previous
studies have reported substantial differences among apple rootstocks in leaf thickness,
palisade tissue thickness, and spongy tissue thickness under drought conditions [2,3],
supporting the importance of leaf structural plasticity in drought adaptation.
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In the present study, Pajam exhibited relatively thick mesophyll, which may con-
tribute to maintaining the structural integrity of photosynthetically active tissues during
water deficit. However, the comprehensive drought-resistance ranking also demonstrates
that no single anatomical characteristic was sufficient to explain overall drought perfor-
mance. For example, M26 exhibited the greatest main vein diameter, yet its comprehensive
drought-resistance score remained lower than that of Pajam. This discrepancy indicates
that greater vascular development alone does not necessarily result in superior drought
resistance. Instead, the functional significance of vascular traits may depend on their coor-
dination with mesophyll development, stomatal regulation, and physiological protection
mechanisms [23,24]. Thus, anatomical traits should be interpreted as components of an
integrated hydraulic and photosynthetic system rather than as independent determinants
of drought resistance.

Stomatal characteristics provide another important component of this integrated
response because stomata simultaneously regulate CO2 uptake and transpirational water
loss [25]. Differences in stomatal density, size, and aperture among apple rootstocks may
therefore reflect contrasting strategies for balancing carbon gain and water conservation.
Previous studies have demonstrated considerable variation in stomatal characteristics
among apple rootstocks, indicating that different genotypes may employ distinct strategies
to cope with water limitation [26,27].

Pajam had the largest stomatal opening width, although its stomatal opening area
and perimeter were not the largest among the tested rootstocks. This result is important
because it demonstrates that stomatal responses cannot be adequately characterized by a
single geometric parameter. Similarly, B9 exhibited the smallest stomatal opening area and
perimeter, which may indicate a relatively conservative strategy for limiting transpirational
water loss. Nevertheless, strong stomatal restriction may also reduce CO2 diffusion and
photosynthetic carbon assimilation. Therefore, the present findings support the interpre-
tation that successful drought adaptation is not necessarily associated with the smallest
stomatal aperture, but rather with an appropriate balance between water conservation and
carbon acquisition [28].

Taken together, the anatomical and stomatal results suggest that drought adaptation
in the tested apple rootstocks involves different combinations of structural and regulatory
characteristics. The relatively high performance of Pajam despite its comparatively large
stomatal opening width further indicates that drought resistance cannot be inferred simply
from the degree of stomatal closure. Instead, stomatal behavior should be considered
together with leaf structural traits and physiological mechanisms that may compensate for
potential increases in transpirational water loss. This integrated perspective may explain
why multivariate evaluation produced a more informative ranking than interpretation of
individual leaf traits.

4.3. Physiological and Biochemical Responses Associated with Drought Resistance

Water deficit can disrupt cellular water balance and promote excessive accumulation
of reactive oxygen species (ROS), making osmotic adjustment and antioxidant defense
important components of plant drought responses. Compatible solutes such as proline and
soluble sugars can contribute to osmotic adjustment and cellular water balance, whereas an-
tioxidant enzymes including SOD, POD, and CAT participate in the regulation of ROS [29].
Previous studies of apple rootstocks have also demonstrated substantial genotypic variation
in antioxidant responses under water deficit [30,31], suggesting that differences in osmotic
and oxidative-stress regulation may contribute to variation in drought performance.

The present study revealed clear differences among rootstocks in physiological and
biochemical traits associated with osmotic adjustment and antioxidant defense. Qingzhen
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No. 2 and B9 exhibited relatively high POD and CAT activities, whereas SH40 showed
relatively high SOD and PPO activities. These contrasting response patterns indicate
that different rootstocks may rely on different combinations of antioxidant components
under drought. In other words, drought adaptation may involve not simply an overall
increase in antioxidant enzyme activity but also genotype-specific coordination among
different antioxidant systems. Such variation may help explain why individual biochemical
indicators did not necessarily correspond directly to the final comprehensive drought-
resistance ranking.

Pajam exhibited relatively high proline accumulation together with comparatively
high antioxidant enzyme activity. The simultaneous occurrence of these responses is con-
sistent with coordinated regulation of osmotic and oxidative stress. Proline accumulation
may contribute to cellular osmotic adjustment, whereas increased POD activity may be
associated with enhanced capacity for controlling ROS-related oxidative damage [32,33].
However, these interpretations should remain cautious because ROS concentrations, leaf
water potential, stomatal conductance, photosynthetic rate, and gas-exchange parameters
were not directly measured in the present study. Therefore, the observed enzyme activities
should be regarded as physiological indicators associated with drought responses rather
than direct measurements of ROS-scavenging efficiency or cellular water status.

The physiological results nevertheless provide an important complement to the
anatomical and stomatal observations. A rootstock with favorable leaf structure and
stomatal characteristics may still experience cellular oxidative stress if water deficit exceeds
its protective capacity. Conversely, strong antioxidant and osmotic responses may help
maintain cellular function even when structural traits alone do not appear exceptional. The
relatively high comprehensive performance of Pajam may therefore reflect the simultaneous
contribution of structural protection, stomatal regulation, osmotic adjustment, and antioxi-
dant defense. This interpretation is broadly consistent with recent studies showing that
drought-resistant apple rootstocks may maintain stronger osmoregulatory and antioxidant
capacities than drought-sensitive materials [34,35].

However, the present results do not establish a direct causal relationship between
these physiological responses and drought resistance. Future research integrating ROS
measurements, leaf water potential, gas exchange, chlorophyll fluorescence, and molecular
analyses will be necessary to determine whether the physiological traits identified here
directly contribute to the superior drought performance of Pajam and other highly ranked
rootstocks [36].

The drought-related responses observed in the present study are broadly consis-
tent with previous studies of apple and Malus materials, although substantial genotype-
and environment-dependent variation was also evident. Previous investigations have
demonstrated that drought stress can induce changes in leaf anatomical structure, stomatal
characteristics, osmotic adjustment, and antioxidant defense in apple rootstocks and related
Malus genotypes. In the present study, considerable differences were observed in leaf thick-
ness and mesophyll-related traits among the ten rootstocks, supporting previous evidence
that leaf structural characteristics vary among apple genotypes and may contribute to
drought adaptation. Similarly, the substantial variation in stomatal density and stomatal
dimensions observed among the rootstocks is consistent with previous reports that apple
rootstock genotype can influence stomatal architecture and potentially affect the regulation
of transpirational water loss.

The physiological and biochemical responses observed in the present study also agree
with the general patterns reported previously. Increased accumulation of compatible so-
lutes, particularly proline and soluble sugars, has been associated with osmotic adjustment
under water deficit in apple and other Malus materials. Likewise, changes in antioxidant
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enzymes, including SOD, POD, and CAT, have frequently been reported as important
components of drought-response mechanisms. In the present study, the rootstocks differed
markedly in proline accumulation and antioxidant enzyme activities, but the responses
were not uniform across all enzymes. This finding suggests that different rootstocks may
employ distinct combinations of osmotic-adjustment and antioxidant strategies rather
than relying on a single physiological mechanism. The relatively strong comprehensive
performance of Pajam was associated with the combined expression of several favorable
anatomical, stomatal, osmotic, and antioxidant traits, which is consistent with the multidi-
mensional nature of drought adaptation reported in previous apple studies.

Some differences between the present results and previous reports were also ob-
served. Such differences are not unexpected because drought responses are strongly
influenced by genotype, environmental conditions, drought severity and duration, plant
developmental stage, scion–rootstock combination, and experimental methodology. In
particular, the present study was conducted under extremely arid field conditions, whereas
many previous studies were performed under controlled pot experiments or short-term
water-deficit treatments. Therefore, the absolute values of individual traits should not be
interpreted as universal thresholds for drought resistance. Instead, comparison with previ-
ous studies provides support for the biological relevance of the major response patterns
identified here. The present study further extends previous work by evaluating anatomical,
stomatal, physiological, and biochemical traits simultaneously and integrating these trait
domains into a comprehensive screening framework for apple rootstocks under severe arid
field conditions.

4.4. Integrated Evaluation of Drought Resistance and Implications for Rootstock Selection

Because drought resistance involves multiple interacting traits, the use of a single
physiological or anatomical indicator is unlikely to provide a reliable estimate of overall
drought adaptation. Previous studies have therefore combined morphological, anatomical,
photosynthetic, and physiological characteristics to evaluate drought responses in apple
rootstocks [7,8,15]. Building on this multidimensional concept, the present study integrated
21 leaf anatomical and stomatal traits with the 10 physiological and biochemical indicators
actually measured in this experiment and subsequently applied PCA, membership function
analysis, and TOPSIS for comprehensive evaluation.

The PCA results showed that the multidimensional leaf anatomical and stomatal
dataset could be summarized by five principal components, indicating that the complex
variation among the rootstocks could be effectively summarized by a smaller number
of independent dimensions. Nine representative indicators were subsequently selected
for comprehensive evaluation. The broadly consistent results obtained from membership
function analysis and TOPSIS further support the robustness of the classification under
the conditions examined in this study. This agreement is particularly important because
it reduces the likelihood that the final drought-resistance ranking was driven by a single
statistical method.

Pajam, M26, and B9 were ranked among the relatively drought-resistant materi-
als, whereas M7 and Nic29 showed comparatively poor performance. This pattern is
consistent with the broader understanding that apple rootstocks differ substantially in
water-use strategies, stomatal regulation, water relations, and root-related responses to
drought [20,21,37,38]. Nevertheless, the present study suggests that these differences
should not be interpreted independently. The comprehensive performance of a rootstock
is likely to emerge from interactions among leaf structure, stomatal regulation, osmotic
adjustment, and antioxidant protection.
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The implications of these findings extend beyond the ranking of individual rootstocks.
In extremely arid and semi-arid apple-growing regions, rootstock selection is an important
component of orchard water management because rootstock characteristics can influence
plant water use, physiological stability, and the ability of trees to maintain growth un-
der limited water availability. The identification of Pajam and M26 as high-performing
materials and B9 as another promising candidate provides a basis for subsequent field
validation and targeted rootstock selection in water-limited environments. At the same
time, the results indicate that rootstock selection should be considered together with local
soil conditions, irrigation availability, atmospheric demand, scion genotype, and orchard
management practices.

Importantly, the present ranking should not be interpreted as a universal hierarchy
of drought tolerance. Rootstock performance is inherently environment-dependent and
may change with soil water availability, soil properties, vapor pressure deficit, root-system
development, scion genotype, and the timing and duration of drought. Therefore, the
primary value of the present study is not simply the identification of a single “best” root-
stock, but the development of a multidimensional framework for screening rootstocks
under extremely arid conditions. Such a framework can provide a useful bridge between
physiological characterization and practical rootstock selection.

4.5. Limitations, Future Research, and Experimental Perspectives

This study has several limitations. First, the experiment was conducted at a single
field site and during one sampling season, and therefore the stability of the observed
rootstock ranking across different environments and years requires further validation.
Second, the present evaluation focused mainly on leaf anatomical, stomatal, physiological,
and biochemical characteristics and did not directly assess root-system architecture, whole-
plant hydraulic conductance, leaf water potential, gas exchange, or ROS accumulation.
Future studies combining root, stem, and leaf traits with hydraulic and gas-exchange
measurements across multiple environments and growing seasons will help clarify the
mechanisms underlying the drought responses identified in this study and improve the
robustness of rootstock selection under water-limited conditions [39].

5. Conclusions
The ten apple rootstocks evaluated under the extremely arid conditions of Yanchi

County exhibited substantial differences in leaf anatomical traits, stomatal characteris-
tics, and physiological and biochemical responses, demonstrating pronounced phenotypic
variation in drought-related traits among the tested materials. An integrated evaluation
framework combining PCA, membership function analysis, and TOPSIS effectively summa-
rized the multidimensional variation and enabled the differentiation of rootstocks according
to their comprehensive drought-resistance performance.

Among the ten rootstocks, Pajam exhibited the highest comprehensive drought-
resistance performance, followed by M26 and B9, whereas M7 and Nic29 showed relatively
low performance. The superior ranking of Pajam was associated with a combination of
favorable leaf anatomical, stomatal, osmotic-adjustment, and antioxidant characteristics,
including relatively thick mesophyll, a relatively large stomatal opening width, high pro-
line accumulation, and high POD activity. These characteristics should be regarded as
associated phenotypic traits rather than individually validated causal determinants of
drought resistance.

Overall, the present findings identify Pajam as a promising candidate rootstock for
apple production under extremely arid conditions, with M26 and B9 representing addi-
tional candidate resources for further evaluation. The results provide a multidimensional
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phenotypic framework for screening apple rootstocks and may contribute to rootstock
selection for water-limited environments in Ningxia and other arid-to-semiarid regions of
the Loess Plateau. However, because the present study was conducted at a single field site
and did not include molecular analyses or commercial rootstock–scion combinations, the
observed rankings should be considered environment-specific screening results rather than
universal estimates of drought tolerance. Multi-year and multi-location trials, together
with rootstock–scion and deficit-irrigation experiments, are needed to validate the stability
and practical value of these rankings for orchard-scale production.
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