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ABSTRACT

This study examined the anatomical responses of tomato plants to
water deficit and excess under different irrigation regimes to identify
structural indicators of water stress. The plant exhibited organ-
specific anatomical responses to water restriction (I60, I80) and excess
(I120) compared to full irrigation (1100). In roots, cortex width, xylem
diameter, and pith width increased under both stress conditions. At
160, cortex parenchyma cells became polygonal and shrunken. In
stems, water stress (I60) caused tighter epidermal connections, wavy
cell edges, and reduced intercellular spaces. Vascular bundles were
continuous in 1100 but discontinuous in I60. In leaves, mesophyll
thickened under stress, with the greatest increase at 1120, while
epidermis cells shrank under limited water. Stomatal structure
remained unchanged. As a result, increased xylem diameter and pith
width in roots, enlarged cortex and epidermis cells in stems, altered
vascular bundle arrangement, and mesophyll thickening with
epidermal changes in leaves were notable findings. The results
demonstrate significant stress-induced organ-specific anatomical
plasticity. Structural changes in xylem can be considered fundamental
criteria for efficient and safe irrigation planning.

OZET

Bu calisma, farkli sulama rejimleri altinda domates bitkilerinin su
yetersizligi ve su fazlaligina verdigi anatomik tepkileri inceleyerek su
stresine iligkin yapisal gostergeleri belirlemeyi amaglamigtir.
Bitkiler, tam sulamaya (I100) kiyasla su kisita (I60, I80) ve su fazlalig:
(I120) kosullarinda organa &zgli anatomik tepkiler sergilemistir.
Koklerde, her iki stres kosulunda da korteks genigligi, ksilem ¢ap1 ve
0z genigligi artmastir. 160 uygulamasinda korteks parankima
hiicreleri poligonal bir gsekil almig ve bliziilme gostermistir. Govdede,
su stresi (I60) epidermal hiicreler arasinda daha siki baglantilara,
dalgali hiicre kenarlarina ve htcreler aras1 bosluklarin azalmasina
neden olmustur. Iletim demetleri 1100 uygulamasinda stireklilik
gosterirken, 160 uygulamasinda kesintili bir yap1 sergilemistir.
Yapraklarda ise stres kosullar: altinda mezofil kalinligr artmis, en
yiksek artis 1120 uygulamasinda goézlenmis; simirhh sulamada
epidermis hicreleri kiigulmustir. Stoma yapisinda herhangi bir
degisiklik tespit edilmemigtir. Sonug¢ olarak, koklerde artan ksilem
cap1 ve 0z genigligi, govdede genigslemis korteks ve epidermis hiicreleri
ile degisen damar demeti diizeni, yapraklarda ise epidermal
degisikliklerle birlikte mezofil kalinlagsmas1 dikkat c¢ekici bulgular
olmustur. Sonuglar, stresin neden oldugu organa 6zgl anatomik
plastisiteyi gostermektedir. Ksilemdeki yapisal degisiklikler, verimli
ve guvenli sulama planlamasi i¢in temel kriterler olarak kabul
edilebilir.
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INTRODUCTION

In the twenty-first century, climate change, water scarcity in agricultural activities, and rapid population growth
are driving the world towards a food crisis. To prevent this situation, it is essential to implement effective
agricultural practices. Success in agricultural activities is dependent on water (Oki & Kanae, 2006). The increasing
drought in Turkey and globally is causing significant yield losses. While many researchers have studied the effects
of abiotic and biotic stressors on plant metabolism, these effects are not yet fully understood. Explaining plant
responses to drought stress is critical for enhancing the stress tolerance of economically and nutritionally valuable
species. Studying stress tolerance can help make plants more resilient. Research aims to uncover the defense
mechanisms of stress-resistant plant species, which are vital for reducing crop losses and are of great importance
to nutrition and agricultural economies. Understanding the characteristics of plants that can adapt to stress
conditions is a critical step in increasing agricultural productivity. These studies can help minimize losses in the
agricultural sector and contribute to ensuring food security (Oliver et al., 2000; Yiiksel & Aksor, 2017; Ulcay, 2024).

Anatomical changes caused by water deficiency in higher plants are easily observable indicators. These changes
can be directly integrated and processed into agricultural practices (Shao et al., 2008). The effects of water stress
can be clearly demonstrated through observations made on these plants (Makbul et al., 2011). In tissues exposed
to environments with low water availability, it is generally observed that cell size decreases and vascular tissue
and cell walls thicken (Sack & Holbrook, 2006). Changes in plant tissues under such conditions result in significant
alterations in cell structure. While water restriction reduces cell size, it also thickens supporting structures
(Makbul et al., 2011). Excessive irrigation can also lead to some anatomical changes in plants. Therefore, it is
crucial to determine the optimum irrigation amount for the cultivated plant species or variety by examining the
anatomical characteristics of plants grown under different irrigation conditions (Tuylu & Tuylu, 2019).

This study aims to investigate how different irrigation conditions affect the anatomical structure of tomato plants,
focusing on roots, stems, and leaves, and to determine the resulting structural changes. In particular, it seeks to
identify organ-specific and measurable anatomical responses to both water deficit and excess. The findings are
expected to provide a scientific basis for enhancing water-use efficiency and developing new irrigation strategies
that achieve high yields with minimal water consumption. In this context, the study highlights the anatomical
plasticity of tomato plants and their potential for optimizing irrigation management using structural indicators.
Previous studies on the anatomical responses of tomato have predominantly focused on water-deficit conditions,
whereas the structural effects of excessive irrigation have been largely overlooked. This study, conducted under
the same experimental setup, comparatively elucidates the organ-specific anatomical responses of roots, stems,
and leaves to both water deficiency (I60, 180) and water excess (1120). Thus, it will provide a comprehensive and
original contribution to understanding the anatomical adaptations induced by different irrigation regimes.

MATERIALS and METHODS

The study was conducted in 2022 in a high tunnel greenhouse at Kirgsehir Ahi Evran University to determine the
effects of different irrigation water levels on certain anatomical characteristics of tomato plants. In the experiment,
TYBIF F1 tomato variety was used as the plant material. The study was conducted in a randomized block design
with three replications to determine the effects of different irrigation levels on the measured characteristics of
tomato plants. The experiment was conducted in 3 replications (a total of 60 pots) using a randomized plot design.
Analysis of variance (ANOVA) was performed using SPSS 15.0, and Duncan's multiple-range test was used to
compare differences between subjects (p<0.05). In the study, four irrigation water levels (120%, 100%, 80%, and
60%) were applied to the topics, and the irrigation topics were named 1120, 1100, I80, and 160, respectively.
Accordingly, 1100 irrigation was full irrigation, where 100% of the irrigation water required to bring the soil
moisture to the pot capacity was applied; 1120 irrigation was irrigation with 20% excess water; 180 irrigation was
irrigation with 20% water deficit; and 160 irrigation was irrigation with 40% water deficit. The irrigation water
was taken from the irrigation network and had an electrical conductivity of 0.62 ds m™ and a quality class of C2S1.
Before beginning the irrigation procedures in the study, the field capacity weight of each pot was determined. First,
the pots were saturated with tap water and covered to prevent evaporation. After drainage ceased, the weight of
each pot was taken as its field capacity weight (WFC). To determine the amount of irrigation water applied to the
plots, pots were weighed daily to monitor soil moisture levels gravimetrically, and irrigation was applied daily.
Accordingly, the amount of irrigation water (IW) applied to the plots was determined using Equation 1, and the
evapotranspiration between two consecutive irrigations was determined using Equation 2, the water balance
equation (Kurunc et al., 2011; Unliikara et al., 2015).
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IW = (Wrc — W)lpw) x Caw (1)
ET = (Wn — Wat)AW - R) 2

In the equation, IW = irrigation water quantity (L), WFC = pot weight at field capacity, W = pot weight
immediately before irrigation (kg), pw = unit mass of water (1 kg L—1), and CAW = water application coefficient
(%120, %100, %80, and %80), Wn and Wn+1 = pot weights before the nth and (n + 1)th irrigation (kg), R =
drainage water quantities (L) (0.3).

The tomato cultivar Solanum Iycopersicum L. cv. Tybif F1 was used as plant material in the study. The nutrient
solution was prepared by supplementing irrigation water with essential mineral nutrients required for tomato
growth, using a modified Hoagland solution as a complete nutrient medium. Accordingly, the concentrations of
nutrients were as follows: N: 242 mg L%, P: 31-54* mg L}, K: 234-263* mg L%, Ca: 160 mg L !, Mg: 48 mg L%,
Fe: 2.5 mg Li'!, Mn: 0.5 mg Li'*, Zn: 0.5 mg L'!, Cu: 0.02 mg L*, B: 0.05 mg Li!, and Mo: 0.01 mg L (*: nutrient
concentrations applied after fruit set) (Ozkaplan & Balkaya, 2019). Prior to application, the pH and electrical
conductivity (EC) of the nutrient solution were measured, and the pH was adjusted to 6.0—6.5 with nitric acid,
while EC was maintained at 2.0-2.5 dS m™.

Tomato plants were grown individually in 6.4 L pots. The potting soil had a sandy loam texture, consisting of
15.5% clay, 28.5% silt, and 56% sand, with a bulk density of 1.51 g cm™. The soil had a pH of 7.38 and an
electrical conductivity (EC) of 0.72 dS m. The field capacity and permanent wilting point were 18.6% and 5.8%,
respectively. During the experimental period, the mean temperature and relative humidity were recorded as 18.1
°C and 76.3% in the outdoor environment, and 21.2 °C and 64.7% inside the greenhouse, respectively (Tekin et
al., 2016).

Samples were collected during flowering (50 days after planting) and fixed in 70% alcohol. The root, stem, and leaf
of the plant were cross-sectioned for anatomical analysis. The cross-sections and surface sections of the leaves were
prepared manually using a razor. These sections were then converted into semi-permanent preparations using the
glycerin-gelatin technique (Vardar, 1987). A mixture of hematoxylin and Giemsa stain was used for staining the
sections (Ulcay, 2022). The preparations were examined under a SOIF BK500-L microscope and the AmScope
FMAO050 camera system (Table 3.2). Microphotographs of these preparations were taken. In addition,
measurements were taken of cells from various tissues (parenchyma, epidermis, stomata, and vascular elements)
observed in the prepared sections, and averages were calculated based on 30 measurements.

RESULTS and DISCUSSION
Roots

In the root transverse section of the plant taken from three irrigation treatments, 5-7 rows of cylindrical-shaped
parenchyma cortex were formed. Pericycle and endodermis are seen in a single row. The central cylinder is filled
with xylem and phloem elements. At 1120, the central cylinder in the root is mostly covered with xylem elements.
The cortex is also narrower at this irrigation. The increase in the diameter of the xylem caused the central cylinder
to expand, and the cortex narrowed accordingly. Also at 160, the cortical parenchyma cells became polygonal or
shrunken. The root is primary in 160, I80, and 1100 irrigation. Intercellular spaces in the parenchyma increased
under water stress. Vascular bundles are also tri-arch. In 1120 irrigation condition, the central cylinder was again
filled with xylem elements. In addition, the xylem and cortex parenchyma diameter was maximized in irrigation
1120 (Figure 1). In the 1120 application, it was determined that all values increased by approximately 3-4 times
compared to the 1100 application.

As a result of the statistical analysis, it was determined that some parameters changed due to increased water
content in the species' roots. Water restriction or water excess caused changes in cortex width. Cortex width
increased significantly in 1120 treatment (p=0.000). Xylem diameter, pith width, and cortex parenchyma diameter
were also found to be statistically significant differences (p=0.000) (Table 1).

Stem

Cylindrical and rectangular-shaped epidermis cells are seen in the transverse sections of the stem taken from all
four irrigation treatments. There are non-glandular hairs on the epidermis, and it is seen that the density of non-
glandular hairs increased in the 160 water treatment. Immediately below the epidermis is the cortex, consisting of
7-8 rows of circular-shaped parenchyma cells of different sizes. The vascular bundles were intermittent bundles in
160, while they formed a continuous ring in [100 irrigations. The number of intercellular spaces between
parenchyma cells decreased at I160. The diameter of the cortex parenchyma cells was significantly different across
all water treatments, except the full irrigation treatment (I100). The diameter of cortex parenchyma cells was
highest in the least water treatment (I60) (Figure 2). The overall diameter 160 of the cortex was significantly larger
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(p=0.000). There was no statistically significant difference in the diameters of the pith parenchyma (p=0.750).
(Table 2).
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Figure 1. Root cross.-se‘ctions of f()_mato in different irrigation treatments. A-C, 166, D-F, 180, G-1 1100, J-L 1120. Scale 100 um.
co cortex, e epidermis, en endoderm, inc intercellular spaces, per prismatic crystal, ph: phloem, pi pith, pr pericycle,
Xy xylem }

Sekil 1. Farkli sulama uygulamalarinda domatesin kék kesitleri. A, B 160, C, D, E 180, F 1100, G I[120. Olgek 100 um. co
korteks, e epidermis, en endodermis, inc hiicre arasi bosluklar, pcr prizmatik kristal, ph- phloem, pi 0z, pr periskl,
xy- ksilem

Table 1. Anatomical results of different irrigation treatments in root of tomato
Cizelge 1. Farkli sulama uygulamalarinin domates kékii tizerindeki anatomik sonuglari.

Irrigation Cortex width Xylem diameter Pith width Cortex parenchyma diameter
160 184.11+2.85b 23.27+1.97b 648.58+15.56b 24.70+0.81b

180 175.00+5.98b 16.99+1.27¢ 321.14+10.22¢ 26.55+0.69b

1100 153.40+0.75¢ 13.78+0.70c 256.52+4.94d 29.99+1.43b

1120 485.64+3.39a 30.06+2.70a 1002.53+6.71a 53.94+3.36a

p 0.000 0.000 0.000 0.000

Note: ** significant at the 0.01 level. Mean values within columns followed by the same letter are not significant (p > 0.05).
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Figure 2. Stem cross-sections of tomato in different irrigation treatments. A-C, 160, D-F, 180, G-I 1100, J-L 1120. Scale 100
um. co cortex, e epidermis, h non-glandular hair, inc intercellular spaces, pcr prismatic crystal, ph: phloem, pa
parenchyma pi pith xy: xylem

Sekil 2. Farkli sulama uygulamalarinda domatesin govde kesitleri. A, 160, B, C, 180, D 1100, E, F 1120. Olgek 100 um. co
korteks, e epidermis, h non-glandular ortii tiiyt, inc hiicre arasi bosluklar, pcr prizmatik kristal, ph: phloem, pa
parankima pi 6z, xy- ksilem

Table 2. Anatomical results of different irrigation treatments in stem of tomato
Cizelge 2. Farkli sulama uygulamalarinin domates govdesi tizerindeki anatomik sonuglari.

Irrigation  Cortex width Cortex parenchyma Xylem diameter Epidermis Epidermis Pith parenchyma
diameter width length diameter

160 435.63+21.56a 62.19+3.07a 29.40+1.31a 25.20+1.03a 35.33+0.65a  63.76+4.89a

180 328.47+6.11b 60.32+1.78a 21.31+1.31ab 17.91+0.61a 22.14+1.11b  61.02+3.51a

1100 192.09+4.45d 24.11+1.09¢ 23.24+1.62b 65.78+54.33a 15.80+0.37c  57.66+3.96a

1120 233.47+6.99¢c  29.55+0.78b 28.63+1.53a 14.34+0.50a 16.48+0.72c  59.88+3.42a

p 0.000 0.000 0.017 0.518 0.000 0.750

Note: *, ** significant at the 0.05 and 0.01 level, respectively; NS, not significant. Mean values within columns
followed by the same letter are not significant (p > 0.05).
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Leaf

According to the cross-sections taken from plants treated with all three irrigation levels, there is a single row of
epidermal cells in the outermost part. In plants under water restriction, epidermal cells were more tightly
connected, and their cell margins were wavy. Leaves are bifacial. They have a mesophyll consisting of 1-2 rows of
palisade parenchyma and 5-6 rows of spongy parenchyma. One vascular bundle is formed in the midrib region.
Small vascular bundles are scattered in the mesophyll. There are stomata on both the upper and lower surfaces of
the leaf. Stomata are anomocytic. There are prismatic-shaped crystals on the leaf surface (Figure 3).

- e e S22t Sl .

Figure 3. Leaf cross-sections and surface sections of tomato in different irrigation treatments. A-C, 160, D-F, 180, G-1 1100, J-L
1120. Scale 100 um. h non-glandular hair, le lower epidermis, ph phloem, pp palisade parenchyma, s stomata, sp
spongy parenchyma, xy xylem, ue upper epidermis, vb vascular bundles

Sekil 3. Farkli sulama uygulamalarinda domatesin yaprak kesitleri. A, B, C 160, D, E, F 180, G, H, 1100, J, K, L 120. Olgek 100
um. h non-glandular ortii tiiyt, le alt epidermis, ph floem, pp palizat parankimasi, s stoma, sp siinger parankimasi,
xy ksilem, ue iist epidermis, vb vaskiiler demetler

According to the statistical analysis, the diameter of the midrib parenchyma in 1120 showed a significant difference
(p=0.000). The parenchyma diameter is the widest in this application. The changes in the palisade parenchyma
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length are also significant (p=0.000). Palisade parenchyma cells assumed a thin, elongated shape in the absence
of water. The spongy parenchyma diameter values are also statistically significant (p=0.000). The diameter
increased with increasing water amount and decreased with decreasing water amount. No significant differences
were found in stomatal size. On the other hand, the differences in both the lower and upper surface epidermis cells
were statistically significant (p=0.000). The dimensions of the lower epidermis changed in parallel with the amount
of water being low or high (Table 3).

Table 3. Anatomical results of different irrigation treatments in the leaf of the tomato

Cizelge 3. Farkli sulama uygulamalarinin domates yapragi tizerindeki anatomik sonuglari.

Irr WLS LLS WUS LUS DMP WPP
160 29.61+£1.01b 52.194+1.70b 35.72+1.46b 58.37+1.92a 21.46+0.47b 15.26+0.52b
180 34.25+0.63a 55.25+1.27ab 46.48+2.55a 57.30+2.03a 26.07+0.90b 18.74+0.96b
1100  30.89+0.89b 47.86+0.53c 37.37+1.36b 57.96+1.65a 23.214£1.45b 22.81+0.80a
1120  31.74+0.87b 56.22+1.44a 34.67+0.62b 57.26+1.81a 64.93+3.36a 25.40+1.81a
D 0.003 0.000 0.000 0.969 0.000 0.000
Irr LPP DSP WLE LLE WUE LUE
160 49.94+3.17c 14.65+0.79d 10.33+0.34c¢ 13.47+0.74c 8.69+0.24d 15.63+0.91b
180 76.35+1.88a 17.45+1.16¢ 12.54+0,31c 16.13+0.75bc 11.86+0.27c¢ 17.62+0.51b
1100  25.69+0.95d 21.82+1.16b 16.62+0.71b 20.09+1.40b 14.71+0.51b 15.56+0.41b
1120  64.83+2.37b 28.47+0.74a 23.36+1.59a 38.97+2.26a 31.04+0.85a 45.22+2.09a
D 0.000 0.000 0.000 0.000 0.000 0.000

Note: ** gignificant at the 0.01 level; NS, not significant. Mean values within columns followed by the same letter are not
significant (p > 0.05).

Irr: Irrigation, WLS: Width of lower surface stomata, LLS: Length of lower surface stomata, WUS: Width of upper surface
stomata, LUS: Length of upper surface stomata, DMP: Diameter of mid-vein parenchyma, WPP: Width of palisade parenchyma,
LPP. Length of palisade parenchyma, DSP: Diameter of spongy parenchyma, WLE: Width of lower epidermis, LLE: Length of
lower epidermis, WUE: Width of upper epidermis, LUE: Length of upper epidermis

DISCUSSION

This study demonstrates that tomato plants exhibit pronounced structural modifications in their roots, stems, and
leaves under different irrigation regimes. The findings reveal that both water deficit and excess irrigation elicit
comparable anatomical responses, yet each organ develops distinct adaptation strategies in response to
environmental conditions.

In the roots, a remarkable structural shift was observed, with the transition of the vascular bundles from a triarch
arrangement to a central cylinder densely packed with xylem elements. Notably, xylem diameter increased
significantly under the 1120 treatment. Similar enlargement of xylem conduits under excessive irrigation has also
been reported by Hernandez-Espinoza & Barrios-Masias (2020). Interestingly, under water deficit (I60), xylem
diameter was also larger than in the control group, indicating that enhancing hydraulic conductivity under drought
may represent a compensatory strategy to facilitate water uptake. Comparable results have been documented in
rice (Gowda et al., 2015) and soybean (Makbul et al., 2011). By contrast, species such as walnut (Knipfer et al.,
2018) and grapevine (Lovisolo & Schubert, 1998) have been shown to reduce xylem diameter under drought,
highlighting interspecific and even intraspecific variation in hydraulic strategies. These contrasting responses
suggest that adjustments in xylem architecture are highly species-specific and reflect alternative trade-offs
between efficiency and safety. Furthermore, the reduction in cortical parenchyma cell diameter under 160
treatment likely helps minimize potential water loss, providing an additional survival advantage under drought
stress.

The mean epidermis cell width in the stem appeared higher in the 1100 treatment compared to other irrigation
levels (65.78 um); however, it was not statistically significant due to the very high standard deviation (+54.33 pm)
(p = 0.518). This high variability likely reflects heterogeneity in individual cell sizes and local tissue-level
adaptations, masking differences between means and necessitating careful interpretation. Similarly, previous
studies have reported that high variability in epidermal thickness may prevent the detection of statistically
significant differences in anatomical responses to irrigation treatments (Pérez-Jiménez et al., 2018; Khalid et al.,
2021). In the stem, cortical parenchyma cell diameter increased under both 160 and 1120 treatments. This
enlargement may enhance mechanical support and maintain metabolic flexibility under stress conditions.
Consistent with this, Tuylu & Tuylu (2019) reported that tomato exhibits similar structural responses to both
water deficit and excess irrigation. In addition, epidermal trichome density increased under 160, a typical
xeromorphic adaptation that restricts transpiration and reduces water loss. Xylem diameter in the stem displayed
more moderate changes, with expansion being most pronounced under 160. This suggests an adaptive mechanism
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that facilitates water transport from roots to leaves under limited water availability. However, under hot, dry
conditions, stem xylem tended to narrow, reflecting a shift toward hydraulic safety and embolism avoidance. Such
flexibility underscores the ability of tomato stems to balance hydraulic efficiency with safety in response to
prevailing environmental stressors.

Anatomical modifications reflect the balance between water transport efficiency and hydraulic safety in plants.
The enlargement of root xylem under the 1120 treatment may enhance hydraulic conductivity, facilitating rapid
water transport under excess irrigation. In contrast, the reduction in stem xylem diameter observed at 160 can be
interpreted as an adaptive response to minimize the risk of embolism under water deficit. This pattern supports
the concept that plants maintain a “hydraulic safety—efficiency trade-off” through structural adjustments in xylem
anatomy (Tyree & Zimmermann, 2002).

Leaves also exhibited notable anatomical plasticity across irrigation regimes. Under water deficit (I60), lower
epidermal width and length decreased, mesophyll area was reduced, and parenchyma cells were more compactly
arranged. These adjustments likely function to limit evaporative water loss. In contrast, excessive irrigation (1120)
promoted enlargement of both upper and lower epidermal cells, as well as expansion of palisade and spongy
parenchyma and the midrib region. Similar structural enlargements in epidermal and midrib tissues under excess
irrigation were reported by Tuylu (2018) and Tuylu et al. (2018). Likewise, Utrillas & Alegre (1997) found that
water stress enlarged palisade parenchyma in Cynodon dactylon. In addition, under the 160 and I80 irrigation
treatments, the anticline walls of leaf epidermal cells exhibited a more pronounced undulation. A similar
xeromorphic adaptation has also been reported in taxa of subsection Distantes R. (Bhattacharjee) and Sedum L.
(Acar and Satil, 2019; Ulcay, 2023). Together, these findings indicate that leaves can reorganize their internal
structure under contrasting water conditions to optimize both light capture and transpiration control. Importantly,
changes in leaf vascular tissue further highlight adaptive strategies. Xylem diameter within the midrib region
increased under 1120 but decreased under 160. A wider xylem facilitates rapid water delivery to mesophyll cells,
thereby supporting photosynthetic performance under high water supply. Conversely, reduced xylem diameter
under drought minimizes hydraulic vulnerability and enhances water-use safety. This dynamic modulation of leaf
vasculature underscores its critical role in coordinating water transport with photosynthetic and transpiration
demands (Tyree & Zimmermann, 2002; Brodribb & Holbrook, 2004).

Overall, these results emphasize that tomato plants employ organ-specific anatomical adjustments in response to
both drought and excess irrigation. While roots prioritize hydraulic efficiency, stems balance water transport and
safety, and leaves integrate light-use efficiency with transpirational control. Such structural flexibility represents
a key adaptive mechanism enabling tomatoes to maintain functional integrity across fluctuating water conditions.

CONCLUSION

Anatomical analyses revealed that varying irrigation levels induce significant structural changes in the plant's
root, stem, and leaf tissues. Key traits such as xylem diameter, cortex thickness, and parenchyma cell morphology
were found to be sensitive to water availability. Moderate irrigation (I100) provided the most balanced tissue
development, whereas water deficit (I60) led to stress-induced anatomical modifications, and excessive irrigation
(I120) resulted in unnecessary tissue enlargement.

These findings are particularly important for agricultural practices aiming to optimize water use while
maintaining plant health. Especially in regions with limited water resources, stage-specific and regulated
irrigation strategies are recommended to enhance plant performance and ensure sustainable crop production.
Anatomical data may provide a scientific basis for developing such irrigation management approaches.

In conclusion, our study provides clear anatomical evidence that tomato plants undergo distinct structural
modifications in response to water regimes. Contrary to expectations, both deficit and excess irrigation triggered
convergent adaptations in some tissues (e.g., xylem expansion in roots), while causing divergent changes in others
(e.g., epidermal cells). Monitoring these anatomical markers can be instrumental in developing stage-specific
irrigation strategies to optimize water-use efficiency and enhance crop resilience in water-limited environments.
In the future, it is recommended to investigate the relationships among these anatomical changes, photosynthesis,
yield, and water use efficiency.
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