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The Ferry Morse heirloom seeds of the Roma tomato variety were germinated in the greenhouse at Texas A&M University, Kingsville, TX. The seedlings were used to
study the effects of water stress or deficit irrigation (DI) on organ cell wall and lumen development in Solanum lycopersicum. The seedlings were pre-acclimated to four
DI treatments of 100% (control), 75%, 50%, and 25% in a randomized complete block experiment and grown until flowering occurred. The seedlings were watered only
when the control needed watering, and the amount of water used on the treatments was a fraction of the quantity required to saturate the control treatment pots. The
results indicate that DI impacted plant organ cell wall and lumen development but had no effect on the stem lumen. A pooled data analysis of the organ measurements
to understand the effect of DI on the species anatomical structures indicates that DI had an effect on cell wall development of the whole plant, but no effect on the lumen

of the species.

Introduction

Irrigation is one of the crucial components of agricultural
production, making agriculture a major user of freshwater,
estimated at 70% of total available freshwater resources [1].
Irrigated land alone accounts for approximately 40% of global
food production [2]. Water scarcity and food insecurity are
intricately linked; hence, the agricultural sector is among
the first to be impacted by freshwater depletion [3]. Lascano
and Sojka [4] stressed the need to increase both irrigated
land under agriculture and crop yield to sustain global food
demand for the growing human population. Despite the need
for sustainable human food security, irrigation practices in the
agricultural industry are economically inefficient as a result of
low irrigation water use efficiency [5].

The future of agriculture lies in the optimization of the
available freshwater resources. As water shortages become
a global problem, the use of alternative irrigation strategies
becomes inevitable to optimize freshwater resources [6]. Also,

other pressing factors of the 21 century necessitate water
conservation in all agricultural practices. The Organization
for Economic Co-operation and Development [7] reported
an urgent need to double food production to meet human
demands by 2050. Climate change has accelerated groundwater
depletion, creating an intense freshwater competition between
agriculture and other sectors [8]. Trenberth [9] reported that
unpredictable weather conditions, drought, and climate change
would exacerbate the pressure on global freshwater resources.
Forouzani and Karami [10] and Chai, et al. [11] noted that
regional water scarcity throughout the globe is clearly evident
and poses major problems, especially in arid agriculture and
areas where water has been vigorously extracted for various
uses.

One of many freshwater conservation strategies that has
been widely studied in crop irrigation is deficit irrigation (DI)
[12-14], the practice of irrigating a crop with less water than
the evapotranspiration requirements of the species. Most of
these studies focused on the morphological and physiological
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growth characteristics of DI crops [12-14], with a significant
knowledge gap left on the anatomical characteristics of such
crops. This study focuses on the anatomical growth and
development of Roma tomato (Solanum lycopersicum) grown
under different DI prime acclimations to determine the extent
to which the evapotranspiration requirement of the species can
be reduced without compromising its anatomical development.

Materials and methods

The Ferry Morse heirloom seeds of the Roma tomato
variety were sown in trays containing a 1:1 mixture of topsoil
and perlite in the Department of Agriculture, Agribusiness &
Environmental Sciences greenhouse at Texas A&M University-
Kingsville. Upon germination in seven days, the seedlings were
transplanted into celled trays containing topsoil and perlite
in a 2:1 ratio, and fertilized with Miracle-Gro (NPK 30:10:10)
applied at 13.75 g/liter to facilitate vegetative and root growth.
After 21 days of growth, the seedlings were again transplanted
into 20 cm diameter pots containing a mixture of topsoil and
perlite in a 5:1 ratio.

A total of 200 pots were transplanted and arranged in a
randomized complete block design (RCBD). The pots were
divided into four watering treatment groups of 100%, 75%, 50%
and 25% such that each treatment group contained 50 plants.
The treatments were replicated five times, such that each block
contained 10 treatments of each group. The pots were watered
only when plants in the 100% treatment (Control) needed
water. The amount of irrigation water given for each treatment
was computed as a fraction of the irrigation water required by
the control. For example, if 600 ml of water was applied to the
control (100% treatment) to attain potting soil saturation, the
75%, 50%, and 25% irrigation water were computed as 450 ml,
300 ml, and 150 ml, respectively. The plants were grown and
treatments maintained until flowering occurred.

At flowering, randomly selected leaves of each treatment
were collected from the third phyllochron below the stem apex
of the sample plant in each block. The leaves were detached
and fixed in formalin-acetic acid solution prepared according
to Berlyn and Miksche [15] for further laboratory preparation
and cellular measurement. Also, randomly selected stems from
each treatment block were excised at 2.54 ¢cm from the stem
collar. The samples were fixed and transported to the lab for
anatomical preparation for cellular measurement according to
the protocols of Berlyn and Miksche [15]. Twenty measurements
of each treatment per block for a total of 100 measurements
per treatment group were made with a 40X objective calibrated
with a stage micrometer.

Roots of all plants in the study were carefully removed from
the pots and washed using a water emitter with a pressured
nozzle set at slow speed to avoid loss of root parts. Also,
randomly selected samples of the washed roots from each
block and treatment were fixed and transported to the lab
for anatomical preparation and measurement as previously
described. Twenty cellular measurements of each treatment
per block for a total of 100 measurements per treatment were
made to compare the effects of primed DI treatment on the

anatomical development of Roma tomato. Leaf, stem, and root
cell wall thickness was measured with the light microscope
calibrated with a stage micrometer. Also, the lumen diameter
of the three organs was measured with the same microscope
to understand the effect of DI on the cellular development of
Roma tomato. The analysis of variance (ANOVA) and post-
hoc pairwise t-test statistical analyses were performed for
each organ (leaf, stem, root) to understand the effect of DI
on cellular development of the organ. Paired t-test allows
comparison of two treatment groups per block for the pooled
five replications under the tolerance and/or severity of water
stress on the anatomical structure compared to the control.
Also, the data of identical anatomical structures of each organ
were pooled and analyzed to understand the effect of DI on
the anatomical development of the whole organism. Thus,
the cell wall thickness of the root, stem, and leaf was pooled
and analyzed to understand the DI effect on the anatomical
development of the Roma tomato cell wall. Also, a similar
analysis was performed to understand the lumen development
of the species under greenhouse conditions. Lumen diameter
measurement was computed as an average of two diameter
measurements taken at right angles to each other [16].

Results

The ANOVA of Roma tomato cell wall and lumen
development shows that DI significantly impacted cell wall
synthesis (p = 0.0046) but did not affect lumen development (p
= 0.4091). Table 1 indicates that cell wall thickness decreased
at 50% reduction in the evapotranspiration water requirement
of the species, but increased at a severe reduction of 25%.
The implication of increased cell wall synthesis by the species
under severe drought conditions will be discussed later.

Because DI affected the anatomical development of the
Roma tomato cell wall, we adopted the post-hoc paired t-test
to explore crop organ sensitivity to DI. We used p-value as a
measure of sensitivity, such that a more sensitive organ to the
DI treatment would show a p-value of less than, equal to, or
closer to p = 0.05. Table 2 shows the effects of DI treatments
on cell wall development of the root, stem, and leaf of the
species. We used the mean p-values of 75%, 50%, and 25%
DI treatments to compare organ sensitivity to water stress;
the comparison shows that the Roma tomato root is the most
sensitive organ to water stress relative to the stem and leaf
(Table 2). Organ sensitivity to DI tends to be acropetal from the
root through the stem to the leaf. Thus, mean p-values of the
DI treatments are less, equal, or closest to p = 0.05 at the root
compared to the stem and leaf values (Table 2).

Although DI showed no statistical effect on whole plant
lumen development, the study still highlights significant
lumen effect of the organs. Leaf and root lumen dimeters are

Table 1: Effects of DI on cell wall and lumen development in So/anum lycopersicum.

Anatomical Characteritics

Cell wall thickness, mm 0.00044®  0.00038*  0.00029  0.00034°
Lumen diameter, mm 0.0042 0.0052 0.0042 0.004°
Numbers with the same letter supersScripts are not statistically significantly
different.
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significantly different from the control (100% treatment) p =
0.0004 and p = 0.0003 respectively, while stem lumen diameter
is not (p = 0.2685). This is a consequential result about the use
of DI information as a water conservation strategy in irrigation
management. Also, DI effect on lumen development follows
a similar pattern as in cell wall development with crop root
lumen being the most sensitive to water stress followed by the
stem and leaf (Table 3).

Discussion

Deficit irrigation has been widely studied and recommended
as an irrigation management technique for crop production in
areas with limited water resources and in arid agriculture [5,13].
Most of the recommendations are based on morphological and
physiological crop studies hence the different opinions about
using DI as crop irrigation management for water conservation.
Also, the interaction of DI as irrigation management
strategy is influenced by both biotic (crop factor) and abiotic
(environmental) factors hence study results vary by location
and region.

We used the anatomical development of cell wall and lumen
of Roma tomato seedlings prime acclimated to a range of DI
treatments to study plant organ sensitivity to water stress.
The study suggests that root anatomical development is very
sensitive to water stress making root the most sensitive plant
organ to water stress. Also, we report an increased cell wall
synthesis of the species subjected to a severe water stress of
25% reduction in the evapotranspiration requirement of the
species. Shi, et al. [17] noted that improved resilience to water
stress was correlated to thicker cell walls and this increased
the water-retaining capacity for growth under suboptimal
conditions. Also, Tenhaken [18] noted that water stress
could result in cell wall thickening by deposition of cell wall
components. This could be the reason for the improved cell
wall development at a severe water reduction treatment in this
study. Also, evidence in this study and those of Shi, et al. [17]

Table 2: Effects of water stress on cell wall development of Roma tomato organs.

Call the wall thickness at

and Tenhaken [18] suggest that improved cell wall synthesis is
an adaptation strategy for drought tolerance by plants.

Tyree and Ewers [19] previously reported that tomato plants
are sensitive to water stress and suggested genetic breeding
programs that regulation vein development to improve the
hydraulic efficiency of the species. We report that Roma
tomato root is the most sensitive organ of the species to water
stress. The species root anatomical structures show sensitivity
to water stress even when no discernible morphological and
physiological growth delays are apparent [12]. This finding is
totally not surprising since roots are the primary organs for
water uptake so anatomical traits like xylem vessel diameter and
thickness play a crucial role in determining a crop’s potential to
withstand water stress. Organ sensitivity to water stress in the
species is most severe in the root and progresses acropetally
through the stem to the leaf. Because the effect of DI is not
uniform through the species organ systems, DI inferences based
on whole plant morphological and physiological characteristics
could be misleading because of delay in the manifestation of
drought acclimated anatomical structures which eventually
determine the morphological and physiological growth and
development of a plant species. It is easy to miss the effect
of DI on the anatomy of annual agricultural crops because
these crops are harvested before any abnormal anatomical
characteristics manifest in the morphology and physiology of
the crop. However, this may not be case with perennials since
they live long enough for any anatomical deformity to manifest
in the morphological architecture.

The response of plant organ lumen to DI treatment in
this study highlights the danger in drawing inference on the
effects of DI on a whole plant as an organism. The results
indicate that DI had no effect no lumen development when
lumen measurements of the organs (root, stem and leaf) were
combined but when each organ’s lumen measurements were
analyzed individually, DI had a clear impact on the root and
leaf lumen. Because DI did not show any effect on the stem

Trea:ment 100 % treatment (Control) Cal: the wall thickness at Call wall thickness at 50% treatment Call wall thickness at 25 % treatment
% T 75% treatment (p-value) (p-value) (p-value)
Root Stem Leaf Root Stem Leaf Root Stem Leaf Root Stem Leaf

100 - - - 0.0786 0.0437 0.3069 0.0016 0.0007 0.6304 0.0070 0.0078 0.6804
75 0.0786 0.0437 0.3069 - - - 0.0008 0.2614 0.1066 0.0245 0.3596 0.4493
50 0.0016 0.0007 0.6304 0.0008 0.2614 0.1066 - - - 0.0195 0.0964 0.2631
25 0.0070 0.0078 0.6804 0.0245 0.3596 0.4493 0.0195 0.0964 0.2631 - - -

Mean 0.0291 0.0174 0.5392 0.0346 0.2216 0.2876 0.0073 0.1195 0.3334 0.0170 0.1546 0.4643

Table 3: Lumen development sensitivity to deficit irrigation (water stress).

Treatment
%

Lumen diameter at
25 % treatment (p-value)

Lumen diameter at
50 % treatment (p-value)

Lumen diameter at
75% treatment (p-value)

Root Stem Leaf Root Stem Leaf Root Stem Leaf
100 0.2588 0.3103 0.6297 0.0142 0.4138 0.1431 0.0001 0.0318 0.4326
75 - - - 0.0066 0.3486 0.4523 0.0001 0.7973 0.9801
50 0.0066 0.3486 0.4523 - - - 0.3525 0.0581 0.3236
25 0.0001 0.7973 0.9801 0.3525 0.0581 0.3236 - - -
Mean 0.0885 0.4854 0.6874 0.1244 0.2735 0.3063 0.1176 0.2957 0.5788
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lumen in this study, combining the lumen measurements of all
the organs to understand the impact of DI gave the misleading
result that DI has no effect on lumen development of a whole
plant. It is important to understand that plant lumen is
subject to a variety of external factors that affect its growth
and these factors impact the organs differently. Cavitation
and development of embolism are factors that affect lumen
formation and could influence lumen measurement if these
factors impacted the organs unequally. Trifilo, et al. [20] noted
that xylem cavitation and embolism were induced by drought.
These anatomical abnormalities could cause partial reduction
in lumen size which could lead to error in lumen diameter
measurement. They could also cause complete lumen closure
resulting in reduced lumen density and water conduction
efficiency in drought conditions. It is important to note that DI
treatment affected the species lumen acropetally with the root
being the most sensitive organ to water stress followed by the
stem and leaf. A similar effect was observed with the species
cell wall development.

Conclusion

Anatomical structures of Roma tomato are impacted by
irrigation management and the impact can differentially affect
the anatomy of the organs. The effect of DI management on
an organ can dilute its impact on the whole plant as was the
case with the stem lumen measurements in this study. Also,
plant organ sensitivity to water stress is differentially felt with
the root as the most sensitive organ to water stress. Results
of this study indicate that organ sensitivity to water stress
is acropetally progressive from root-stem-leaf with leaf as
the least sensitive. We conclude that the use of leaf limp as
indication of a plant’s need of water is erroneous since leaf
limp is a sign of a resource that has been in demand for a long
time.
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