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ABSTRACT

This study was investigated the effects of treated wastewater irrigation on physiological traits and
gene expression in tomato plants (Solanum lycopersicum L.) during the early developmental stage.
Two treatments which are control (tap water) and treated wastewater irrigation were compared.
Physiological parameters, including SPAD values and leaf color, were assessed, while the
expression of growth and stress-related genes (SIDREB2, SIARF9, and SIEXP1) was quantified
using RT-gPCR with three biological replicates. Relative expression levels were calculated
following the 2"—AACt method. The results demonstrated that treated wastewater irrigation
significantly enhanced chlorophyll content (SPAD) in tomato leaves and shifted leaf coloration
toward darker, greenish hues. At the molecular level, a pronounced upregulation of SIDREB2 was
observed, whereas SIEXP1 expression was suppressed. Although SIARF9 expression showed an
increase in relative to the control, this change was not statistically significant. Collectively, these
findings suggest that treated wastewater irrigation can enhance photosynthetic capacity in tomato
plants in the short term, while simultaneously activating abiotic stress signaling pathways and

Research Article

Received : 26.09.2025
Accepted : 29.10.2025

Keywords:

Tomato

Treated Wastewater
Gene Expression
Sldreb2

Slarf9

constraining certain growth-associated mechanisms.
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Introduction

At present, the decline in clean water resources,
coupled with rapid population growth, has rendered the use
of alternative water sources in agriculture inevitable.
Treated wastewater irrigation is regarded as a key
component of sustainable water management and is
increasingly practiced, particularly in semi-arid and arid
regions (Qadir et al., 2020). Although treated wastewater
can provide essential nutrients for plant growth, its use in
agriculture also entails considerable environmental and
health risks, primarily due to elevated salinity, the presence
of heavy metals, and pathogenic microorganisms
(Adegoke et al., Kesari et al., 2021; Trotta et al., 2024).

Tomato (Solanum lycopersicum L.) is among the most
widely cultivated and consumed vegetables in the
worldwide; According to FAO data, Tiirkiye ranked as the
third-largest tomato producer in 2022, following China and
India in the World (FAO, 2025). Tomato plants are
particularly sensitive to environmental stressors such as
high salinity, heavy metal accumulation, and microbial
contamination from treated wastewater. Under these
conditions, they frequently exhibit impaired physiological
performance as well as alterations in the expression of
stress-responsive genes (Toze, 2006). Previous studies
have reported that treated wastewater irrigation can exert
both short- and long-term effects on chlorophyll content,
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pigment biosynthesis, stomatal conductance,
photosynthetic efficiency, and overall plant growth
(Akhkha et al., 2017; Hajihashemi et al., 2020).

In recent years, research on the molecular mechanisms
underlying growth responses in tomato plants has
expanded considerably. Among these, the expansin (EXP)
gene family plays a pivotal role in cell wall loosening and
developmental processes (Lu et al., 2016). “Auxin
response factor (ARF) genes likewise contribute to
adaptive responses, as they modulate expansin (EXP) gene
expression in response to environmental stresses such as
salinity, drought, and flooding (Cho and Cosgrove, 2002).
Similarly, members of the lipoxygenase (LOX) gene family
are well known for their involvement in plant adaptive
mechanisms to oxidative stress (Zhang et al., 2021). Based
on their established roles, the SIEXP1, SIARF9, and
SIDREB2 genes were selected for investigation in this
study, with a specific focus on the early stages of
vegetative growth in tomato.

This study was designed to assess the physiological and
molecular responses of tomato (Solanum lycopersicum L.)
to treat wastewater irrigation during early development.
Physiological traits, including SPAD values as an indicator
of chlorophyll content and leaf color parameters, were
evaluated alongside the expression of growth-related
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(EXP, ARF) and stress-responsive (LOX) genes. Together,
these analyses provide a comprehensive view of the short-
term impacts of treated wastewater irrigation on tomato
plants across multiple biological scales.

Materials and Methods

Plant Material and Experiment Design

The experiment was carried out in the controlled
climate chambers of the Faculty of Agriculture, Van
Yiiziincii Y1l University. Greenhouse conditions were
maintained at an average temperature of 25 + 2 °C during
the day and 18 + 2 °C at night, with relative humidity
ranging between 60-70% and a photoperiod of 16 h light/8
h dark. Tomato (Solanum lycopersicum L., cv. H2274) was
used as the plant material. Tomato seedling that developed
uniformly at the 3-4 leaf stage were selected and planted in
2 -liter pots. A total of 10 pots were used in a completely
randomized factorial design with five replications. Air-
dried and sieved clay loam soil was placed into the pots
before transplanting. Treated wastewater was supplied by
the advanced biological treatment plant in iskele, Van
province. %27.6 field capacity has been used as the basis
for watering plants (Yerli, 2023). Gene expression
analyzes were performed on leaf samples collected on the
20th day after treatment initiation, and differences in gene
expression levels were evaluated.

Chlorophyll and Color Analysis

For chlorophyll determination, ten measurements were
taken from the leaves of each plant in every pot using a
SPAD-502 chlorophyll meter, and the mean values
automatically calculated by the device were recorded as the
SPAD index (Tiifenkci and Yerli, 2023). Leaf color was
assessed with a chroma meter (Minolta CR-400; Osaka,
Japan) according to the CIE (1976) L*, a*, C°, and h° color
space system, with ten randomly selected leaves were
measured for each replicate.

Gene Expression Analysis

For gene expression analysis, leaf samples were
collected on day 20 from each treatment in three biological
replicates and immediately stored at —80 °C until RNA

extraction. Prior to isolation, frozen tissues were ground in
liquid nitrogen to a fine powder. Total RNA was extracted
using TRIzol reagent (Nucleogene), and RNA quality and
quantity  were assessed with a  NanoDrop
spectrophotometer (Thermo Scientific). Complementary
DNA (cDNA) was synthesized from RNA samples
adjusted to a final concentration of 10 ng/uL using the
Solver cDNA Synthesis Kit (SLV-M-2021-007).
Quantitative real-time PCR (RT-gPCR) was subsequently
carried out with the Solver gPCR Master Mix (SLV-M-
2021-002) on a Rotor-Gene Q9000 system (Qiagen). To
minimize technical variation, all reactions were performed
in duplicate. Four genes were analyzed: three targets
(SIARF9, SIEXP1, SIDREB?2) and one reference gene (f-
actin). Gene-specific primer sequences, annealing
temperatures, and accession numbers are listed in Table 1.
The p-actin gene was served as an internal control for
normalization of Ct values in RT-qPCR reactions.

Statistical Analysis

The experimental data were analyzed using SPSS
software. An independent samples t-test was applied to
evaluate statistical differences between the two groups
(control and treated wastewater). The homogeneity of
variances was assessed using Levene's test, and a
significance threshold of p < 0.05 was adopted for all
analyses. Gene expression levels were calculated using
relative quantification methods, following the 2"—AACt
approach described by Livak and Schmittgen (2001).

Results

Chlorophyll and Color Analysis

Color analysis indicated that leaves in the control plant
leaves were lighter and brighter in color, while the leaves
of plants treated with wastewater were darker, shifting to
greenish tones. The L*, b* and Ch values were
significantly higher in the control group (p < 0.05).
Conversely, the H®, a and b value was higher in the treated
wastewater group, and this difference was also statistically
significant (p < 0.05). No significant difference was
observed between the groups for the a* parameter (p> 0.05)
(Table 2).

Table 1. Primer name, nucleotide sequences, annealing temperatures, and accession numbers

Gene Forward Sequence Reverse Sequence Annealing Accesion
Name Temperature Number
SIARF9 | GGGTGGTGTTATGAGTCTCAG ATTTCACTATGTAGCCGATGC 58°C NM_001247605.1
SIEXP1 TCCATTGAGCCGTAATTGGG GGCCAAATTGCCAATGAGAA 57°C NM_001247029.2
SIDREB2| ATCGCCATCTTCCGTTCTTC AACGCCCGAAACTAACGAC 57°C NM_001247830.1
SlActin |GAAATAGCATAAGATGGCAGACGATACCCACCATCACACCAGTAT  59°C  NM_001330119.1
Table 2. Effect of treated wastewater on color parameters of tomato leaves
Control Treated wastewater p-value
L 46.11+1.42 38.63+£0.42 0.00
a -16.73+0.39 -15.79+0.09 0.08
b 34.78+1.57 27.1940.55 0.01
Ch 38.62+1.58 31.45+0.52 0.01
Heab 115.77+0.58 120.20+0.37 0.00

Data were shown as means + SE. Differences between groups were analyzed by independent samples t-test (p <0.05). L*, (+) brightness, (—) darkness;
a*, (+) redness, (—) greenness; b*, (+) yellowness, (—) blueness; Ch, Chroma; H°ab, Hue.
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Table 3. SPAD values in tomato plants

SPAD p-value
Control 23.01+0.91 0.00
Treated wastewater 32.44+0.40 0.00

Data were shown as means + SE (n=10). Differences between groups were analyzed by independent samples t-test (p < 0.05).
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Figure 1. Relative gene expression rate of SIDREB2,
SIARF9 and SIEXP1 genes in Solanum Lycopersicum
leaves at day 20 under tap water (control) and treated
wastewater treatments. Data are presented as means &= SE
(n=3).

Treated wastewater irrigation significantly increased in
SPAD values in tomato leaves. The mean SPAD value was
32.44 in the treated wastewater group compared with 23.01
in the control group. An independent samples t-test
confirmed that this difference was highly significant (p <
0.05). These results indicate that treated wastewater
irrigation exerts a positive effect on chlorophyll content in
tomato leaves (Table 3).

Gene Expression Analysis

The effects of treated wastewater and tap water
irrigation on the expression of SIARF9, SIEXP1, and
SIDREB2 genes in tomato leaves were evaluated on day 20,
corresponding to the early growth stage. The relative
expression levels of these three genes in the treated
wastewater and control groups are presented in Figure 1. In
this study, SIDREB2 expression increased in
approximately one-fold in the tap water control group,
whereas in plants irrigated with treated wastewater,
expression was elevated nearly four-fold compared with
the control (Figure 1).

In this study, SIARF9 expression increased in
approximately one-fold in the control group irrigated with
tap water, whereas in tomato leaves irrigated with treated
wastewater it was elevated nearly two-fold relative to the
control (Figure 1). Expansin genes encode proteins that
mediate cell wall loosening and cell elongation. While
SIEXP1 expression remained at basal levels in the control
group, its expression was markedly reduced under treated
wastewater  treatment, approaching near-complete
suppression (Figure 1).

Discussion

This study was examined the effects of treated
wastewater irrigation on tomato plants during early
development, focusing on physiological traits and gene

expression. Physiological assessments demonstrated that
treated wastewater application significantly increased in
chlorophyll content in tomato leaves, as indicated by
higher SPAD values compared with the control group. Leaf
color analysis further revealed a shift toward greener hues.
The influence of treated wastewater on photosynthetic
pigments has also been documented in previous studies.
For example, Gassama et al. (2015) reported that treated
wastewater irrigation reduced photosynthetic activity and
pigment concentrations in rice (Oryza sativa L.), while
Hajihashemi et al. (2020) observed similar inhibitory
effects in wheat (Triticum aestivum L.). However,
Gassama et al. (2015) also noted that treated wastewater
concentration had different effects, with lower
concentrations increasing chlorophyll content. The
discrepancies between our findings and those reported in
the literature may be attributed to differences in treated
wastewater composition, duration of application, plant
species, or developmental stage at the time of treatment.

Analysis of leaf color parameters revealed that the L*,
b*, and Ch values were higher in the control group,
resulting in lighter and brighter leaves. In contrast, treated
wastewater treatment caused a shift toward darker,
greenish tones, as indicated by the higher H°ab value. This
shift can be interpreted as a visible manifestation of
increased in chlorophyll accumulation. While studies
directly examining color parameters are limited, research
on pigments and chlorophyll content suggests that treated
wastewater irrigation can influence leaf coloration (Paul
and Veerabhadraswamy, 2021; Hajihashemi et al., 2020).

In addition to the physiological changes observed,
treated wastewater application also exerted differential
effects on the expression of SIDREB2, SIARF9, and
SIEXP1 genes at the early growth stage. DREB
transcription factors are key regulators of early plant
responses to abiotic stresses such as drought, salinity, and
heat. Under stress conditions, they enhance tolerance by
binding to DRE/CRT elements in the promoter regions of
stress-responsive genes and modulating their transcription
(Lata and Prasad, 2011). Within this family, the DREB2
subgroup is specifically associated with the regulation of
drought and high-temperature stress responses (Qin et al.,
2007). For example, in maize, the ZMDREB2A gene has
been reported to be strongly induced under both drought
and heat stress (Qin et al., 2007).

Similarly, Similarly, Hichri et al. (2016) characterized
SIDREB2 as a key transcription factor mediating salt stress
tolerance in tomato, demonstrating its critical role in early
stress response mechanisms. Guo and Wang (2011) further
demonstrated that LeDREB2 functions as a transcription
factor involved in both abiotic and oxidative stress
responses in tomato. In our study, the approximately four-
fold increase in SIDREB2 expression in the treated
wastewater group relative to the control indicates that
treated wastewater may trigger early stress signaling in
tomato plants.
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Although the treated wastewater used in this
experiment exhibited relatively low electrical conductivity,
the presence of ionic compounds, organic constituents, or
microbial load may have induced stress perception. This
aligns with previous findings that plants develop rapid
adaptive mechanisms to environmental fluctuations, with
DREB genes acting as early response regulators (Lata and
Prasad, 2011). Importantly, these molecular results are
consistent of the physiological measurements. Treated
wastewater application significantly increased in SPAD
values and shifted leaf color toward greener tones,
reflecting enhanced chlorophyll accumulation. Taken
together, these findings suggest that treated wastewater
irrigation exerts dual effects: in the short term, it promotes
nutrient and pigment accumulation, while simultaneously
activating stress-response pathways. Such duality may
pose risks for plant growth and yield under long-term
application. Therefore, the observed induction of SIDREB2
expression in the early growth stage represents a critical
finding that warrants careful consideration for the
sustainable use of treated wastewater in agriculture.

The ARF gene family encodes transcription factors that
regulate auxin signaling pathways in plants and are central
to developmental processes such as growth, organogenesis,
and fruit formation. ARF proteins function by binding to
auxin-responsive elements within the promoter regions of
auxin-inducible genes, thereby modulating their
transcription (Guilfoyle and Hagen, 2007). In tomato,
studies have shown that SIARF7 is involved in fruit set and
early fruit development (De Jong et al., 2009). Similarly,
Zouine et al. (2014) performed a comprehensive genome-
wide characterization of the ARF gene family in tomato,
identifying 22 SIARF members and revealing their
complex post-transcriptional regulation patterns. Bouzroud
et al. (2018) further demonstrated that many ARF genes,
including SIARF9, display differential expression across
tissues under both biotic and abiotic stress conditions, with
SIARF9 being substantially induced under drought stress.
Collectively, these results indicate that ARF transcription
factors are not only central to developmental regulation but
can also be induced by environmental stimuli. In the
present study, SIARF9 expression increased approximately
2.5-fold in response to treated wastewater treatment
compared with the control group. This limited upregulation
suggests that short-term treated wastewater application
exerts only modest effects on auxin-mediated growth
responses. Indeed, many ARF genes exhibit variable and
tissue-specific expression patterns under environmental
stress, with some being repressed, others unaffected, and a
subset showing induction under abiotic stress conditions
such as drought and salinity (Bouzroud et al., 2018). When
integrated with physiological observations, which
indicated enhanced photosynthetic capacity in the short
term, the relatively weak change in SIARF9 expression
suggests that auxin-mediated growth processes were not
strongly activated during this early stage. Instead, treated
wastewater appears to trigger stress perception more
prominently than growth related molecular pathways. This
finding implies that growth-associated responses may
become more evident under prolonged treated wastewater
exposure, underscoring the importance of long term to
fully evaluate its effects on studies on developmental
regulation.

The expansin gene family encodes structural proteins
that regulate processes associated with cell wall loosening
and cell elongation in plants are playing a central role in
determining plant morphology (Cosgrove, 2000). SIEXP1
has been specifically linked to cell wall softening and
textural changes in tomato, particularly during fruit
ripening (Brummell et al., 1999). Expansins, however,
have broader roles, contributing to diverse processes from
seed germination to fruit set (Marowa et al., 2016). In the
present study, SIEXP1 expression was markedly reduced
under treated wastewater irrigation compared with the
control group. This decline suggests that early treated
wastewater application may suppress growth-related
mechanisms in tomato. Similar alterations in expansin
activity under abiotic stress have been reported previously.
For example, Wu and Cosgrove (2000) was observed that
expansin activity and extensible wall proteins enable maize
roots to maintain cell wall flexibility under low water
potential conditions, illustrating a conserved stress-
adaptive mechanism. Likewise, Tenhaken (2015) noted
that expansins, in coordination with xyloglucan-modifying
enzymes, facilitate growth in stressed organs through cell
wall remodeling and loosening, although these processes
can be strongly suppressed under prolonged or severe
stress. Our findings suggest that the reduction of SIEXP1
expression may result from the ionic or organic load of the
treated wastewater, which could activate stress signaling
pathways and divert plant energy resources from growth to
defense mechanisms. To better understand this adaptive
response, we propose two non-mutually exclusive
mechanisms underlying the observed SIEXP1 suppression.
Under conditions of water- or salt-induced stress, plants
often suppress expansin expression as part of a survival
strategy to limit cell-wall extensibility, reduce growth
demand, and conserve energy and assimilates (Marowa et
al., 2016). Furthermore, recent transcriptomic analyses in
tomato under osmotic stress have shown that genes
involved in cell-wall metabolism and remodeling such as
expansins are down-regulated particularly in leaves, likely
reflecting a reallocation of energy toward maintenance and
protective functions rather than growth (Pirona et al.,
2023). Notably, treated wastewater typically contains
elevated salinity along with potential trace contaminants
such as heavy metals, residual organic pollutants, and
nutrients in non-optimal ratios, which collectively may
impose multi-factorial stress beyond simple osmotic
challenge (Pedrero et al., 2010; Ungureanu et al., 2020).
Under such combined stress conditions, plants are known
to exhibit more pronounced transcriptional adjustments in
stress-responsive and cell-wall-related genes compared to
single-stress scenarios (Suzuki et al., 2014).

From these considerations, we propose two non-
mutually exclusive mechanisms for the suppressed SIEXP1
expression in our wastewater-irrigated treatment: Energy
allocation mechanism, in which the plant prioritizes basic
metabolic ~ and  stress-defense  functions  (e.g.,
detoxification, osmolyte production) at the expense of cell-
wall expansion; and Cell-wall stress response mechanism,
in which elevated salinity or contaminants in treated
wastewater impose mechanical or chemical constraints on
cell-wall loosening, thus triggering feedback suppression
of expansin gene expression. Both mechanisms align with
our data and the literature, and warrant further targeted
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investigation for example via measurement of cell-wall
extensibility, turgor pressure changes, metabolite profiling
(especially osmoprotectants and cell-wall precursors), or
time-course transcriptomic analysis comparing wastewater
versus freshwater treatments.

This suppression of SIEXP1 highlights that treated
wastewater irrigation not only influences physiological
traits but can also limit the expression of genes associated
with early growth. Ultimately, the agricultural use of
treated wastewater should be evaluated not only in terms
of short-term physiological responses but also with regard
to its potential long-term effects on molecular mechanisms
regulating plant growth and development.

Conclusion

This study was evaluated the effects of treated
wastewater irrigation on physiological traits and gene
expression in tomato plants during early development.
Physiological analyzes revealed a significant increase in
chlorophyll content and a shift in leaf coloration toward
greener hues, indicating that treated wastewater irrigation
can enhance photosynthetic capacity in the short term. At
the molecular level, a pronounced upregulation of
SIDREB2 suggests that treated wastewater application
triggers abiotic stress signaling at an early developmental
stage. In contrast, only a limited increase in SIARF9
expression and suppression of SIEXP1 were observed.
These findings indicate that while treated wastewater may
provide nutritional benefits during early development, it
also appears to constrain growth-related processes.
Collectively, the results underscore the dual role of treated
wastewater  irrigation in  promoting  short-term
physiological  enhancement  while  simultaneously
activating stress responses, which may have implications
for plant growth and productivity under long-term use.

Consequently, the controlled use of treated wastewater
in agricultural irrigation is crucial for sustainability. While
treated wastewater may enhance photosynthetic capacity in
the short term, the activation of stress responses poses
potential risks to plant growth and yield under prolonged
application. Of particular concern is the potential for toxic
accumulation in plant tissues under long-term treated
wastewater irrigation, as repeated exposure to heavy
metals, salts, and organic contaminants may exceed plant
tolerance thresholds and compromise both crop safety and
soil health (Ungureanu et al., 2020; Pedrero et al., 2010).
Therefore, testing applications over different periods for
plant species with varying growth cycles is important for
yield and quality. However, considering that the chemical
composition of trated wastewater may vary depending on
the source, more comprehensive studies are recommended.
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