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Abstract

Water hyssop (Bacopa monnieri (L.) Wettst.) is a water-demanding medicinal plant whose 
responses to declining soil moisture remain insufficiently characterized, particularly in re-
lation to phenolic accumulation. This study investigated the morphological, physiological, 
and anatomical responses of water hyssop to water limitation and identified the soil mois-
ture conditions associated with enhanced phenolic accumulation. Short-term water limita-
tion (11 days at 9.06% GWC) coincided with peak total phenolic content (TPC), reaching 
19.57 mg GAE g−1  DW. Physiological stress was initially detected at 21–22% GWC, evidenced 
by a decline in relative water content (RWC). Furthermore, 8–9% GWC soil moisture marked 
a critical physiological threshold characterized by a pronounced reduction in photosynthetic 
performance and elevated oxidative stress markers. Prolonged water limitation (4 weeks 
at 20–30% GWC) was associated with lower leaf greenness, RWC, and photosynthetic per-
formance. Concurrently, water restriction led to distinct anatomical alterations, including 
reduced chloroplast abundance, starch accumulation in the stem cortex, and a reduction in 
stem xylem vessel diameter. These findings indicate that water deficit affects physiological 
adaptations, accompanied by increased bioactive compound accumulation.

Keywords: aquatic medicinal plant; drought stress; phenolic compounds; soil moisture; 
water hyssop

1. Introduction
Water hyssop (Bacopa monnieri (L.) Wettst.) is an aquatic medicinal plant that has 

received considerable attention because of its diverse array of bioactive compounds, with 
potential applications in pharmaceutical and health-related products. Previous studies have 
demonstrated that this plant has antioxidant and anti-inflammatory properties, and it is 
used to enhance memory and treat Alzheimer’s and Parkinson’s diseases [1–3]. It can also 
synthesize various chemical compounds, among which triterpenoid saponins, particularly 
bacosides, are the major bioactive constituents and have been extensively investigated for 
their pharmacological effects, especially those associated with neurological functions [4–6]. 
In addition to bacosides, water hyssop contains other secondary metabolites with potential 
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biological activities, particularly phenolic compounds and flavonoids, which have been 
reported to exhibit antioxidant activity and low cytotoxicity. Moreover, polyphenol-rich 
extracts of water hyssop have demonstrated wound-healing activity [7–9]. Several phenolic 
compounds, including chlorogenic, neochlorogenic, and caffeic acids, have also been identi-
fied in water hyssop derived from tissue culture [10]. These findings highlight water hyssop 
as a promising source of bioactive compounds with potential applications in pharmaceutical 
and health-related products. Consequently, it serves as a vital upstream raw material for 
extracting bioactive compounds with significant medical applications.

However, the quantity and composition of plant secondary metabolites are not only 
determined by genetic factors but also strongly influenced by environmental conditions and 
cultivation practices. Therefore, understanding the relationship between environmental 
conditions, particularly water management, and plant growth and bioactive compound 
accumulation is essential for developing cultivation strategies that can improve the quality, 
consistency, and concentration of bioactive compounds in water hyssop. In medicinal plants, 
secondary metabolites represent key bioactive constituents with pharmacological relevance. 
Their biosynthesis is frequently associated with environmental stress responses [11,12]. 
Furthermore, the use of elicitation techniques to induce plant stress, such as drought, salinity, 
thermal, and light stress, can significantly enhance the production of secondary metabolites 
in medicinal plants. These controlled stress environments often result in higher yields of 
bioactive compounds compared to plants grown under standard field conditions or in their 
natural habitats [11,13–16]. Water deficit is one of the major environmental stresses affecting 
plant growth and physiological processes. A reduction in soil water availability can alter 
plant water status, stomatal regulation, gas exchange, and photosynthetic performance, with 
the severity and duration of water deficit significantly influencing the magnitude of plant 
responses [17,18]. Water deficit can also disrupt photosynthetic homeostasis and promote 
the generation of reactive oxygen species (ROS), which have dual roles as both potentially 
damaging molecules involved in oxidative stress and signaling molecules that activate 
stress perception and adaptive responses [19,20]. ROS-mediated responses can stimulate 
antioxidant defense systems and induce metabolic reprogramming, including enhanced 
synthesis of secondary metabolites such as phenolic compounds. These compounds can 
function as antioxidants and contribute to cellular protection against oxidative damage under 
water deficit conditions [21,22]. Therefore, moderate water deficit may act as an eliciting 
stimulus that induces metabolic acclimation and promotes the accumulation of phenolic 
compounds. However, plant responses to water deficit are highly dependent on species, 
stress intensity, and stress duration. When water deficit becomes too severe or prolonged, 
the capacity for acclimation may be exceeded, resulting in impaired photosynthetic activity, 
increased oxidative damage, and reductions in biomass production [18,22].

Water hyssop proliferates quickly in wetlands and is naturally found in moist and 
water-abundant habitats. However, its capacity to acclimate to declining soil water avail-
ability and the relationship between water deficit intensity and phenolic accumulation 
remain insufficiently understood. In particular, the soil moisture level and duration of water 
restriction required to achieve a balance between physiological acclimation and enhanced 
accumulation of bioactive compounds have not been clearly established. Identifying an 
optimal stress level is more informative than simply assessing growth inhibition or phys-
iological damage. Controlled water limitation could potentially be used as a cultivation 
tool to stimulate secondary metabolite production without compromising plant growth 
or photosynthetic performance. This approach could provide a basis for precision water 
management to enhance the accumulation of valuable bioactive compounds in water hys-
sop. Therefore, this study aimed to characterize the physiological and adaptive responses 
of water hyssop to different levels and durations of soil water restriction by evaluating 
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changes in morphology, water status, photosynthetic performance, oxidative stress, total 
phenolic content (TPC), and anatomy. We focused on identifying the relationships among 
soil water availability, physiological acclimation, and phenolic accumulation. The findings 
of this study are expected to define a suitable water deficit window that stimulates phenolic 
accumulation without causing severe physiological damage and to provide a scientific 
foundation for developing water management strategies to produce water hyssop with 
enhanced phenolic content and consistent quality.

2. Results and Discussion
2.1. Effects of Soil Moisture Depletion on Morphological and Physiological Changes

Water hyssop (Bacopa monnieri) is an aquatic medicinal plant commonly found along 
riverbanks and moist habitats, thriving under high soil moisture conditions. Consequently, 
water deficit imposes severe environmental stress on this species, triggering pronounced 
morphological and physiological responses. The study revealed that reducing soil moisture 
by withholding water significantly affected the morphological characteristics of water 
hyssop (Figure 1). At the onset of the experiment, the water hyssop exhibited optimal 
health and vigor. The leaves were vibrant green, and the stems remained turgid, upright, 
and succulent. The soil surface was saturated, characterized by a dark color and a complete 
absence of surface cracking. In the early stress phase (days 1–6), as the duration of water 
deprivation increased, the overall appearance of the plant remained relatively similar to 
its initial state. However, subtle changes began to emerge, such as a slight leaning or loss 
of verticality in some stems. Simultaneously, the soil began to lose its moisture content, as 
seen by a noticeable lightening in the soil color and drying of the surface layer. Despite 
these changes, no significant or clearly visible soil cracking had developed by the end of 
this period.

Figure 1. Effect of drought stress on morphological changes in water hyssop after 12 days of culture.

In the intermediate stress phase (days 7–9), wilting symptoms became increasingly 
pronounced. Some leaves began to turn yellow (chlorosis), reflecting a clear physiological 
response to water deficit, although the stems remained green. During this period, the soil 
became extremely dry, with a significantly lighter color. Initial surface cracking began to 
appear in certain areas of the soil.

By the end of the experiment (days 10–12), water hyssop exhibited severe wilting. The 
leaves transitioned from yellow to brown, becoming brittle and desiccated after 12 days. 
These symptoms indicate a progression toward permanent wilting and potential plant 
death. The soil deteriorated into a hard, pale, and arid state, with deep and distinct cracks 
visible across the entire surface of the pot (Figure 1).

Visual monitoring of the water hyssop and soil surface conditions over a 12-day drought 
induction period revealed distinct physiological responses as the water deficit intensified. 
Quantitative analysis revealed that the 12-day water deprivation experiment resulted in 
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a continuous decline in both soil moisture and the plant’s relative water content (RWC). 
Statistical analysis revealed distinct physiological phases in response to the progressing 
drought. During the initial phase (days 0–1), soil moisture remained high at 82.89% GWC 
and 85.36% GWC, respectively. On day 2, a statistically significant drop occurred, with 
moisture levels falling to 66.12% GWC. On day 7, the moisture content decreased to 21.86% 
GWC. During days 7–12, following the sharp decline on day 7, soil moisture continued 
to decrease but showed no further statistical differences during this late stage, reaching 
a minimum of 6.54% GWC on day 12 (Figure 2a). In contrast to the rapid decline in soil 
moisture, the RWC of water hyssop remained stable during the first week (Figure 2b). 
During days 0–7, the RWC stayed consistently high (ranging from 95.09 to 89.88%) with 
no significant variations despite the significant reduction in soil moisture starting on day 
2. During days 8–12, once soil moisture fell below the 21.86% GWC threshold, the RWC 
began to drop drastically, with percentages of 78.50%, 57.73%, 35.24%, 27.25%, and 11.15%, 
respectively (Figure 2a,b). The decline in soil moisture was accompanied by reduced 
photosynthetic performance, as indicated by decreases in the maximum quantum efficiency 
and yield of photosystem II (Fv /Fm ) and the electron transport rate (ETR) of water hyssop. 
From day 1 to day 9 of the drought treatment, Fv/Fm values remained statistically stable, 
ranging between 0.6626 and 0.7438. This suggests that the structural integrity of photosystem 
II (PSII) was maintained despite the decline in soil moisture (starting from day 7) and the 
reduction in the RWC (starting from day 8). However, a marked decline in PSII efficiency 
was observed on day 10, when the Fv/Fm values decreased significantly to 0.2475 relative 
to previous days. While soil moisture levels between days 9 and 10 showed no statistically 
significant difference, RWC declined significantly from 57.73% to 35.24% during this interval. 
This substantial reduction in tissue hydration was associated with a marked impairment of 
PSII function. By days 11 and 12, Fv/Fm values became undetectable, reflecting the loss 
of measurable photochemical activity in the photosynthetic apparatus (Figure 2c). The 
ETR data followed a similar trend to Fv/Fm. During the initial phase (days 0–9), the ETR 
values fluctuated slightly but showed no statistically significant differences, with an average 
of 11.65 μmol m−2 s−1 . By day 10, the ETR decreased significantly to 0.45 μmol m−2 s−1 , 
indicating a near-complete inhibition of electron transport. The ETR could no longer be 
measured on days 11 and 12 (Figure 2d). Similar responses have been reported in plants 
exposed to drought stress, although the magnitude and direction of changes in chlorophyll 
fluorescence parameters depend on plant species, stress intensity, and stress duration [23]. 
Some plants may initially maintain or even increase photosynthetic activity during the early 
stages of soil drying before experiencing a progressive decline as drought severity increases. 
Under severe drought, pronounced reductions in chlorophyll fluorescence parameters and 
ETR indicate impairment of photosynthetic electron transport and PSII function [24]. In the 
present study, Fv /Fm  values of water hyssop under well-watered conditions were already 
below the commonly reported range of 0.80–0.83 for non-stressed terrestrial plants [25]. 
Furthermore, none of the soil moisture treatments resulted in Fv /Fm  values exceeding 0.75 
(Figure 2c). Therefore, the commonly cited Fv /Fm  threshold should not be directly applied 
as an absolute criterion for defining drought stress in water hyssop. Instead, changes relative 
to the species-specific baseline under well-watered conditions provide a more appropriate 
indicator of PSII responses to drought stress. A pronounced decline in both Fv /Fm  values and 
the ETR occurred when soil moisture decreased to 9.10% GWC, whereas these parameters 
remained relatively stable at higher soil moisture levels (Figure 2a,c,d). This finding suggests 
that 9.10% GWC may represent a critical threshold at which photosynthetic performance 
becomes substantially impaired in water hyssop. In contrast, plant water status, as indicated 
by the RWC, began to decline at a considerably higher soil moisture level of 21.86% GWC 
and continued to decrease progressively with further soil drying.
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Figure 2. Effects of drought stress on water hyssop. Changes in soil moisture (a), relative water 
content (RWC) (b), maximum quantum yield of PSII (Fv /Fm ) (c), electron transport rate (ETR) (d), 
hydrogen peroxide content (H2 O2 ) (e), malondialdehyde (MDA) content (f), and total phenolic 
content (TPC) (g) of water hyssop grown under drought stress. Means with the same letter are not 
significantly different according to Tukey’s HSD test at p < 0.05. Data are presented as means ± SD, 
shown by vertical error bars.

Continuous water deprivation was associated with changes in varying levels of phys-
iological stress in water hyssop, as indicated by the accumulation of hydrogen peroxide 
(H2 O2 ) and malondialdehyde (MDA) (Figure 2e,f). During the initial phase of the drought 
treatment (days 0–9), H2 O2  levels showed no statistically significant differences, with an 
average concentration of 1.99 μg g−1  fresh weight. On day 10, a rising trend was observed 
as H2 O2  levels increased to 3.17 μg g−1  fresh weight. On days 11 and 12, H2 O2  increased 
substantially to 4.74 and 5.07 μg g−1  fresh weight, respectively. These values represent a 
statistically significant increase compared to the previous days, signaling severe oxidative 
stress (Figure 2e). The accumulation of MDA followed a similar pattern to that of H2 O2 . 
During days 0–10, there were no significant differences in MDA levels, which averaged 
15.96 nmol g−1  fresh weight. On days 11 and 12, MDA concentrations reached peak levels 
of 45.37 and 39.98 nmol g−1  fresh weight, respectively, which are significantly higher than 
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those recorded during the first nine days of the experiment (Figure 2f). These results 
indicate that prolonged water deprivation was associated with elevated H2 O2  levels in 
water hyssop tissues. This rise in ROS coincided with the significant increase in MDA levels 
on days 11 and 12. Collectively, these observations indicate that extended water deprivation 
is associated with heightened oxidative stress markers during the final desiccation stage. 
Hydrogen peroxide (H2 O2 ) is a prominent reactive oxygen species (ROS) recognized in the 
literature as both a potential signaling molecule and an indicator of oxidative stress when 
elevated. Meanwhile, malondialdehyde (MDA) is a secondary product of lipid peroxidation 
widely utilized as a marker for oxidative membrane damage under abiotic stress [26]. It 
should be noted, however, that because these parameters were expressed on a fresh weight 
and concentration basis, the apparent increases during severe stress (days 11–12) may be 
partially amplified by tissue dehydration. Nevertheless, the concurrent elevation of both 
markers is consistent with heightened oxidative stress during late-stage water deficit.

During the initial period of water deprivation (days 0–8), the total phenolic content 
(TPC) remained statistically stable, with an average concentration of 9.21 mg GAE g−1 
DW. On day 9, a rising trend emerged as the TPC increased to 12.56 mg GAE g−1  DW. 
On day 11, the TPC reached its peak concentration of 19.57 mg GAE g−1  DW when soil 
moisture dropped to 9.06% GWC. On day 12, when soil moisture dropped to a minimum 
of 6.54% GWC, TPC levels plateaued and showed no statistically significant difference 
from day 11 levels (Figure 2g). These results indicate that reducing soil moisture is closely 
associated with an increased accumulation of phenolic compounds. The peak TPC value 
observed at 9.06% GWC corresponds to maximal phenolic accumulation during progressive 
soil drying. However, as soil moisture fell further to approximately 7% GWC, TPC levels 
remained statistically comparable without significant increases, confirming that phenolic 
accumulation plateaus under extreme water deficit. Furthermore, visual symptoms of 
drought stress included wilting and a distinct color transition from green to yellow and 
brown. At 9.06% GWC, the leaves exhibited severe wilting and turned brown. At this stage, 
the plant reached its maximum observed total phenolic content (TPC). These findings 
indicate that drought stress promotes secondary metabolite accumulation in water hyssop. 
As this species naturally thrives in riparian and wetland habitats, water deprivation led to 
distinct morphological and physiological alterations.

The relationship between RWC and photosynthetic parameters indicates that PSII 
photochemistry and electron transport were maintained despite a substantial decline in 
tissue hydration. However, once soil moisture declined to 9.10% GWC (days 10), both Fv /Fm 
values and ETR decreased markedly, reflecting a pronounced reduction in photosynthetic 
efficiency. Under extreme water deficit (6.54% GWC), TPC levels remained statistically 
comparable to those observed at 9.06% GWC, coinciding with progressive tissue dehy-
dration and visible desiccation. This pattern demonstrates that phenolic accumulation 
plateaus rather than continuing to increase during late-stage drought. Overall, these find-
ings highlight a concurrent sequence of physiological and biochemical changes in water 
hyssop—characterized by tissue dehydration, reduced photosynthetic performance, ele-
vated oxidative stress markers, and increased TPC. Phenolic compounds are non-enzymatic 
metabolites commonly associated with ROS scavenging capacity and cellular redox status 
under water limitation [27]. Consistently, increases in total phenolic content (TPC) during 
drought stress have been documented across various plant species [28,29]. However, such 
biochemical responses vary depending on phenolic composition, tissue type, stress duration 
and severity, as well as plant species. Consequently, an elevation in TPC is not a universal 
marker of drought tolerance.

In the present study, the total phenolic content (TPC) positively correlated with H2 O2 
(r = 0.89) and MDA (r = 0.86), indicating that increasing oxidative stress was associated 
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with enhanced accumulation of phenolic compounds (Figure 3). The increase in TPC under 
moderate-to-severe drought is consistent with the general observation that plants often accu-
mulate antioxidant metabolites during environmental stress. However, the finding that TPC 
levels plateaued rather than increasing further under extreme drought suggests that phenolic 
accumulation is constrained when the stress exceeds the plant’s physiological tolerance.

Figure 3. Correlation analysis of physiological parameters of water hyssop under drought stress. 
Values are correlation coefficients (r); red and blue cells indicate positive and negative correlations, 
respectively, and color intensity reflects the strength of the correlation. Day, days after the onset of 
drought stress; SM, soil moisture; RWC, relative water content; ETR, electron transport rate; Fv /Fm , 
maximum quantum yield of PSII; H2 O2 , hydrogen peroxide; MDA, malondialdehyde; TPC, total 
phenolic content.

Among the physiological parameters evaluated, the relative water content (RWC) was 
found to be a sensitive indicator of decreasing soil moisture in water hyssop. The decline in 
internal water content coincided with a significant reduction in photosynthetic efficiency and 
an accumulation of oxidative stress markers. These associations were supported by strong 
negative correlations between Fv/Fm and both H2 O2  (r = −0.94) and MDA (r = −0.84). 
Similarly, the electron transport rate (ETR) exhibited a high negative correlation with H2 O2 
(r = −0.82) and a moderate negative correlation with MDA levels (r = −0.61) (Figure 3).

2.2. Effects of Prolonged Drought Stress
2.2.1. Morphological Response

Water hyssop plants were maintained at 20–30% GWC for 0–4 weeks and subsequently 
exposed to 8–10% GWC to evaluate drought acclimation and phenolic accumulation. During 
sustained exposure to 20–30% GWC, plants maintained for 0–2 weeks remained green and 
vigorous, whereas those exposed for 3 weeks exhibited lighter green, soft, and wilted leaves, 
and those exposed for 4 weeks showed extensive leaf browning, although newly formed 
branches remained green. Stem appearance remained statistically and visually comparable 
across treatments (Figures 4 and 5). Following subsequent exposure to 8–10% GWC, 
unacclimated plants (0 weeks) exhibited the most severe wilting and desiccation, whereas 
plants previously exposed to 20–30% GWC for 1–4 weeks retained higher proportions 
of green tissue, suggesting that prior exposure to moderate water deficit was associated 
with enhanced tissue preservation under severe stress. Prolonged exposure to 20–30% 
GWC was associated with significantly lower branch and leaf numbers, particularly after 
2–4 weeks, whereas main shoot length and leaf size showed no statistically significant 
differences across treatments (Figure 5). Reductions in shoot and leaf numbers correspond 
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to documented structural adjustments associated with a diminished transpiring surface 
area [30–33]. Overall, the retention of main shoot length and leaf size alongside lower organ 
counts indicates that water hyssop exhibits selective structural variations under prolonged 
low soil moisture, maintaining primary shoot extension despite lower rates of new branch 
and leaf formation.

Figure 4. Morphological response of water hyssop maintained at 20–30% GWC and 8–10% GWC for 
0, 1, 2, 3, and 4 weeks. Measurements were recorded weekly over a 4-week period.

 

Figure 5. Morphological responses of water hyssop, including main shoot length (a), branch number 
(b), leaf number (c), and leaf area (d) under continuous soil moisture conditions maintained at 
20–30% GWC for 0 (W0), 1 (W1), 2 (W2), 3 (W3), and 4 (W4) weeks. Measurements were recorded 
weekly over a 4-week period. NS indicates no statistically significant difference, whereas ** indicates 
a statistically significant difference at the 99% confidence level, as determined by Tukey’s multiple 
comparison test. Different letters indicate statistically significant differences among treatments.

2.2.2. Physiological Responses
Water hyssop exhibited time-dependent physiological responses during prolonged 

moderate soil moisture restriction (20–30% GWC). Relative water content (RWC) and leaf 
greenness remained statistically stable under moderate soil moisture deficit for 1–3 weeks 
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but decreased after 4 weeks, coinciding with progressive tissue water loss under extended 
treatment (Figure 6a,b). Throughout the 4-week period of continuous water restriction, 
Fv /Fm  values and the electron transport rate (ETR) remained continuously stable and statis-
tically comparable to control levels, showing no significant temporal decline or subsequent 
rebound across time points (Figure 6c,d). This stability is consistent with literature re-
porting maintained PSII photochemistry during moderate water deficit [34,35]. Prolonged 
stress was also associated with increased H2 O2  accumulation after 3–4 weeks (Figure 6e), 
whereas malondialdehyde (MDA) levels remained statistically unchanged (Figure 6f). 
Collectively, water hyssop exhibits effective physiological adaptations and tolerance to 
prolonged moderate water deficit. Specifically, this plant maintains the stability of its pho-
tosystem II (PSII) photochemistry over the full 4-week period, even though extended water 
restriction (>2 weeks) leads to tissue water loss, decreased leaf greenness, and increased 
H2 O2  accumulation.

Figure 6. Physiological responses of water hyssop, including relative water content (RWC) (a), leaf 
greenness (b), maximum quantum efficiency of photosystem II (Fv/Fm) (c), electron transport rate 
(ETR) (d), hydrogen peroxide (H2 O2 ) (e), and malondialdehyde (f), under continuous soil moisture 
conditions maintained at 20–30% GWC for 0 (W0), 1 (W1), 2 (W2), 3 (W3), and 4 (W4) weeks. 
Measurements were recorded weekly over a 4-week period. NS indicates no statistically significant 
difference, whereas * and ** indicate statistically significant differences at the 95% and 99% confidence 
levels, respectively, as determined by Tukey’s multiple comparison test. Different letters indicate 
statistically significant differences among treatments.
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2.2.3. Biomass Production and Phenolic Accumulation
Maintaining soil moisture at 20–30% GWC for 1–3 weeks was associated with no 

significant alterations in the fresh or dry biomass of water hyssop relative to the well-watered 
control. Conversely, extending water limitation to 4 weeks resulted in a significantly lower 
fresh weight compared to the control group (Figure 7a). Notably, after soil moisture was 
reduced to 8–10% GWC, plants pre-exposed to 1 week of water restriction exhibited a 
significantly higher fresh weight than both control plants and those in other treatment 
groups. Meanwhile, the dry weight of plants restricted for 1–4 weeks remained statistically 
comparable to control levels. These results show that early exposure to moderate stress 
prepares plants to better survive later severe droughts [36–39]. Regarding secondary 
metabolites, water restriction for 2–3 weeks was associated with significantly higher total 
phenolic content (TPC), whereas TPC levels after 1 and 4 weeks were statistically comparable 
to control levels, indicating that phenolic accumulation varies with both stress intensity 
and duration rather than exhibiting a continuous linear increase over time. Moderate water 
deficit is frequently reported in the literature to coincide with elevated secondary metabolite 
accumulation and antioxidant responses [22,40]. However, the absence of further TPC 
accumulation after 4 weeks in the present study indicates that phenolic levels reach a 
plateau rather than continuing to rise under sustained stress. During the moderate water-
deficit stage (20–30% GWC), TPC reached a peak concentration of 19.26 mg GAE g−1 
DW in the W2 treatment (Figure 7b). However, following subsequent soil drying to the 
severe water-deficit stage (8–10% GWC), TPC levels showed no significant increases and 
remained statistically comparable across treatments. Notably, plants previously exposed to 
moderate water limitation (W1–W4; 20–30% GWC) reached the severe drought threshold 
(8–10% GWC) within 4 days of complete water withholding, compared to 11 days for well-
watered controls (W0). This accelerated drying coincided with retained biomass and tissue 
hydration during early stress. Specifically, W1 plants maintained significantly higher fresh 
weight under severe drought than controls. Total phenolic content (TPC) exhibited stage-
specific accumulation, peaking at W2 under moderate water restriction (20–30% GWC). 
However, upon rapid progression to severe drought (8–10% GWC), TPC levels remained 
comparable to the W2 peak without further accumulation. Consequently, the physiological 
and biochemical responses recorded at 8–10% GWC reflect the integrated outcome of prior 
stress exposure duration, the preservation of plant hydration status, and the accelerated 
rate of soil drying. Overall, these findings suggest that moderate restriction at 20–30% GWC 
for 2 weeks provides an optimal window for TPC accumulation without a biomass penalty, 
whereas the rapid onset of severe drought yields no additional biochemical benefit and 
coincides with lower fresh biomass.

Figure 7. Yield of water hyssop plants, including fresh (FW) and dry weights (DW) (a) and total 
phenolic content (TPC) (b) under continuous soil moisture conditions maintained at 20–30% GWC 
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for 0 (W0), 1 (W1), 2 (W2), 3 (W3), and 4 (W4) weeks. Measurements were performed at 4 weeks 
after the initiation of drought stress and again when soil moisture reached 8–10% GWC. NS indicates 
no statistically significant difference, whereas ** indicates a statistically significant difference at the 
99% confidence level, as determined by Tukey’s multiple comparison test. Different letters indicate 
statistically significant differences among treatments.

2.2.4. Anatomical Acclimation
Although water hyssop sustained growth under moderate water limitation (20–30% 

GWC) for up to four weeks, prolonged restriction triggered pronounced physiological and 
anatomical adjustments in both the leaves and stems (Figure 8), including a reduction in the 
area of leaf epidermal and sub-epidermal cells. Additionally, structural modifications were 
observed in the vascular tissues and mesophyll layer, characterized by cellular flattening 
and a loss of regular conformation relative to the control group (Figure 8a,b). An increase in 
mesophyll intercellular spaces and a marked reduction in chloroplast abundance were also 
observed, consistent with the decline in relative water content (RWC) and leaf greenness, 
together with the tendency toward lower Fv /Fm  values and ETR, indicating impairment 
of plant water status and photosynthetic performance under prolonged water limitation 
(Figure 8a,b). Reduced cellular turgor under limited water availability may restrict cell 
expansion and contribute to the observed anatomical modifications, whereas changes in 
vascular bundle and xylem structure may represent adjustments of the water-conducting 
system to maintain leaf water balance [41,42]. The increased mesophyll intercellular spaces 
may further reflect structural acclimation to water limitation and potentially influence 
CO2  diffusion and photosynthetic performance [43]. After 4 weeks of water restriction, 
leaf anatomical observations revealed reduced chloroplast abundance (Figure 8b). This 
decline correlated with decreased photosynthetic performance and increased H2 O2  concen-
tration. Nevertheless, the MDA content remained statistically unchanged from the controls, 
suggesting that oxidative stress occurred without inducing severe membrane lipid peroxi-
dation [43,44]. In stems, water limitation was associated with reduced intercellular spaces 
in the cortex, altered shape of cortical cells adjacent to vascular bundles, enhanced starch 
grain abundance around vascular bundles, and a marked decrease in xylem vessel size 
(Figure 8c–h). The reduced intercellular spaces and altered cortical cell morphology may be 
associated with restricted cell expansion under reduced water availability. Meanwhile, the 
increased starch accumulation likely reflects changes in carbohydrate storage or utilization 
as plant growth becomes constrained. Furthermore, the reduction in xylem vessel size 
observed in both leaves and stems may represent an anatomical adjustment to declining 
water availability [45–47]. Collectively, the coordinated changes in leaf mesophyll structure, 
vascular tissues, chloroplast abundance, and starch storage demonstrate that water hyssop 
employs multiple levels of anatomical and physiological acclimation to sustained drought. 
These adjustments help preserve tissue hydration and physiological function despite severe 
water limitation.
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Figure 8. Anatomical changes in the leaves (a,b) and stems (c–h) of water hyssop maintained at 
20–30% GWC for 0 (a,c,e,g) (W0) and 4 weeks (b,d,f,h) (W4). AL, air lacunae; Cor, cortex; E, 
epidermis; LE, lower epidermis; Pi, pith; Ph, phloem; S, stoma; SE, sub-epidermis; SM, spongy 
mesophyll; Xy, xylem; UE, upper epidermis; VB, vascular bundle; yellow arrow, chloroplast; red arrow, 
starch grain.

3. Materials and Methods
3.1. Plant Material and Experimental Set-Up

Healthy mother plants of Bacopa monnieri were collected from their natural habitat 
at the Faculty of Fisheries, Kasetsart University, Thailand. The voucher specimen of B. 
monnieri (voucher no. 084795) was deposited in the Bangkok herbarium, Department of 
Agriculture, Thailand. Shoot cuttings of water hyssop (B. monnieri) approximately 10 cm 
in length were propagated in peat moss for 2 weeks to facilitate root development. The 
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rooted cuttings were subsequently transplanted into pots with a top diameter of 7 inches 
containing well-moistened soil (the soil mixture exhibited a high organic matter (OM) 
content of 8.5–10.5%, a bulk density of approximately 0.8 g cm−3 , and a pH of 6.5). To 
ensure high soil moisture, pots were placed in trays inside the greenhouse for two weeks. 
The experiment was conducted in May under an average daytime photosynthetic photon 
flux density (PPFD) of 602.83 μmol m−2 s−1 , as measured by a Li-COR Spectrometer (LI-
COR, Inc., Lincoln, NE, USA). During this period, the average daytime and nighttime 
temperatures were 35–38 °C and 25–27 °C, respectively, with an average RH of 70–80%. 
Based on these values, the calculated daytime and nighttime vapor pressure deficits (VPD) 
were 1.57 kPa and 0.84 kPa, respectively.

3.2. Drought Stress Treatments and Experimental Design
Two drought stress experiments were conducted. The first experiment was performed 

to determine the soil moisture threshold that induced water stress and promoted the 
accumulation of bioactive compounds, particularly phenolic compounds. The second 
experiment was conducted to investigate plant adaptation to prolonged drought stress. The 
soil moisture was determined using the gravimetric method. Gravimetric water content 
(GWC, %) was determined based on the dry mass of the soil substrate. Prior to experimental 
setup, the tare weight of empty pots was recorded, and the initial dry mass of the soil 
substrate was measured prior to planting. The dry mass of the soil substrate (Wdry soil ) was 
determined following oven-drying at 70 °C until a constant weight was achieved. GWC 
was calculated using the following Equation (1) [48]:

Gravimetric Water Content (% GWC) = [(Wmoist soil − Wdry soil )/Wdry soil ] × 100 (1)

where Wmoist soil  is the mass of moist soil and Wdry soil  is the mass of soil dried at 70 °C to a 
constant weight.

The experiments were arranged in a completely randomized design (CRD). Each 
experimental treatment and concurrent well-watered control group comprised independent 
pots containing a single plant per pot, which served as the primary biological experimental 
unit (N = 130 total pots for Experiment 1; N = 50 total pots for Experiment 2). At each 
sampling time point, ten independent biological replicates (n = 10 pots) per treatment 
and concurrent control group were randomly selected for non-destructive physiological 
measurements, followed immediately by destructive harvesting for biomass, morphological, 
anatomical, and biochemical (total phenolic content, hydrogen peroxide, and malondialde-
hyde) analyses. For leaf morphological and physiological assays, 10 leaves were measured 
per plant as technical sub-samples and averaged to yield a single representative mean per 
biological replicate (n = 1 value per pot) prior to statistical analysis.

In experiment 1, during plantlet establishment, pots were kept in water-filled trays 
to provide continuous sub-irrigation for optimal growth. Bottom-irrigation was applied 
exclusively during this preparation period. To initiate drought stress, all pots were removed 
from the trays, allowing soil moisture to gradually decrease under greenhouse conditions. 
Plant samples were randomly collected at daily intervals following the onset of water 
deficit until severe wilting and complete browning of both leaves and stems occurred on 
day 12 (Figure 1). Drought conditions were induced by withholding irrigation. The soil 
moisture level associated with the onset of visible wilting was subsequently used to define 
the drought stress threshold for the subsequent experiment.

In experiment 2, based on the results of Experiment 1, water hyssop plants began to 
exhibit distinct physiological responses to water deficit when soil moisture declined to ap-
proximately 21.86% GWC, whereas maximum total phenolic content was observed at 9.05% 
GWC. Therefore, experiment 2 was designed to investigate the effects of drought acclimation 
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duration on plant responses to subsequent water deficit. The experiment consisted of two 
sequential phases. In the first phase, plants were maintained under moderate water-deficit 
conditions (20–30% GWC) for 0, 1, 2, 3, or 4 weeks to promote physiological acclimation. To 
monitor soil moisture non-destructively without disturbing the plant root systems, a custom 
Smart IoT moisture monitoring and control system was utilized. This system, co-developed 
by the Kasetsart Agricultural and Agro-Industrial Product Improvement Institute (Kasetsart 
University) and King Mongkut’s University of Technology Thonburi, employed real-time 
telemetry to apply targeted irrigation, thereby maintaining soil moisture strictly within the 
20–30% GWC range during moderate drought treatments. In the second phase, irrigation 
was withheld to allow soil moisture to further decline to a target of 8–10% GWC prior to 
harvest to stimulate phenolic accumulation. The transition to this severe water-deficit level 
took 4 days for the previously acclimated plants (W1–W4), while the unacclimated plants 
(W0) took 11 days. Sampling was standardized to the physiological target soil moisture 
threshold of 8–10% GWC, representing the critical stress point for water hyssop, rather 
than to fixed time intervals. This ensured that biochemical and physiological parameters 
were evaluated at equivalent plant-available soil moisture levels across all treatments. This 
experimental approach was intended to determine whether different durations of prior 
exposure to moderate water deficit could influence plant physiological performance and 
phenolic accumulation under subsequent, more severe water-deficit conditions. (Figure 9).

Figure 9. Experimental design of water restriction treatments in water hyssop. W0: maintained at 
high soil moisture for 4 weeks (unacclimated control); W1–W4: maintained at moderate water deficit 
(20–30% GWC) for 1, 2, 3, and 4 weeks, respectively. All treatments concluded with a soil moisture 
reduction to 8–10% GWC prior to harvest. Blue bars indicate high soil moisture, orange bars indicate 
moderate water deficit (20–30% GWC), and grey arrows indicate the final reduction of soil moisture 
to 8–10% GWC.

3.3. Morphological Study and Biomass Measurements
The morphological characteristics of water hyssop were evaluated using random 

samples with 10 replicates per treatment. We examined structural features under a stere-
omicroscope with a camera (Olympus SZ 40; Olympus Corporation, Tokyo, Japan) and 
measured shoot length, number of branches, leaf number, and leaf area. Daily tracking was 
supported by representative images. Fresh and dry weights were determined when soil 
moisture reached 8–10% GWC after 4 weeks of drought treatment. This target level was 
attained on day 4 for W1–W4 and day 11 for unacclimated plants (W0).

3.4. Assessment of Physiological Parameters
Physiological parameters were measured daily during the first experiment at the initi-

ation of drought stress until the plants exhibited visible wilting symptoms. In the second 
experiment, the same parameters were measured at 0, 1, 2, 3, and 4 weeks after the initia-
tion of drought stress. The measured parameters included leaf greenness, photosynthetic 
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efficiency, and soil moisture, relative water (RWC), hydrogen peroxide (H2 O2 ), and malon-
dialdehyde (MDA) contents. Leaf greenness was quantified using a portable chlorophyll 
meter (SPAD-502; Minolta Corp., Kyoto, Japan) on the first to third fully expanded leaves of 
each plant. Photosynthetic performance and RWC were assessed using the same leaves. Pho-
tosynthetic performance was measured using a pulse-amplitude-modulated fluorometer 
(PAM-2500; Walz, Effeltrich, Germany). The maximum quantum efficiency of photosystem 
II (Fv/Fm) and the electron transport rate (ETR) were recorded. The RWC was determined 
according to Equation (2) [49]:

Leaf RWC (%) = [(FW − DW)/(TW − DW)] × 100 (2)

where FW is the fresh weight, TW is the turgid weight, and DW is the dry weight. The FW 
was recorded immediately after leaf excision. The samples were then immersed in distilled 
water for 24 h to determine TW and subsequently oven-dried at 70 °C until a constant weight 
was achieved to obtain DW.

Hydrogen peroxide (H2 O2 ) content was determined following the method of [50] 
with modifications. Briefly, 0.1 g of fresh tissue, the first to tenth fully expanded leaves, 
counting from the shoot apex, along with the stem region bearing these leaves, were collected 
for analysis, was homogenized in 1.5 mL of 0.1% (w/v) trichloroacetic acid (TCA) and 
centrifuged at 12,000× g for 15 min at 4 °C. A 0.5 mL aliquot of the supernatant was mixed 
with 0.5 mL of potassium phosphate buffer (pH 7.0) and 1 mL of potassium iodide solution. 
The reaction mixture was incubated at room temperature for 20 min. Absorbance was 
measured at 390 nm using a microplate reader. H2 O2  concentration was calculated based 
on a standard calibration curve. The H2 O2  concentration was quantified using an equation 
derived from a standard calibration curve of H2 O2  at concentrations of 0, 50, 100, 150, and 
200 μM.

Malondialdehyde (MDA) assay was performed, and lipid peroxidation was estimated 
by determining the MDA content [51]. The sample (0.1 g) was ground in liquid nitrogen 
and homogenized in 2 mL of 0.1% (w/v) TCA. The homogenate was centrifuged at 12,000× g 
for 15 min at 4 °C. The supernatant was mixed with 1 mL of 0.5% (w/v) thiobarbituric 
acid (TBA) solution and incubated at 98 °C for 30 min. The reaction was terminated by 
cooling to room temperature. Absorbance was measured at 532 and 600 nm, and the MDA 
concentration was calculated using Equation (3):

MDA (μmol g−1  FW) = [(A532 − A600 )/155] × (VTCA /Vsample ) × (Vsample  + VTBA )/W (3)

where VTCA  is the volume of TCA used for extraction (mL), Vsample  is the volume of extract 
used for reaction (mL), VTBA  is the volume of TBA solution added (mL), and W is the fresh 
weight of the plant sample (g). The calculated MDA content was subsequently converted 
to nmol g−1  FW (1 μmol = 1000 nmol) for the presentation of the results.

3.5. Quantification of Total Phenolic Content
The total phenolic content (TPC) was determined daily during the first experiment. In 

the second experiment, the TPC was determined after 4 weeks of drought treatment and 
again when soil moisture reached 8–10% GWC. The TPC was evaluated using a modified 
Folin–Ciocalteu method [51]. For total TPC analysis, whole aboveground shoots were dried 
at 50 °C for 5 days. Briefly, 0.1 g of dried plant material was extracted with 10 mL of 95% 
ethanol and incubated for 12 h. Subsequently, 0.2 mL of the extract was mixed with 1 mL 
of 10% Folin–Ciocalteu reagent and thoroughly vortexed. The mixture was incubated at 
room temperature for 8 min, followed by the addition of 0.8 mL of 20% sodium carbonate 
(Na2 CO3 ). The reaction mixture was then incubated in the dark at room temperature for 
90 min. Absorbance was measured at 765 nm using a spectrophotometer. The TPC was 

https://doi.org/10.3390/plants15213424

https://doi.org/10.3390/plants15213424


Plants 2026, 15, 3424 16 of 19

quantified using a gallic acid calibration curve and expressed as milligrams of gallic acid 
equivalents per gram of dry weight (mg GAE g−1  DW).

3.6. Anatomical Analysis
In Experiment 2, anatomical characteristics were evaluated after 4 weeks of drought 

stress in plants maintained at 20–30% GWC (W4 treatment) and compared with the unaccli-
mated control (W0 treatment). Samples of stems and leaves were collected for anatomical 
analysis and prepared as permanent sections, adapting the method in [52]. The samples 
were initially fixed in FAA solution for at least 24 h. The specimens were then trimmed in 
distilled water and post-fixed in 2.5% glutaraldehyde prepared in 0.1 M of sodium phos-
phate buffer (pH 7.2) for 24 h, followed by three washes with 0.1 M of sodium phosphate 
buffer (pH 7.2).

The samples were subsequently post-fixed in 2% osmium tetroxide for 2 h and washed 
three times with distilled water. Dehydration was performed using a graded acetone 
series (20%, 40%, 60%, and 80%), followed by three changes of 100% acetone, with each 
step performed for 15 min. The dehydrated samples were infiltrated with Spurr’s resin 
by gradually increasing the acetone-to-resin ratio to 75:25, 50:50, 25:75, and 0:100 (v/v), 
with each step performed for 30 min. The samples were then embedded in molds and 
polymerized at 80 °C.

Semi-thin sections (1 μm thick) were prepared using an ultramicrotome (EM UC7, Le-
ica, Vienna, Austria). For staining, the sections were transferred onto glass slides containing 
a drop of distilled water and placed on a hot plate until the water evaporated. The sections 
were stained with 1% toluidine blue for 5 min and subsequently rinsed with distilled water. 
The slides were then placed on a hot plate until the sections became clear and were mounted 
as permanent preparations. Anatomical characteristics were examined and photographed 
using a compound light microscope (Axioscope 5, Carl Zeiss, Jena, Germany).

3.7. Statistical Analysis
Data were analyzed using a one-way ANOVA in a Completely Randomized Design 

(CRD). Comparisons of the data obtained from the different treatments were carried out 
based on Tukey’s multiple comparison test, with the significance level set at p < 0.05, using 
IBM SPSS Statistics, version 25 (IBM Corp., Armonk, NY, USA).

4. Conclusions
The findings of this study indicate that progressive water deficit stimulates an inte-

grated response across morphological, physiological, and anatomical adaptations in water 
hyssop. Morphologically, reduced branching and new leaf production may have limited 
the development of additional transpiring surface areas, while the main shoot length and 
leaf size were maintained, suggesting a balance between restricting water loss and sustain-
ing shoot growth. Short-term water limitation (11 days at 9.06% GWC) coincided with 
peak total phenolic content (TPC), reaching 19.57 mg GAE g−1  DW. Initial physiological 
stress was detected at 21–22% GWC, whereas 8–9% GWC marked a critical physiological 
threshold characterized by a pronounced reduction in photosynthetic performance and 
elevated oxidative stress markers. Prolonged water limitation (4 weeks at 20–30% GWC) 
was associated with changes in relative water content (RWC), leaf greenness, and photo-
synthetic performance. These changes were accompanied by anatomical modifications, 
including increased intercellular spaces in the leaf mesophyll, reduced intercellular spaces 
in the stem cortex, altered vascular bundle morphology, reduced chloroplast abundance, 
smaller stem xylem vessels, and increased starch accumulation in the cortex. These findings 
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show that water hyssop exhibits coordinated morphological, physiological, and anatomical 
adjustments under drought stress.
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