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Abstract. This study investigates the effects of priming and extreme warming on the physiological
responses, focusing on photosynthesis and oxidative stress, in three seagrass species: Thalassia
hemprichii, Cymodocea rotundata, and Halophila ovalis. Results reveal significant interactions among
priming treatment, extreme warming treatment, and duration of warming, with varying impacts across
species. While C. rotundata shows minor stress responses to priming and extreme warming, T. hemprichii
and H. ovalis exhibit distinct patterns. Primed T. hemprichii maintains higher ¢PSIl compared to non-
primed counterparts under extreme warming, whereas primed H. ovalis displays exacerbated inhibition of
oPSII in both control and extreme warming conditions. Additionally, primed T. hemprichii shows
significant differences in total antioxidant capacity, with elevated levels observed across both control and
extreme warming scenarios. Although lipid peroxidation increases with warming in both T. hemprichii
and H. ovalis, priming attenuates this effect in T. hemprichii while intensifying it in H. ovalis. Combining
all three physiological parameters, the biomarker response index revealed a slight response in primed T.
hemprichii and a severe response in non-primed T. hemprichii under extreme warming. Both non-primed
and primed H. ovalis exhibited severe responses, while C. rotundata responses were negligible. These
findings highlight species-specific responses to thermal stress and provide initial insights into the
potential of priming to modulate thermotolerance. Understanding these dynamics is crucial for accurately
predicting climate change challenges and ensuring effective seagrass conservation and management.
Keywords: marine plant, hardening, heat stress, photosynthetic activity, thermotolerance

Introduction

Rising global temperature presents a severe threat to marine ecosystems. Seagrasses
undergo thermal stress when exposed to prolonged periods of warmer waters, resulting
in inhibited growth and an increased risk of potential die-offs (Arias-Ortiz et al., 2018;
Strydom et al., 2020; Aoki et al., 2021; Serrano et al., 2021). These repercussions
extend to the complex web of life dependent on seagrass habitats and their associated
ecosystem services (Serrano et al., 2021; Zhang et al., 2023a). Thus, addressing the
potential impacts of rising temperatures is crucial for effectively managing and
enhancing the resilience of seagrass ecosystems.

In recent years, intensive experimental studies have explored the impacts of heat
stress on seagrass performance (Costa et al., 2021; Yucharoen et al., 2021; Deguette et
al., 2022; Saewong et al., 2022; Soonthornkalump et al., 2022; Zhang et al., 2023b).
While initial research revealed physiological responses to elevated temperatures, there
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IS a growing recognition of the need for a nuanced understanding of stress in natural
environments, often involving repeated episodes (Fox-Kemper, 2021). The
consequences of persistent or recurrent warming events on seagrasses are relatively
understudied but hold significance in elucidating their resilience mechanisms (DuBois
et al., 2020; Saha et al., 2020; Vivanco-Bercovich et al., 2024). Such research can
offer valuable insights into whether repeated stress induces acclimation, thereby
enhancing resilience, or exacerbates negative impacts, leading to a deterioration in
seagrass health.

Recent studies have introduced the concept of “priming” to enhance resilience in
macrophytes and seagrasses (Nguyen et al., 2020; Jueterbock et al., 2021; Pazzaglia et
al., 2022). Thermo-priming, involving brief heat exposure, has been found to boost
thermotolerance, thereby improving seagrass performance in various aspects, including
photosynthesis, stress-related gene expression, epigenetics, and growth in Posidonia
oceanica. Thermo-priming has been suggested as a potential explanation for the
resilience observed in the same seagrass species during heatwaves in 2012, 2015, and
2017 (Nguyen et al., 2021). For tropical species such as Thalassia hemprichii (Purnama
et al., 2019) and Enhalus acoroides (Zhang et al., 2023b), heat shock has been identified
as a trigger for increased expression of antioxidant and heat shock protein genes. This
suggests physiological acclimation, potentially altering responses to subsequent
exposure to warming.

The current study investigates the impact of repeated warming stress scenarios,
incorporating the concept of priming, on three common intertidal seagrasses in
Thailand: Thalassia hemprichii, Cymodocea rotundata, and Halophila ovalis. Given the
vulnerability of tropical seagrasses to warming, with ambient temperatures approaching
their upper threshold, it is crucial to explore their potential responses in repeated
warming scenarios (Rasmusson et al., 2020, 2021). Seagrasses underwent exposure to a
sub-lethal temperature increase (36°C) as a “priming” phase, followed by extreme heat
stress conditions with temperatures rising to 40°C. The investigation included crucial
physiological parameters such as photosynthesis, total antioxidant capacity, and lipid
peroxidation. By incorporating the concept of priming, the study aims to elucidate
whether initial exposure to elevated but sub-lethal temperatures can induce a protective
response in seagrasses when confronted with more extreme heat stress conditions. This
nuanced understanding provides valuable insights for informing conservation strategies
and contributes to the broader knowledge of plant stress physiology in marine
environments. It guides future research and management efforts aimed at mitigating the
impacts of climate change on critical coastal habitats.

Materials and methods
Seagrass collection and acclimation

Healthy individuals of three common intertidal seagrass species, Thalassia
hemprichii, Cymodocea rotundata, and Halophila ovalis were collected from Tung
Khen Bay, Phuket Province, Thailand (7° 48’ 36.3” N, 98° 24’ 16.8” E). The seagrasses
were promptly transported to the laboratory at Coastal Oceanography and Climate
Change Research Center in Songkhla Province and were acclimated in large seawater
tanks under controlled conditions, including a temperature of 28°C, salinity of 32 psu,
and a photoperiod of 12/12 with an irradiance of 200 umol photons m? s. The
temperatures were regulated using submersible heater (Alpha A, Lauda, Germany), and
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illumination was provided by aquarium LED lights (Chichiros, Shanghai Ogino
Biotechnology, China). This acclimation phase spanned one week.

Priming phase

Following acclimation, the seagrasses were divided into two groups. The first group
was maintained at the acclimation temperature of 28°C, serving as a hon-primed group.
The second group underwent a priming phase, where the temperature was increased at a
rate of 1°C per hour until reaching 36°C. During the priming phase, the elevated
temperature of 36°C was sustained for a duration of 3 h. This specific temperature was
chosen based on insights from our prior study (Yucharoen et al.,, 2021), which
demonstrated that exposure to 36°C induced sub-lethal effects in tropical seagrasses.
Following this priming exposure, the temperature was systematically decreased back to
the acclimation temperature of 28°C at the same gradual rate.

Extreme heat stress exposure

Subsequently, both non-primed and primed seagrasses were subjected to two
experimental conditions: the control condition, where seagrasses were maintained at the
acclimation temperature of 28°C, and the extreme heat stress condition. In the extreme
heat stress condition, the temperature was raised at a rate of 2°C per hour until reaching
40°C. The seagrasses were then held at 40°C for 6 h before a gradual decrease in
temperature at the same rate. The selection of 40°C as the extreme heat stress
temperature was based on findings from our previous studies (Saewong et al., 2022;
Soonthornkalump et al., 2022) and corroborated by other relevant research studies
(Collier and Waycott, 2014; George et al., 2018).

Physiological measurements

During the extreme heat exposure phase, physiological measurements took place,
covering plant photosynthesis, total antioxidant capacity and lipid peroxidation. The
effective quantum yield (¢PSII) was a key parameter indicating photosynthetic
efficiency, and measurements were taken at two critical time points. The first
measurement occurred when the temperature in the warming tanks reached 40°C,
capturing the immediate impact of the extreme heat stress on the seagrasses.
Subsequently, a second measurement was conducted after the seagrasses had been
exposed to 40°C for 6 h, allowing for an evaluation of the sustained effects of prolonged
extreme heat stress.

Following the determination of the ¢PSII, seagrass leaves were carefully collected
for further analyses. The collected leaves were promptly stored at -80°C. This freezing
process ensures the preservation of cellular structures and molecular components,
allowing for subsequent investigations into the stress responses of seagrasses.

Two specific biochemical analyses were planned for the collected leaves: total
antioxidant capacity and lipid peroxidation. These measurements offer insights into
the state of oxidative stress, a consequence of extreme environmental conditions.
Total antioxidant capacity reflects the overall ability of the seagrasses to neutralize
reactive oxygen species, which are commonly produced under heat stress, while lipid
peroxidation is indicative of oxidative damage to cellular membranes. The
experimental design and timeline of the physiological measurements are summarized
in Figure 1.
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Figure 1. A. Sampling location B. Temperature profile for each treatment, parameters and time
of measurements

Photosynthesis assessment

The evaluation of photosynthetic performance employed the effective quantum yield
as a key marker. For this measurement, a Diving Pulse Amplitude Modulated
Fluorometer (Diving-PAM, Walz, Heinz Walz GmbH, Effeltrich, Germany) was
employed. This parameter acts as an indicator of the efficiency of photosystem Il during
light exposure—a reliable gauge of the capacity to convert light energy into chemical
energy through the process of photosynthesis. Consequently, it offers valuable insights
into the overall photosynthetic activity and health of the plant materials.

The effective quantum yield ($PSII = AF/Fm’) was calculated using the formula:
GPSII = (Fm’ - Ft) / Fm’, where Fm’ represents the maximum fluorescence in light-
adapted conditions, and Ft represents the steady-state fluorescence during illumination
(Murchie and Lawson, 2013).

Total antioxidant capacity

The DPPH method, adapted from Choi et al. (2009), was employed to assess the
antioxidant capacity of the sample. Initially, 100 mg of plant material was finely
powdered using liquid nitrogen. The resulting sample was placed in a 2-ml tube, and
1.5 ml of 95% methanol was added, followed by vortexing for approximately 5 min.
After storing the sample in the dark at room temperature for 2 hours, the tube was
centrifuged at 12,000 x g for 20 min at 25°C. The clear supernatant was transferred to
another 2-ml tube.

For analysis, two sets were prepared: the control set, comprising 100 pl of 95%
methanol and 1 ml of 0.2 mM DPPH (prepared in methanol); and the sample set,
consisting of 100 pl of the plant extract and 1 ml of 0.2 mM DPPH. After keeping the
mixture in the dark for an additional 30 min, absorbance was measured at 517
nanometer using a Spectrophotometer (UV1720, Yoke instrument, China). Each sample
included 3 technical replicates. The percentage DPPH scavenging effect of the sample
set was calculated in relation to the control set.
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Lipid peroxidation

The quantification of Malondialdehyde (MDA), a byproduct of lipid oxidative
degradation by reactive oxygen species (ROS), was conducted using the Thiobarbituric
acid Reactive Substances (TBARS) assay adapted from Torasa et al. (2019). Leaf tissue
(100 mg) was ground in liquid nitrogen, homogenized with 2 ml of 0.1% trichloroacetic
acid (TCA), and centrifuged at 10,000 x g for 15 min. The resulting supernatant
(0.5 ml) was mixed with 1 ml of 20% TCA and 1 ml of 0.5% TBA, heated at 95°C for
30 min, and promptly cooled on ice. After centrifugation at 10,000 x g for 10 min, the
absorbance of the supernatant was read at 532 and 600 nm using a spectrophotometer
(UV1720, Yoke instrument, China). Normalization utilized the fresh weight of tissue,
and each sample included three technical replicates.

Data analysis

In our statistical analysis, we utilized the STATISTICA academic platform to
examine the data derived from the experimental study. To ensure the validity of
subsequent analyses, Cochran’s Test was employed to validate the homogeneity of
variances prior to performing ANOVA.

For the analysis of the effective quantum yield (¢PSII), a repeated-measures
ANOVA was employed. The categorical factors considered in this analysis were the
heat treatment (control vs warming) and priming treatment (yes vs no), while the time
of measurements served as the within-group factor.

For the assessment of differences in total antioxidant capacity (TAC) and lipid
peroxidation (LPO), measured at the conclusion of the experiment, a two-way ANOVA
was conducted. The categorical factors included in this analysis were the heat treatment
(control vs warming) and priming treatment (yes vs no).

To allow for comparisons between different treatments and time points, we
implemented the Tukey Honestly Significant Difference (HSD) test.

To compare the effects of extreme warming on integrated seagrass performance, we
calculated the Biomarker Response Index (BRI) (Eq. 1) following the methods of
Luengluetham et al. (2023). Groups were divided into four: control with non-primed
seagrass (baseline), control with primed seagrass, extreme warming with non-primed
seagrass, and extreme warming with primed seagrass. The level of alteration in each
parameter (¢PSII, TAC, and LPO) was assessed based on percentage difference
compared to the control group of non-primed plants. Scores ranged from 1 to 4: < 20%
(4), 20-50% (3), 50-100% (2), and > 100% (1). Biomarker weights were assigned based
on biological significance: TAC (1.0), $PSII (1.2), and LPO (1.8). Note that the $PSII
values referenced here were measured after subjecting the treatment samples to an
extreme warming condition for a duration of 6 h (at 18:00).

The formula for BRI calculation is:

Li{Biomarker score % Biomarker weight) (qu)

BRI =
Fi(Biomarker weight)

BRI values ranged from 0 to 4. Values below 2.5 indicated a severe response, 2.50 to
2.75 indicated a major response, 2.76 to 3.0 indicated a moderate response, 3.10 to 3.50
indicated a slight response, and values above 3.5 indicated a negligible response. This
categorization was slightly modified to align with the observed value range in this
study.
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Results

In Figure 2, the effective quantum yield (¢PSII) values, reflecting the photosynthetic
activity of three seagrass species, exhibit distinct response patterns to extreme warming
treatment. For Thalassia hemprichii (Fig. 2A; Tables Al and A2), a significant
interaction between priming, extreme warming treatment, and the duration of warming
treatment was identified (Repeated-measures ANOVA, F=10.63, p<0.01). A
significant difference between non-primed and primed groups emerged during the
extreme warming treatment, particularly after exposure to 40°C for 6 h (Tukey’s HSD
test, p < 0.05). Specifically, primed seagrass displays a higher $PSII compared to non-
primed plants.
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Figure 2. Box plots showing the responses of effective quantum yield in both non-primed and
primed groups of three seagrass species: (A) T. hemprichii, (B) C. rotundata, and (C) H. ovalis
under control conditions (28°C) and extreme warming conditions (40°C). Measurements were

taken at two distinct time points: 60 h, corresponding to when the temperature in the extreme
warming treatment reached 40°C, and 66 h, after the seagrasses had been exposed to 40°C for

6 h. Whiskers indicate minimum and maximum values, the middle line indicates median, and x
indicates mean of each box plot. The asterisk indicates a significant difference between primed

and non-primed plants
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For Cymodocea rotundata (Fig. 2B; Tables Al and A2), a significant interaction
between priming and extreme warming treatment was detected (Repeated-measures
ANOVA, F =7.40, p<0.01). However, post-hoc analysis (Tukey’s HSD test) revealed
no substantial difference between non-primed and primed groups in either treatment
condition.

For Halophila ovalis (Fig. 2C; Tables Al and A2), a significant interaction between
priming, extreme warming treatment, and the duration of warming treatment was
observed (Repeated-measures ANOVA, F =4.30, p<0.05). Notably, a significant
difference between non-primed and primed groups was detected in the control
treatment, and during the extreme warming treatment, assessed after exposure to 40°C
for 6 h (Tukey’s HSD test, p <0.05). In contrast to T. hemprichii, primed H. ovalis
exhibits a lower $PSII compared to non-primed plants during both control and extreme
warming conditions.

The total antioxidant capacity (TAC) also exhibited species-specific responses.
Specifically, only T. hemprichii showed a significant difference influenced by priming
(Fig. 3A; Tables A3 and A4, Two-way ANOVA, F=15.61, p<0.001), a finding
confirmed by a post-hoc test (Tukey’s HSD test) revealing differences between non-
primed and primed seagrasses in both control and extreme warming treatments. In
contrast, neither priming nor extreme warming treatment caused any change in C.
rotundata and H. ovalis (Fig. 3B, C; Tables A3 and A4).
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Figure 3. Box plots showing the total antioxidant capacity in both non-primed and primed
groups of three seagrass species: (A) T. hemprichii, (B) C. rotundata, and (C) H. ovalis under
control conditions (28°C) and extreme warming conditions (40°C). The assessments were
conducted after the temperature in the extreme warming treatment reached 40°C for 6 h.
Whiskers indicate minimum and maximum values, the middle line indicates median, and x
indicates mean of each box plot. The asterisk indicates a significant difference between primed
and non-primed plants

Lipid peroxidation, as indicated by the level of MDA in the seagrass leaves, was
intensified by warming treatment in T. hemprichii and H. ovalis. In the case of T.
hemprichii (Fig. 4A; Tables A5 and A6), a significant interaction between priming and
extreme warming treatment was identified (Two-way ANOVA, F =29.95, p<0.001).
A significant difference between non-primed and primed groups emerged in the extreme
warming treatment (Tukey’s HSD test, p < 0.05), with non-primed seagrass displaying
significantly higher lipid peroxidation compared to primed plants, which maintained
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levels similar to the control. Similar to other parameters, C. rotundata was not affected
by either priming or extreme warming treatment (Fig. 4B; Tables A5 and A6). However,
for H. ovalis, a significant interaction between priming and extreme warming treatment
was identified (Fig. 4C; Tables A5 and A6, Two-way ANOVA, F=9.07, p<0.01). A
significant difference between non-primed and primed groups was detected in the
extreme warming treatment (Tukey’s HSD test, p < 0.05). Interestingly, in contrast to
the pattern observed in T. hemprichii, primed H. ovalis displayed significantly higher
lipid peroxidation compared to non-primed plants under extreme warming condition.

- Thalassia hemprichii Cymodocea rotundata Halophila ovalis
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Figure 4. Box plots showing the lipid peroxidation level in both non-primed and primed groups
of three seagrass species: (A) T. hemprichii, (B) C. rotundata, and (C) H. ovalis under control
conditions (28°C) and extreme warming conditions (40°C). The assessments were conducted

after the temperature in the extreme warming treatment reached 40°C for 6 h. Whiskers indicate
minimum and maximum values, the middle line indicates median, and x indicates mean of each
box plot. The asterisk indicates a significant difference between primed and non-primed plants

Table 1 displays the Biomarker Response Index (BRI) and corresponding stress
response categories for three seagrass species. T. hemprichii exhibits BRI values
ranging from 2.05 to 4.00, with both non-primed and primed plants displaying
negligible responses under control temperature (BRI =4.00 and 3.55, respectively).
However, under warming conditions, non-primed T. hemprichii shows a severe
response (BRI =2.05), while primed T. hemprichii displays a slight response
(BRI =3.45). C. rotundata demonstrates BRI values ranging from 3.70 to 4.00,
indicating negligible responses across all treatments. Similarly, for H. ovalis, both non-
primed and primed plants exhibit negligible responses under control temperature
(BRI =4.00 and 3.55, respectively), but under warming conditions, both non-primed
and primed H. ovalis show severe responses, with the BRI being lower in primed
seagrass (BRI = 2.50 and 2.05, respectively).

Discussion

Despite extensive studies on heat priming in terrestrial plant models (Béurle, 2016;
Liu et al., 2021; Nishad and Nandi, 2021; Balazadeh, 2022), investigations into their
roles in seagrasses are still at an early stage (see Nguyen et al., 2020; Jueterbock et al.,
2021; Pazzaglia et al., 2022). Our study has revealed three distinctive outcomes
regarding the impact of pre-exposure to sub-lethal thermal stress in seagrasses: (1) it
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acts as a priming mechanism, promoting the development of defense mechanisms and
enhancing tolerance of photosynthesis to extreme warming; (2) it functions as a stressor,
leading to increased levels of photoinhibition and oxidative damage when later exposed
to extreme warming treatment, and (3) pre-exposure to sub-lethal thermal stress shows
no observable effect on seagrass health. Importantly, the three seagrass species
exhibited diverse response patterns, underscoring the necessity of recognizing species-
specific vulnerabilities. This insight is crucial for designing management strategies to
mitigate the impacts of extreme warming episodes, emphasizing the need for tailored
approaches for seagrass ecosystem management.

Table 1. Biomarker response index (BRI) and corresponding stress response categories in
non-primed and primed plants of T. hemprichii, C. rotundata, and H. ovalis after exposure
to control temperature (28°C) or extreme warming treatment (40°C). BRI was calculated
using three parameters: Photosystem Il effective quantum yield (pPSIl) measured after the
warming treatment reached 40°C for 6 h, total antioxidant capacity (TAC), and lipid
peroxidation (LPO)

Species Treatments BRI Stress response category
Control/non-primed (baseline) 4.00 Negligible
. Control/primed 3.55 Negligible
T. hemprichii . i
Warming/non-primed 2.05 Severe
Warming/primed 3.45 Slight
Control/non-primed (baseline) 4.00 Negligible
Control/primed 4.00 Negligible
C. rotundata . bri i g |g|
Warming/non-primed 3.70 Negligible
Warming/primed 3.70 Negligible
Control/non-primed (baseline) 4.00 Negligible
. Control/primed 3.55 Negligible
H. ovalis . .
Warming/non-primed 2.50 Severe
Warming/primed 2.05 Severe

BRI values: 0-4. Categories: <2.5 (severe), 2.50-2.75 (major), 2.76-3.0 (moderate), 3.10-3.50
(slight), > 3.5 (negligible)

Our findings corroborate the conclusions of numerous prior studies, emphasizing the
significant threat posed by extreme warming to seagrass health, particularly affecting
their photosynthetic performance (Costa et al., 2021; Yucharoen et al., 2021; Deguette
et al., 2022; Saewong et al., 2022; Soonthornkalump et al., 2022; Zhang et al., 2023b;
Vivanco-Bercovich et al., 2024). This susceptibility can be attributed to the sensitivity
of photosynthetic machinery to heat stress compounded by oxidative stress induced by
high temperatures (Hiive et al., 2011; Mathur et al., 2014; Filacek et al., 2022). While
certain seagrasses may strengthen their defense mechanisms to mitigate oxidative
damage (Tutar et al.,, 2017; Zhang et al.,, 2023b), extreme warming has been
demonstrated to inhibit protective mechanisms in some species, rendering them even
more vulnerable (Deguette et al., 2022; Saewong et al., 2022).

The diverse vulnerability observed among seagrass species in our present study
aligns consistently with our prior investigations into thermal stress (Yucharoen et al.,
2021; Saewong et al., 2022; Soonthornkalump et al., 2022) and various stressors such as
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high light and desiccation (Wuthirak et al., 2016; Phandee and Buapet, 2018). Our
observations indicate that seagrasses characterized by slower growth rates, like T.
hemprichii, tend to manifest greater resilience to stress. Conversely, smaller seagrasses
with rapid growth, like H. ovalis, appear to be more sensitive. Studies on multiple traits
among seagrass species have suggested that slower-growing species may be more
resistant but slower to recover, while faster-growing ones may recover more rapidly
(Kilminster et al., 2015; Collier et al., 2021). Cymodocea species are often positioned in
between these extremes (Kilminster et al., 2015; Collier et al., 2021). However, several
studies have provided contrasting results. Viana et al. (2020) examined T. hemprichii,
C. serrulata, and H. stipulacea from the western coast of Zanzibar, Tanzania, under
heat stress, reporting H. stipulacea as the most tolerant. Similarly, Nguyen et al. (2020),
reported that the fast-growing — pioneer Zostera muelleri to be more heat tolerant than
the long-lived — climax Posidonia australis and Marin-Guirao et al. (2016, 2018) also
showed C. nodosa to be more resistant than P. oceanica. These contrasting results point
to the importance of considering local adaptation, in addition to life traits of seagrass
species. Nevertheless, our findings suggest that in scenarios involving repeated
warming episodes in our locality, where the initial episode is sub-lethal, T. hemprichii
and C. rotundata are likely to persist, while H. ovalis may be significantly impacted.

The tolerance mechanisms of T. hemprichii and C. rotundata seem to diverge; T.
hemprichii appears to derive benefits from priming, while C. rotundata exhibits heat
tolerance independently of priming as supported by the biomarker response index
(BRI). Previous reports on model plant species indicate that heat priming can enhance
resistance to heat stress and facilitate improved post-stress recovery (Béaurle, 2016; Liu
et al., 2021; Nishad and Nandi, 2021; Filacek et al., 2022). Studies on seagrasses also
demonstrate that preheated plants exhibit enhanced coping mechanisms during
repetitive heatwave episodes. This is evidenced by improvements in photosynthetic
capacity, including the effective quantum yield (¢PSII), similar to the findings of the
present study, as well as increases in chlorophyll a content and leaf growth (Nguyen et
al., 2020; Pazzaglia et al., 2022). Expanding upon these earlier investigations, it can be
inferred that the observed mechanistic benefits of priming in T. hemprichii in this study
may involve an increase in the heat stability of PSII, consistent with findings in wheat
and tall fescue (Hu et al., 2015; Fan et al., 2018), and an enhancement in the capacity of
defense mechanisms, as seen in wheat seedlings and maize (Wang et al., 2014;
Khanzada et al., 2022; Ru et al., 2023). While the former was also observed in
seagrasses (Nguyen et al., 2020; Pazzaglia et al., 2022), the latter—enhanced
antioxidant capacity in primed plants—was not consistently observed in previous
seagrass studies. Despite priming leading to an increase in the expression of genes
encoding manganese superoxide dismutase and catalase, studies on primed seagrasses
Z. muelleri and P. australis did not find significant differences from non-primed plants
during the second heatwave (Nguyen et al., 2020). Similarly, no significant difference
in the expression of genes encoding manganese superoxide dismutase and other genes
associated with defense mechanisms, such as heat shock proteins and alternative
oxidase, was observed between non-primed and primed P. oceanica seedlings
(Pazzaglia et al., 2022).

On the contrary, primed H. ovalis exhibited aggravated stress responses, as indicated
by ¢$PSII, lipid peroxidation, and the BRI. This finding is consistent with a recent study
demonstrating that the recurrence of marine heatwaves exacerbates thermal stress in the
surfgrass Phyllospadix scouleri, causing a decrease in photosynthetic performance and

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(5):4823-4840.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2205_48234840
© 2024, ALOKI Kft., Budapest, Hungary



Sinutok - Buapet: Priming-mediated responses of tropical seagrasses to extreme warming stress: a preliminary analysis
- 4833 -

an increase in oxidative damage (Vivanco-Bercovich et al., 2024). The accumulation of
heat-induced damage suggested in this previous study may be applicable to our study.
Here, the priming temperature may have induced photoinhibition in H. ovalis, observed
as lower ¢PSII in primed plants under control conditions. Furthermore, warming has
been shown to inhibit the photoprotective mechanisms of H. ovalis (Saewong et al.,
2022), potentially contributing to worsened photoinhibition and higher oxidative stress
following subsequent heat treatment.

It is important to note that caution is warranted when interpreting our results, as they
do not necessarily signify adaptation or long-term acclimation. Our study serves as an
initial exploration into investigating repeated stress in tropical seagrasses. In-depth
investigations, delving into longer-term responses and changes at the epigenetic level,
are imperative to better comprehend these phenomena. Furthermore, exploring priming
effects on cross-tolerance to abiotic stresses (Hossain et al., 2018) will enhance our
understanding of seagrass stress physiology. Recognizing that repeated stress closely
mirrors natural occurrences (Baurle, 2016; Nguyen et al., 2020), a comprehensive and
nuanced understanding of the nature of stress is essential to predict changes, especially
in climate change scenarios.

Conclusion

In conclusion, our study highlights the varied and species-specific responses of
seagrasses to pre-exposure to sub-lethal thermal stress. While some species, like T.
hemprichii and C. rotundata, show promising resilience, others, such as H. ovalis,
exhibits increased vulnerability. These findings emphasize the need for tailored
management strategies to mitigate the impacts of extreme warming on seagrass
ecosystems. Further long-term research into the epigenetic and cross-tolerance effects of
thermal priming is essential for understanding and enhancing seagrass resilience in the
face of climate change.
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Table Al. Summary of repeated ANOVAs of effective quantum yield for Thalassia
hemprichii, Cymodocea rotundata, and Halophila ovalis in responses to heat and priming
treatments and time (HOUR). Significant values (p < 0.05) are shown in bold

Effect SS df MS F p
Intercept 4.114 1 4.114 3357.731 | 0.000000
Heat 0.365 1 0.365 298.014 | 0.000000
= Priming 0.017 1 0.017 13.722 | 0.000923
s Heat*Priming 0.002 0.002 1.498 0.231184
& Error 0.034 28 0.001
o HOUR 0.012 1 0.012 14.165 | 0.000789
(_3 HOUR*Heat 0.000 1 0.000 0.000 | 0.983803
£ HOUR*Priming 0.000 1 0.000 0.455 | 0.505715
HOUR*Heat*Priming 0.009 1 0.009 10.631 | 0.002920
Error 0.023 28 0.001
Intercept 3.659 3.659 5315.187 | 0.000000
) Heat 0.062 0.062 89.611 | 0.000000
ks Priming 0.002 0.002 2.893 | 0.100065
g Heat*Priming 0.005 0.005 7.400 0.011080
g Error 0.019 28 0.001
8 HOUR 0.013 1 0.013 14.019 | 0.000831
3 HOUR*Heat 0.001 1 0.001 0.866 | 0.359903
f>)~ HOUR*Priming 0.000 0.000 0.215 | 0.646714
HOUR*Heat*Priming 0.000 0.000 0.264 | 0.611691
Error 0.025 28 0.001
Intercept 2.956 1 2.956 1998.914 | 0.000000
Heat 0.575 1 0.575 388.593 | 0.000000
" Priming 0.037 1 0.037 25.205 | 0.000026
E Heat*Priming 0.001 1 0.001 0.790 | 0.381569
= Error 0.041 28 0.001
£ HOUR 0.033 1 0.033 31.523 | 0.000005
3 HOUR*Heat 0.008 1 0.008 7.629 | 0.010027
T HOUR*Priming 0.001 1 0.001 0.985 | 0.329513
HOUR*Heat*Priming 0.005 1 0.005 4305 | 0.047294
Error 0.030 28 0.001
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Table A2. Summary of Tukey HSD test of effective quantum yield for Thalassia hemprichii,
Cymodocea rotundata, and Halophila ovalis in responses to heat and priming treatments
and time (HOUR). Significant values (p < 0.05) are shown in bold

Cell No.|Treatment| Time | {1} {2} {3} {4} {5} {6} {7} {8}

1 Control Hour 1.000 | 0.054 | 0.999 | 0.000 | 0.000 | 0.000 | 0.000
12 000 083 979 134 134 134 134
2 Control Hour | 1.000 0.066 | 0.999 | 0.000 | 0.000 | 0.000 | 0.000
18 000 981 899 134 134 134 134
= 3 Control | Hour | 0.054 | 0.066 0.013 | 0.000 | 0.000 | 0.000 | 0.000
=] primed 12 083 981 088 134 134 134 134
E— 4 antrol Hour | 0.999 | 0.999 | 0.013 0.000 | 0.000 | 0.000 | 0.000
2 primed 18 979 899 088 134 134 134 134
.g 5 Warming Hour | 0.000 | 0.000 | 0.000 | 0.000 0.060 | 0.788 | 0.973
2] 12 134 134 134 134 512 688 954
EU . Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.060 0.001 | 0.007
| 6 Warming | gt | an | q34 | 134 | 134 | 512 396 | 134
7 Warming | Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.788 | 0.001 0.998
primed 12 134 134 134 134 688 396 651
8 Warming | Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.973 | 0.007 | 0.998
primed | 18 | 134 | 134 | 134 | 134 | 954 | 134 | 651
1 Control Hour 0.981 | 1.000 | 0.509 | 0.000 | 0.000 | 0.097 | 0.000
12 679 000 969 329 133 424 172
2 Control Hour | 0.981 0.969 | 0.973 | 0.005 | 0.000 | 0.556 | 0.001
18 679 232 402 519 133 662 501
< 3 Control | Hour | 1.000 | 0.969 0.565 | 0.000 | 0.000 | 0.087 | 0.000
-cés primed 12 000 232 255 300 133 845 166
g 4 antrol Hour | 0.509 | 0.973 | 0.565 0.084 | 0.000 | 0.984 | 0.028
= primed 18 969 402 255 240 158 337 426
§ 5 Warming Hour | 0.000 | 0.005 | 0.000 | 0.084 0.297 | 0.469 | 0.999
g 12 329 519 300 240 595 763 876
; 6 Warming Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.297 0.000 | 0.436
O 18 133 133 133 158 595 857 089
7 Warming | Hour | 0.097 | 0.556 | 0.087 | 0.984 | 0.469 | 0.000 0.322
primed 12 424 662 845 337 763 857 200
8 Warming | Hour | 0.000 | 0.001 | 0.000 | 0.028 | 0.999 | 0.436 | 0.322
primed 18 172 501 166 426 876 089 200
1 Control Hour 0.098 | 0.013 | 0.017 | 0.000 | 0.000 | 0.000 | 0.000
12 026 588 977 133 133 133 133
2 Control Hour | 0.098 0.982 | 0.990 | 0.000 | 0.000 | 0.000 | 0.000
18 026 187 753 133 133 133 133
3 Control | Hour | 0.013 | 0.982 1.000 | 0.000 | 0.000 | 0.000 | 0.000
i) primed 12 588 187 000 134 133 133 133
g 4 Control | Hour | 0.017 | 0.990 | 1.000 0.000 | 0.000 | 0.000 | 0.000
o primed 18 977 753 000 134 133 133 133
% 5 Warming Hour | 0.000 | 0.000 | 0.000 | 0.000 0.020 | 0.146 | 0.000
= 12 133 133 134 134 837 516 133
I 6 Warming Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.020 0.998 | 0.011
18 133 133 133 133 837 186 668
7 Warming | Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.146 | 0.998 0.001
primed 12 133 133 133 133 516 186 434
8 Warming | Hour | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.011 | 0.001

primed 18 133 133 133 133 133 668 434
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Table A3. Summary of two-way ANOVAs of Total antioxidant capacity for Thalassia
hemprichii, Cymodocea rotundata, and Halophila ovalis in responses to heat and priming
treatments. Significant values (p < 0.05) are shown in bold

Effect SS df MS F p
Intercept 114588.226 1 114588.226 3287.375 0.000000
-g .(czJ Heat 74.810 1 74.810 2.146 0.158467
c_‘g E Priming 544.065 1 544.065 15.608 0.000789
= 2| Heat*Priming 34.043 1 34.043 0.977 0.334834
Error 697.141 20 34.857
Intercept 113920.149 1 113920.149 5565.682 0.000000
§ % Heat 4.755 1 4.755 0.232 0.635064
B -§ Priming 2.262 1 2.262 0.110 0.743043
(% ° Heat*Priming 11.343 1 11.343 0.554 0.465271
Error 409.366 20 20.468
% Intercept 137626.245 1 137626.245 15811.019 0.000000
3 Heat 0.012 1 0.012 0.001 0.970159
= |  Priming 0.711 1 0.711 0.082 0.777919
§' Heat*Priming 3.049 1 3.049 0.350 0.560612
T Error 174.089 20 8.704
Table A4. Summary of HSD test of Total antioxidant capacity for Thalassia hemprichii,
Cymodocea rotundata, and Halophila ovalis in responses to heat and priming treatments.
Significant values (p < 0.05) are shown in bold
Cell No. Heat Prime {1} {2} {3} {4}
© = 1 Control No 0.049125 0.739549 0.001048
% 2 2 Control Yes 0.049125 0.094095 0.098179
< g 3 Warming No 0.739549 | 0.094095 0.002295
- 4 Warming Yes 0.001048 0.098179 0.002295
S o 1 Control No NS NS NS
§ %5 2 Control Yes NS NS NS
§ 2 3 Warming No NS NS NS
o= 4 Warming Yes NS NS NS
< 1 Control No NS NS NS
£g 2 Control Yes NS NS NS
<3 3 Warming No NS NS NS
= 4 Warming Yes NS NS NS
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Table A5. Summary of two-way ANOVAs of Lipid Peroxidation for Thalassia hemprichii,
Cymodocea rotundata, and Halophila ovalis in responses to heat and priming treatments.
Significant values (p < 0.05) are shown in bold

Effect SS df MS F p

Intercept 70.589 1 70.589 425.973 0.000000

s £ Heat 1.685 1 1.685 10.171 0.004609

£'5| Priming 1.793 1 1.793 10.820 0.003664

£ & | Heat*Priming 3.969 1 3.969 23.951 0.000088
Error 3.314 20 0.166

Intercept 14.727 1 14.727 79.604 0.000000

§ g Heat 0.007 1 0.007 0.036 0.851355

S 2| Priming 0.027 1 0.027 0.144 0.708197

%‘é Heat*Priming 0.060 1 0.060 0.324 0.575362
Error 3.700 20 0.185

2 Intercept 97.204 1 97.204 568.720 0.000000

3 Heat 5.134 1 5.134 30.037 0.000023

= | Priming 1550 1 1550 9.071 0.006890

& | Heat*Priming 0.184 1 0.184 1.075 0.312174
£ Error 3.418 20 0.171

Table A6. Summary of HSD test of Lipid Peroxidation for Thalassia hemprichii, Cymodocea
rotundata, and Halophila ovalis in responses to heat and priming treatments. Significant
values (p < 0.05) are shown in bold

Cell No. Heat Prime {1} {2} {3} {4}
Q= 1 Control No 0.269951 0.000014 0.944171
% 2 2 Control Yes 0.269951 0.000181 0.242067
[ § 3 Warming No 0.000014 | 0.000181 0.000012
= 4 Warming Yes 0.944171 0.242067 0.000012
S 1 Control No NS NS NS
§ ‘é‘ 2 Control Yes NS NS NS
§ 2| s Warming No NS NS NS
o= 4 Warming Yes NS NS NS
- 1 Control No 0.177865 0.005129 0.000007
'-g_ (_96 2 Control Yes 0.177865 0.096217 0.000170
% 3 3 Warming No 0.005129 0.096217 0.009618
= 4 Warming Yes 0.000007 0.000170 0.009618
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