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Microhabitat-specific diurnal metabolomic
responses of the intertidal limpet

Cellana toreuma to winter low temperature

Yong-Xu Sun," Li-Sha Hu,?* and Yun-Wei Dong?34*

SUMMARY

High-throughput determination of circadian rhythms in metabolic response and
their divergent patterns in various microhabitats are crucial for understanding
how organisms respond to environmental stresses. A mid-intertidal limpet Cel-
lana toreuma was collected at various time points across both daytime and
nighttime in winter during low tide for investigating the diurnal metabolomic
responses to cold stress and elucidating the divergent metabolic responses to
temperature variations across microhabitats. Temperatures of emergent rock
microhabitats were lower than the tidal pool and even aggravated at night. A
series of metabolomic responses exhibited coordinated diurnal changes in
winter. Metabolic responses which were associated with cellular stress re-
sponses and energy metabolism of emergent rock microhabitat individuals
were highly induced compared to the tidal pool ones. This study shed
light on the diurnal patterns of metabolomic responses of intertidal molluscs
in the field and emphasized the variations in metabolic responses between
microhabitats.

INTRODUCTION

As responses to daily environmental change, many biological functions such as physiological and behav-
ioral processes exhibit rhythmic fluctuations that refer to circadian rhythm," which serves as an adaptation
for daily changes by allowing organisms to anticipate and prepare for daily external environmental
changes.?” Because responses to abiotic stresses are energetically costly, circadian rhythm can temporally
restrict the response pathways to abiotic stresses when environmental conditions are not stressful enough.”
The timing of physiological responses is coordinated with environmental changes. The diurnal biological
responses are crucial for maximizing the efficiency of energy use during diurnal environmental changes and
ultimately affect the resistance to environmental stresses.”™

Metabolites are essential components of cellular regulatory and metabolic processes, and changes in
metabolite levels can provide indicators of the overall integrated responses of an organism.”'® Previous
studies have shown that seasonal changes in metabolites increased the resistance to environmental stress
for organisms."'~"? For instance, plants have adapted to seasonal temperature variations by adjusting their
metabolism during autumn, increasing their content of a range of cryo-protective compounds to maximize
their cold tolerance.'? In the diurnal changes of the environment, a series of metabolites also exhibited co-
ordinated changes and allowed species to adapt their physiological performance to daily environmental
variations.'""® Therefore, detailed knowledge of the coordinated changes in metabolism to the diurnal cy-
cle is essential for understanding how organisms cope with stress.

Recently, an increasing number of studies have emphasized the important roles of small-scale spatial var-
iations (e.g., microhabitat scale) in assessing the vulnerability of organisms to environmental stress.'*""?
Small-scale variations in habitats can produce dramatically different microclimates and exhibit different
diurnal environmental variations.”>?" In a long-term record of intertidal animals’ body temperature in
different microhabitats; for instance, the daily temperature trajectories between sun-exposed and shaded

microhabitats, exhibited large differences, which were larger than the variability associated with the sea-
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The rocky intertidal habitat is a model system for exploring the physiological adaptations to variable and
harsh environmental conditions.'”"?=?? There, a high degree of topographic complexity offers varieties of
microhabitats and microclimates.’”*" The variations of thermal conditions between microhabitats can

largely exceed those between latitudes.****

Among these intertidal microhabitats, emergent rock and tidal pool microhabitats are common microhab-
itats.”"* Body temperatures of organisms in emergent rock microhabitats are driven by multiple environ-
mental factors including solar radiation, air temperature, relative humidity, wind speed, and cloud cover.®
Organisms in tidal pools are continually submerged and hence are not subject to the same environmental
factors as on freely draining rock microhabitats.*” During low tides, these microhabitats provide different
microclimates for living organisms.?® In general, tidal pools are considered as refuges for organisms to
escape environmental pressures, which is of great significance for enhancing the population persistence

of intertidal organisms.>*

Localized extremely cold winter temperatures have significant impacts on the intertidal ecosystem by
limiting foraging opportunities, resulting in mortality, and setting the range of species.’”* When organ-
isms encounter low temperatures, a series of metabolites are produced to protect them from cryoinju-
ries.'%4"* To resist cold stress, for instance, intertidal mussels accumulated osmolytes to increase freeze
tolerance.'%*® Consequently, metabolic adaptations are crucial for resisting cold stress during dynamic
environmental changes.

In this context, field studies are crucial because they provide in situ information related to the physiological
changes in intertidal organisms under natural conditions.*”*° The intertidal limpet Cellana toreuma is an
important grazer on rocky intertidal shores and is widely distributed in China, Korea, and Japan.”' % In
winter, this species occupies a microhabitat range from rock surfaces to tidal pools and exhibited a high
incline to stay in the original microhabitat in a short term. The widespread distribution in different micro-
habitats could be attributed to factors such as food availability, temperature variation, and predation pres-
sure.'”%** Based on LC-MS/MS metabolomics, we performed a field experiment designed to assess the
metabolomic responses of C. toreuma to diurnal environmental fluctuations. Compiling these environ-
mental and metabolomic data allows us to test the following hypothesis: limpets between microhabitats
exhibited divergent patterns of diurnal metabolomic responses in the face of winter low temperatures.

RESULTS

Environmental temperature of tidal pool and emergent rock microhabitats

Thermal infrared images gave a visual representation of the difference in temperature between tidal pools
and rock surfaces (Figure 1A). The orange color of the tidal pools indicated a relatively warm microhabitat,
and the rest of the emergent rock microhabitat was blue in color, associated with a much colder temper-
ature. From November 2021 to February 2022, the temperatures ranged from —4.1 to 29.4°C in the emer-
gent rock microhabitat and ranged from —0.3 to 22.5°C in the tidal pool microhabitat (Figure 1B). The daily
thermal variation in the emergent rock microhabitat (13.28 + 4.94°C) was significantly higher than that in
the tidal pool microhabitat (5.39 + 1.68°C) (t-test, p< 0.001). During the low tides, the temperature in the
emergent rock microhabitat was lower than that in the tidal pool (Figure 1C). The minimum temperature
during the sampling period (December 12th, 2021) in the emergent rock (—2.73 + 1.25°C) was significantly
lower than that in the tidal pool microhabitat (2.34 + 0.71°C) (t-test, p< 0.001).

Metabolomics analysis

Limpets were collected at both tidal pool and emergent rock microhabitats after the tide had receded (just
emerged, DO at 12:00, NO at 0:00), when the tide faded to the lowest (emerged for 3 h, D3 at 15:00, N3 at
3:00), and just before submergence by the returning tide (emerged for 5 h, D5 at 17:00, N5 at 5:00), respec-
tively. For limpets collected at the time points at daytime (DO, D3, D5) and nighttime (NO, N3, N5) during
low tides, the partial least squares discrimination analysis (PLS-DA) showed the samples from different time
points were separated clearly in both the tidal pool and emergent rock microhabitats (Figure 2A).

As the results of the permutational multivariate analysis of variance (PERMANOVA) showed metabolites
were significantly affected by sampling times (F = 19.8857, p< 0.001) and microhabitats (F = 4.8461,
p = 0.020), but the interaction effect between sampling times and microhabitats was not significant
(F =1.2746, p = 0.271).
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Figure 1. Different thermal conditions of tidal pool and emergent rock microhabitats

(A) Thermal images in the tidal pool and emergent rock microhabitats.

(B) Temperatures recorded in tidal pool and emergent rock microhabitats.

(C) Temperatures recorded in the tidal pool and emergent rock microhabitats during sampling periods. During low tides
on December 12th, 2021, limpets were sampled at 12:00 (D0), 15:00 (D3), and 17:00 (D5) in the day and 0:00 (NO), 3:00 (N3),
and 5:00 (N5) at night, respectively. The arrow represents the sampling date. The dotted lines represent the temperature
of 0°C.

Cluster analyses showed that the top 25 metabolites were significantly different among sampling times
(p< 0.05) and were grouped into four clusters in both tidal pool and emergent rock microhabitats (Fig-
ure 2B). The levels of metabolites in the Cluster 1 decreased from DO, D3 to D5 time points and were main-
tained at low level from NO, N3 to N5 time points. In the Cluster 2, the concentrations of metabolites in the
tidal pool microhabitat were maintained at a low level during the day (DO, D3 to D5 time points) and
decreased during the night (NO, N3 to N5 time points), but were maintained at high levels during the
day and low levels during the night in the emergent rock microhabitats. The metabolites in Cluster 3
and Cluster 4 were maintained at low levels during the day and accumulated during the night. These differ-
entially expressed metabolites (DEMs) were related to purine metabolism, TCA cycle, amino acids meta-
bolism, sugar metabolism, and cellular stress response (Figure 3).
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Figure 2. The partial least squares discrimination analysis (PLS-DA) and heatmap analysis of metabolites across
sampling times

(A) The PLS-DA of metabolites among sampling times for tidal pool and emergent rock microhabitats, respectively.

(B) Heat maps of the top 25 metabolites that differ significantly (p< 0.05) among sampling time points between tidal pool
and emergent rock microhabitats, respectively. Ellipses on PLS-DA score plots represented a confidence interval of 95%.
In the heat maps, sampling times were in columns (n = 8) and metabolites were in rows. The colors varied from deep blue
to dark red representing data values ranged from very low (cold colors) to extremely high (hot colors). Metabolites were
clustered in four clusters. Metabolites codes: CTP, cytidine triphosphate; AMP, Adenosine monophosphate.

According to their functions, these DEMs are divided into four groups (Figure 4). The metabolites in Group
1 were associated with purine metabolism, including guanosine diphosphate (GDP), inosine, adenosine
monophosphate (AMP), hypoxanthine, and xanthine. The concentrations of GDP, inosine, and hypoxan-
thine were maintained at low levels during the day and increased from NO, N3 to N5. The concentration
of xanthine increased from DO, D3 to D5, and also increased from NO, N3 to N5. The concentrations of
GDP, inosine, and hypoxanthine at the sampling time point N5 were significantly higher than that at other
time points (p< 0.05) (Table S1). The concentration of AMP was maintained at a high level during the day
and decreased during the night.

Metabolites in group 2 were related to energy metabolism, including pantothenate, pantetheine,
L-phenylalanine, L-adrenaline, citrate, isocitrate, 2-oxoglutarate, and malate. The contents of pantetheine
decreased from DO to D5 and exhibited a low level at night, and its content at sampling timepoint DO was
significantly higher than that at other time points (p< 0.05). The contents of phenylalanine, adrenaline,

4 iScience 26, 106128, March 17, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

\
! Vi
|
: |Pyridoxamine| Cys-Gly : | |Pantothenate| | S7P |—> I
|
L] N\ |
: | Pyridoxal | Glutathione i Gluconolactone RoP |
|
: Pyroglutamate I
| | Pantetheine | | M6P | |
] 4-Pyridoxic acid |ADP-ribose| | G6P | I
|
! Cell stress response Sugar metabolism |
A N i Y AN (R _
D e SO S e e e el R ~
4 \
I - - : - ; :
| | Cystathionine |—>|2-Ketobutyrlc aC|d|<—| Threomml Serine | |UDP-N-acetngIucosamine| Glutamic acid | |
|
' |
! |
| . . -
| |Phenylpyruvate| |Meth|on|ne| | Homogentisate | | Glycine | |N-Acetylneuraminic acid | :
' |
! |
: | Phenylalanine | | 4-HPPA| | Adrenaline | |3-Methyl-2-oxobutan0ic acid | |
|
|
| |
: | Tyrosine | | Aspartic acid | |Argininosuccinic acidl |
|
! Amino acids metabolism !
N ”
ey A U [ o \
/ Adenylosuccinate p t —>|A tyl-C A|
— ‘\- yruvate cetyl-Co
| AMP | 5PRA / <
/ \> 2-Oxaloacelate Citrate

Adenosine

{

i /
=

™~
'
1
' \
|
1
: | /
'
|
1
|
1
|

2-Oxoglutarate

\

TCA cycle

e e ey

Purine metabolism

Figure 3. Pathways of differentially expressed metabolites in tidal pool and emergent rock microhabitats

These metabolites were related to purine metabolism, TCA cycle, amino acids metabolism, sugar metabolism, and cellular stress response. Metabolites in
the blue and red boxes were metabolites whose relative concentrations differed significantly only in rock and tidal pool microhabitats, respectively. The
yellow box indicated metabolites whose relative concentrations differed significantly both in rock and tidal pool microhabitats. The black box indicated
metabolites that were related to the pathways mentioned above, but the relative concentrations are not significantly different in rock or tidal pool
microhabitats. Metabolites codes: Cys-Gly, L-cysteinyl glycine; S7P, Sedoheptulose 7-phosphate; E4P, Erythrose 4-phosphate; F6P, Fructose 6-phosphate;
R5P, Ribulose 5-phosphate; M6P, Mannose-6-phosphate; G6P, glucose-6-phosphate; AMP, adenosine monophosphate; ADP, adenosine diphosphate;
5PRA, 5-phosphoribasylamine; GDP, guanosine diphosphate; cGMP, cyclic adenosine monophosphate.
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Figure 4. Variation in relative concentrations of key metabolites

The metabolites in the Group 1, Group 2, Group 3 and Group 4 were related to purine metabolism, energy metabolism, osmoregulation, and cellular stress
response, respectively. For statistical analysis, tests for normality distribution and variance homogeneity were assessed with the Shapiro-Wilk test and
Levene’s test, respectively. Data were log-transformed for normality and homogeneity and presented as mean + SEM (n = 8). Metabolites codes: GDP,
guanosine diphosphate; AMP, adenosine monophosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; Cys-Gly, L-cysteinyl glycine.

citrate, isocitrate, 2-oxoglutarate, and malate increased from DO to N5, and increased significantly at time
point N5 (p< 0.05). In addition, the contents of adrenaline, citrate, isocitrate, 2-oxoglutarate, and malate in
emergent rock microhabitat were significantly higher (p< 0.05) than that of tidal pool microhabitat at time-
point N3.
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Figure 5. KEGG metabolic pathway analysis of metabolites for which content significantly differs among
sampling times for tidal pool or emergent rock microhabitats, respectively

The abscissa presents the name of each metabolic pathway; the ordinate represents the degree of difference between
groups for each pathway. The degree of difference is explained by the negative log-transformed p-value. The gray lines
represent p values of 0.05, and significantly enriched pathways were shown above the lines. The color of each circle is
based on the p value and the size is based on the pathway impact value. AAGM, alanine, aspartate and glutamate
metabolism; GM, glutathione metabolism; PCB, Pantothenate and CoA biosynthesis; PPP, Pentose phosphate pathway;
PTTB, Phenylalanine, tyrosine and tryptophan biosynthesis; PM, Purine metabolism; TCA, TCA cycle; VB6M, Vitamin B6
metabolism; VLIB, Valine, leucine and isoleucine biosynthesis.

Metabolites in group 3 were related to osmoregulation, including glucose-6-phosphate (G6P), fructose-6-
phosphate (F6P), threonine, serine, and methionine. These metabolites increased from N3 to N5 sampling
time points and exhibited high levels at night.

Metabolites in group 4 related to the cellular stress response, including pyridoxamine, pyridoxal,
4-pyridoxic acid, glutathione, and L-cysteinyl glycine (Cys-Gly). The concentrations of pyridoxamine
were elevated at night and were significantly higher in the emergent rock microhabitat than in the tidal
pool microhabitat at timepoint N5 (p< 0.01). The concentrations of 4-pyridoxic acid were maintained at
a higher level in emergent rock microhabitats during the night and were significantly different between
the tidal pool and emergent rock microhabitats in NO and N3 time points (p< 0.01). The concentrations
of glutathione decreased and were maintained at low level during the night.

These DEMs in both rock and tidal pool microhabitats were used to perform Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathway analysis (Figure 5). The results showed that there were five signif-
icantly enriched pathways in the emergent rock microhabitat (p< 0.05). The pathways related to alanine,
aspartate and glutamate metabolism, pantothenate and CoA biosynthesis, phenylalanine, tyrosine and
tryptophan biosynthesis, purine metabolism and vitamin Bé6 metabolism. In the tidal pool microhabitats,
the significantly enriched pathways included alanine, aspartate and glutamate metabolism, pantothenate
and CoA biosynthesis, and purine metabolism.

Relationship between metabolites and environmental variables

The redundancy analysis (RDA) results indicated that the environmental variables in the first two RDA di-
mensions provided 17.09% and 2.90% of the cumulative variance of metabolites composition, respectively
(Figure 6). These metabolites were highly influenced by the diurnal cycle, exposure time, microhabitats,
and environmental temperature. Most metabolites involved in cellular stress response, energy
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Figure 6. Metabolites-environment biplot diagrams based on redundancy analysis (RDA)

Correlations between environmental variables and RDA axes are represented by the length and angle of arrows.
Metabolites were omitted for clarity. Metabolites codes: GDP, guanosine diphosphate; AMP, adenosine
monophosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; Cys-Gly, L-cysteinyl glycine. The environmental
temperatures were calculated by using the hourly mean values of the temperature recorded during the sampling periods
at 12:00 (DO), 15:00 (D3), 17:00 (D5) in the day and at 0:00 (NO), 3:00 (N3), 5:00 (N5) at night on December 12th, 2021.

metabolism, osmoregulation, and purine metabolism were influenced by the diurnal cycle and exposure
time. The metabolites related to energy metabolism and cellular stress response were highly correlated
with microhabitats. Based on hierarchical partitioning, the variables which explained the highest part of
these metabolites variability were diurnal cycle (R? = 48.25%), followed by exposure time (R? = 38.50%),
temperature (R? = 7.00%), and microhabitat (R = 6.30%).

DISCUSSION

The diurnal metabolomic response is an adaptive physiological response to the ambient environment. In
winter, limpets experienced serious stress from low temperatures, especially during the night. A series of
metabolic responses, including increases in purine and energy metabolism, accumulation of osmolytes,
and metabolites protecting organisms from cellular stress was highly induced during the night and affected
the survival of limpets in the changing environment. Moreover, the metabolic responses related to energy
metabolism and cellular stress were highly induced in the emergent rock microhabitat during the night,
implying divergent metabolomic responses to different microclimates.

Diurnal metabolic responses coordinated with diel environmental changes

Various metabolic pathways interacted with each other and coordinated with diurnal environmental
changes.”® Purine metabolism constitutes a key pathway for organisms involved in the production of
DNA and RNA and regulating various metabolic pathways via cofactors.”” As a strong feature of circadian
rhythms in organisms,”® in the present study, the enhanced purine metabolism during night might be
because of physiological needs for DNA repair or RNA synthesis.

It is crucial for organisms to cope with environmental stress by upregulating metabolism and increasing
energy supply to meet the growing demand for energy in stressful environments.®” The TCA cycle is
one of the iconic pathways in energy metabolism that contributes to the generation of ATP.*” In the present
study, the relative concentrations of citrate, isocitrate, 2-oxoglutarate, and malate, involved in the TCA cy-
cle, were induced significantly during night, indicating enhanced energy production.
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Moreover, coenzyme A (CoA) is predicted to be involved in the regulation of the TCA cycle, and energy
metabolism.®° For synthesizing CoA, pantetheine is a preferred substance component.®’ In the present
study, the level of pantetheine was maintained at a low level during the night, indicating the need for
CoA synthesis for coping with enhanced energy consumption.

Our results also implied that accumulating catecholamine neurotransmitters may be important for
C. toreuma confronting environmental stress. We noted that levels of phenylalanine and adrenaline
increased during low tides, especially at night. Phenylalanine is a key metabolite in neurotransmitter regu-
lation, because it is transformed into tyrosine and, subsequently, into catecholamine neurotransmitters
(e.g., dopamine, norepinephrine, and adrenaline).®” Adrenaline has long been known to play an active
role in the nervous systems and has active effects on the cardiac performance of limpets.®® An increase
in cardiac rate is important for organisms to satisfy the demands of aerobic metabolism under stress.®**°
In the present study, elevated phenylalanine and adrenaline, which are closely associated with nervous
regulation, could lead to increased cardiac rate and thus promote oxygen delivery to tissues when limpets
experienced severe cold stress during night.

Extreme osmotic stress placed on cells was highly injurious in the face of cold stress.®®
important for preventing cellular dehydration owing to extracellular ice formation and modulating freeze
plasticity in intertidal invertebrates.'>*’ For instance, the accumulations of osmolytes (e.g., taurine, glycine,
TMAO, betaine, and alanine) in Mytilus trossulus were shown to be consistent with increased freezing toler-
ance.'%* In addition to their role in establishing osmotic balance, the favorable effects of these osmolytes
on protein and membrane stability could also be important in assisting organisms to resist extreme tem-
peratures.*® As previous studies described, important osmolytes in intertidal invertebrates include amino
acids and sugars.é/’w In the present study, sugars (G6P and F6P) and amino acids (threonine, serine and
methionine) were accumulated during the night, which could potentially maintain cellular homeostasis dur-
ing diurnal environmental changes.

Osmolytes are

Another consequence for organisms exposed to low temperatures is cellular oxidative stress.”® The over-
production of reactive oxygen species (ROS) can damage lipids, proteins, and DNA.”%”" Vitamin B6,
including pyridoxamine, pyridoxal and pyridoxine, is served as an important cofactor for numerous en-
zymes and is involved in the regulation of cellular stress responses.’? In the present study, the level of pyr-
idoxamine increased during low tides and was maintained at a relatively high level during the night. As the
primary catabolic product of vitamin B6, 4-pyridoxic acid concentration was maintained at a high level dur-
ing the night. These results indicated that the enhancement of vitamin B6 metabolism could scavenge ROS,
and protect limpets from oxidative damage during diurnal environmental changes.

Divergent metabolic responses between microhabitats

Small-scale variations in environmental conditions are an important determinant of physiological perfor-
mance, population persistence, and distribution.'”?>”2 Living in different microhabitats, organisms expe-
rience different magnitudes of environmental stress.'”?® Shaded microhabitats, for instance, are often
cooler than sun-exposed microhabitats in summer, and organisms in the shaded microhabitats are pre-
dicted to survive the hot summer."””® In winter, intertidal molluscs were frequently exposed to freezing,
and exhibited intermediary levels of cold hardiness and limited survival to the freezing of their tissues.”
For instance, the limpet, Acmaea digitalis (now Lottia digitalis), would be frozen at temperatures between
—10 and —12°C and few individuals survived more than 24 h.”® Among microhabitats, tidal pool microhab-
itats are often considered as refuges that can provide shelter from winds and air exposure and have served
as nurseries for Iimpets.38 On the other hand, emergent rock microhabitats are often considered to be
stressful, in which organisms exposed to air during low tides were sometimes frozen.'%’¢

In the present study, the limpets were not found to be frozen during the sampling period, which might be
attributed to the effects of freeze avoidance.”” The environmental temperature of emergent rock micro-
habitats was lower than that of tidal pools, especially at night. Responding to the harsh microclimate,
the limpets in the emergent rock microhabitat deployed higher intensity of cellular stress response. As
mentioned above, the cellular stress responses are activated in response to macromolecular damage
and play central roles in the regulating repair of stress-induced cellular damages at the expense of higher
energy costs.””’® Energy balance plays a critical role in setting limits for the survival of organisms under
stressful conditions and is a fundamental requirement of stress adaptation and tolerance.” In the present
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study, the severer cold stress in emergent rock microhabitats could cause higher levels of cellular stress
response in limpets and thus more energy was required. Comparatively, the intensity of the cellular stress
response of limpets living in thermally mild tidal pool microhabitats was lower, which would allow increased
amounts of energy to be directed to growth, storage or reproduction.®

In addition, the results of PERMANOVA analysis showed the independent effects of day/night and micro-
habitats on the metabolic responses of limpets to winter cold stress. Moreover, the PERMANOVA analysis
indicated the important effects of the diurnal cycle and microhabitats on the metabolic responses of
limpets to winter cold stress. Specifically, the diurnal cycle of metabolomic responses reflected the coor-
dinated changes in physiological performance and affected the survival of organisms in the changing envi-
ronment.'*'® The divergent diurnal metabolic responses between microhabitats were consistent with the
environmental stresses of rock and tidal pool microhabitats, indicating the importance of metabolic adap-
tation to small-scale environmental variations in winter.

In conclusion, the present study revealed diurnal metabolomic responses of the intertidal limpet,
C. toreuma, to winter cold stress and the divergent metabolic adaptive responses between rock and tidal
pool microhabitats. A series of metabolic responses, including increases in purine metabolism and energy
metabolism, and accumulation of osmolytes and metabolites protecting organisms from cellular stress,
were induced during the night. In the more stressful emergent rock microhabitats, metabolic responses
which are associated with cellular stress response and energy metabolism were highly induced. These re-
sults emphasized the existence of diurnal metabolic adaptation in the intertidal molluscs and differential
metabolic responses to divergent microclimates in the face of low temperatures.

Limitations of the study

Although the present study provides insight into the diurnal patterns of metabolic adaptation of intertidal
molluscs under low temperatures in nature and emphasizes the different metabolic patterns between
different microhabitats, several limitations of the study remain to be addressed. First, metabolomic re-
sponses under prolonged periods with multiple tidal cycles can potentially reveal more refined metabolic
response strategies to environmental stresses. Second, assessing the effects of multiple stressors (e.g., air
exposure, salinity, pH, dissolved oxygen, etc.) on the physiological performances of marine organisms will
further contribute to revealing the divergent physiological responses among microhabitats. Finally, the
behavioral strategies of cold tolerance in intertidal invertebrates inhabiting different microhabitats are
worth to be investigated. These analyses will be important to understand how species survive cold temper-
atures in winter and the ecological impacts of various microhabitats.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o METHOD DETAILS
O In situ operative temperature measurement
O Animal collection
O Metabolomic profiling
O Microhabitat thermal variation analysis
O Metabolomic analysis
O PERMANOVA analysis
O Redundancy analysis
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.106128.

10 iScience 26, 106128, March 17, 2023

iScience


https://doi.org/10.1016/j.isci.2023.106128

iScience

ACKNOWLEDGMENTS

¢? CellPress

OPEN ACCESS

This work was supported by grants from the National Natural Science Foundation of China (42025604 and
41976142) and the Fundamental Research Funds for the Central Universities. We thank Shuang-En Yu, Yu-
Yang Zhang, Shuo Wang, Jia-Wei Xu, Xiao-Xu Li, and Jie Wang of Ocean University of China for assistance
in sample collection and data interpretation, and also thank Ya-Qi Chen of Xiamen University for her assis-

tance in metabolomic analysis.

AUTHOR CONTRIBUTIONS

Y-W.D., Y-X.S., and L-S.H. designed research; Y-X.S. performed research; Y-X.S. and Y-W.D. analyzed data;
Y-X.S. and L-S.H. created all figures; Y-X.S., L-S.H., and Y-W.D. wrote and revised the paper. All authors
contributed critically to the drafts and gave final approval for publication.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 14, 2022
Revised: December 2, 2022
Accepted: January 31, 2023
Published: February 3, 2023

REFERENCES

1. Connor, K.M., and Gracey, A.Y. (2011).
Circadian cycles are the dominant
transcriptional rhythm in the intertidal mussel
Mytilus californianus. Proc. Natl. Acad. Sci.
USA 108, 16110-16115. https://doi.org/10.
1073/pnas.1111076108.

2. Noer, N.K.,, Sgrensen, M.H., Colinet, H.,
Renault, D., Bahrndorff, S., and Kristensen,
T.N. (2022). Rapid adjustments in thermal
tolerance and the metabolome to daily
environmental changes - a field study on the
arctic seed bug Nysius groenlandicus. Front.
Physiol. 13, 818485. https://doi.org/10.3389/
fphys.2022.818485.

3. Yerushalmi, S., and Green, R.M. (2009).
Evidence for the adaptive significance of
circadian rhythms. Ecol. Lett. 12, 970-981.
https://doi.org/10.1111/j.1461-0248.2009.
01343.x.

4. Greenham, K., and McClung, C.R. (2015).
Integrating circadian dynamics with
physiological processes in plants. Nat. Rev.
Genet. 16, 598-610. https://doi.org/10.1038/
nrg3976.

5. Serin, Y., and Acar Tek, N. (2019). Effect of
circadian rhythm on metabolic processes and
the regulation of energy balance. Ann. Nutr.
Metab. 74, 322-330. https://doi.org/10.1159/
000500071.

6. Dong, Y., Zhang, S., and Woods, A. (2016).
Ecological relevance of energy metabolism:
transcriptional responses in energy sensing
and expenditure to thermal and osmotic
stresses in an intertidal limpet. Funct. Ecol.
30, 1539-1548. https://doi.org/10.1111/1365-
2435.12625.

7. Dong, Y.W., Liao, M.L., Han, G.D., and
Somero, G.N. (2022). An integrated, multi-
level analysis of thermal effects on intertidal
molluscs for understanding species
distribution patterns. Biol. Rev. Camb. Philos.

Soc. 97, 554-581. https://doi.org/10.1111/
brv.12811.

. Sokolova, .M., Frederich, M., Bagwe, R.,

Lannig, G., and Sukhotin, A.A. (2012). Energy
homeostasis as an integrative tool for
assessing limits of environmental stress
tolerance in aquatic invertebrates. Mar.
Environ. Res. 79, 1-15. https://doi.org/10.
1016/j.marenvres.2012.04.003.

. Chen, Y.Q., Wang, J., Liao, M.L., Li, XX, and

Dong, Y.W. (2021). Temperature adaptations
of the thermophilic snail Echinolittorina
malaccana: insights from metabolomic
analysis. J. Exp. Biol. 224, jeb.238659. https://
doi.org/10.1242/jeb.238659.

. Kennedy, J.R., Harley, C.D.G., and Marshall,

K.E. (2020). Drivers of plasticity in freeze
tolerance in the intertidal mussel Mytilus
trossulus. J. Exp. Biol. 223, jeb233478. https://
doi.org/10.1242/jeb.233478.

. Colinet, H., Larvor, V., Laparie, M., and

Renault, D. (2012). Exploring the plastic
response to cold acclimation through
metabolomics. Funct. Ecol. 26, 711-722.
https://doi.org/10.1111/}.1365-2435.2012.
01985.x.

. Janska, A., Marsik, P., Zelenkovd, S., and

Ovesna, J. (2010). Cold stress and
acclimation — what is important for metabolic
adjustment? Plant Biol. 12, 395-405. https://
doi.org/10.1111/}.1438-8677.2009.00299 .x.

. Yue, C., Cao, H.L,, Wang, L., Zhou, Y.H.,

Huang, Y.T., Hao, X.Y., Wang, Y.C., Wang, B.,
Yang, Y.J., and Wang, X.C. (2015). Effects of
cold acclimation on sugar metabolism and
sugar-related gene expression in tea plant
during the winter season. Plant Mol. Biol. 88,
591-608. https://doi.org/10.1007/s11103-
015-0345-7.

14.

15.

16.

18.

19.

20.

Ch,R.,Rey, G.,Ray, S., Jha, P.K., Driscoll, P.C.,
Dos Santos, M.S., Malik, D.M,, Lach, R.,
Weljie, A.M., MacRae, J.I., et al. (2021).
Rhythmic glucose metabolism regulates the
redox circadian clockwork in human red
blood cells. Nat. Commun. 12, 377. https://
doi.org/10.1038/s41467-020-20479-4.

Edgar, R.S., Green, EW., Zhao, Y., van
QOoijen, G., Olmedo, M., Qin, X., Xu, Y., Pan,
M., Valekunja, U.K., Feeney, KA., et al. (2012).
Peroxiredoxins are conserved markers of
circadian rhythms. Nature 485, 459-464.
https://doi.org/10.1038/nature11088.

Jimenez, A.G., Jayawardene, S., Alves, S.,
Dallmer, J., and Dowd, W.W. (2015). Micro-
scale environmental variation amplifies
physiological variation among individual
mussels. Proc. Biol. Sci. 282, 20152273.
https://doi.org/10.1098/rspb.2015.2273.

. Li, X, Tan, Y., Sun, Y., Wang, J., and Dong, Y.

(2021). Microhabitat temperature variation
combines with physiological variation to
enhance thermal resilience of the intertidal
mussel Mytilisepta virgata. Funct. Ecol. 35,
2497-2507. https://doi.org/10.1111/1365-
2435.13885.

Miller, L.P., and Dowd, W.W. (2017).
Multimodal in situ datalogging quantifies
inter-individual variation in thermal
experience and persistent origin effects on
gaping behavior among intertidal mussels
(Mytilus californianus). J. Exp. Biol. 220, 4305~
4319. https://doi.org/10.1242/jeb.164020.

Moisez, E., Spilmont, N., and Seuront, L.
(2020). Microhabitats choice in intertidal
gastropods is species-temperature- and
habitat-specific. J. Therm. Biol. 94, 102785.
https://doi.org/10.1016/j.jtherbio.2020.
102785.

Reid, H.B., and Harley, C.D.G. (2021). Low
temperature exposure determines

iScience 26, 106128, March 17, 2023 1"


https://doi.org/10.1073/pnas.1111076108
https://doi.org/10.1073/pnas.1111076108
https://doi.org/10.3389/fphys.2022.818485
https://doi.org/10.3389/fphys.2022.818485
https://doi.org/10.1111/j.1461-0248.2009.01343.x
https://doi.org/10.1111/j.1461-0248.2009.01343.x
https://doi.org/10.1038/nrg3976
https://doi.org/10.1038/nrg3976
https://doi.org/10.1159/000500071
https://doi.org/10.1159/000500071
https://doi.org/10.1111/1365-2435.12625
https://doi.org/10.1111/1365-2435.12625
https://doi.org/10.1111/brv.12811
https://doi.org/10.1111/brv.12811
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1242/jeb.238659
https://doi.org/10.1242/jeb.238659
https://doi.org/10.1242/jeb.233478
https://doi.org/10.1242/jeb.233478
https://doi.org/10.1111/j.1365-2435.2012.01985.x
https://doi.org/10.1111/j.1365-2435.2012.01985.x
https://doi.org/10.1111/j.1438-8677.2009.00299.x
https://doi.org/10.1111/j.1438-8677.2009.00299.x
https://doi.org/10.1007/s11103-015-0345-7
https://doi.org/10.1007/s11103-015-0345-7
https://doi.org/10.1038/s41467-020-20479-4
https://doi.org/10.1038/s41467-020-20479-4
https://doi.org/10.1038/nature11088
https://doi.org/10.1098/rspb.2015.2273
https://doi.org/10.1111/1365-2435.13885
https://doi.org/10.1111/1365-2435.13885
https://doi.org/10.1242/jeb.164020
https://doi.org/10.1016/j.jtherbio.2020.102785
https://doi.org/10.1016/j.jtherbio.2020.102785

¢? CellPress

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

12

OPEN ACCESS

performance and thermal microhabitat use in
an intertidal gastropod (Littorina scutulata)
during the winter. Mar. Ecol. Prog. Ser. 660,
105-118. https://doi.org/10.3354/
meps13588.

Sun, Y.X., Li, X.X,, Tan, Y., Wang, J., and
Dong, Y.W. (2022). Microhabitat thermal
environment controls community structure of
macrobenthos on coastal infrastructures.
Estuar. Coast Shelf Sci. 277, 108060. https://
doi.org/10.1016/].ecss.2022.108060.

Dong, Y.W., Li, X.X., Choi, F.M.P., Williams,
G.A., Somero, G.N., and Helmuth, B. (2017).
Untangling the roles of microclimate,
behaviour and physiological polymorphism in
governing vulnerability of intertidal snails to
heat stress. Proc. Biol. Sci. 284, 20162367.
https://doi.org/10.1098/rspb.2016.2367.

Seabra, R., Wethey, D.S., Santos, A.M., and
Lima, F.P. (2011). Side matters: microhabitat
influence on intertidal heat stress over a large
geographical scale. J. Exp. Mar. Biol. Ecol.
400, 200-208. https://doi.org/10.1016/].
jembe.2011.02.010.

Bates, A.E., Helmuth, B., Burrows, M.T.,
Duncan, M.I., Garrabou, J., Guy-Haim, T.,
Lima, F., Queiros, A.M., Seabra, R., Marsh, R.,
et al. (2018). Biologists ignore ocean weather
at their peril. Nature 560, 299-301. https://
doi.org/10.1038/d41586-018-05869-5.

Hawkins, S.J., Pack, K.E., Hyder, K.,
Benedetti-Cecchi, L., and Jenkins, S.R. (2020).
Rocky shores as tractable test systems for
experimental ecology. J. Mar. Biol. Assoc. UK
100, 1017-1041. https://doi.org/10.1017/
S0025315420001046.

Helmuth, B.S., and Hofmann, G.E. (2001).
Microhabitats, thermal heterogeneity, and
patterns of physiological stress in the rocky
intertidal zone. Biol. Bull. 201, 374-384.
https://doi.org/10.2307/1543615.

Wolcott, T.G. (1973). Physiological ecology
and intertidal zonation in limpets (Acmaea): a
critical look at “limiting factors. Biol. Bull. 145,
389-422. https://doi.org/10.2307/1540048.

Thompson, R.C., Crowe, T.P., and Hawkins,
S.J.(2002). Rocky intertidal communities: past
environmental changes, present status and
predictions for the next 25 years. Environ.
Conserv. 29, 168-191. https://doi.org/10.
1017/50376892902000115.

Wang, J., Peng, X., and Dong, Y. (2020). High
abundance and reproductive output of an
intertidal limpet (Siphonaria japonica) in
environments with high thermal
predictability. Mar. Life Sci. Technol. 2,
324-333. https://doi.org/10.1007/s42995-
020-00059-7.

Chapperon, C., Le Bris, C., and Seuront, L.
(2013). Thermally mediated body
temperature, water content and aggregation
behaviour in the intertidal gastropod Nerita
atramentosa. Ecol. Res. 28, 407-416. https://
doi.org/10.1007/511284-013-1030-4.

Choi, F., Gouhier, T., Lima, F., Rilov, G.,
Seabra, R., and Helmuth, B. (2019). Mapping
physiology: biophysical mechanisms define
scales of climate change impacts. Conserv.

iScience 26, 106128, March 17, 2023

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Physiol. 7, c0z028. https://doi.org/10.1093/
conphys/coz028.

Denny, M\W., Dowd, W.W., Bilir, L., and
Mach, K.J. (2011). Spreading the risk: small-
scale body temperature variation among
intertidal organisms and its implications for
species persistence. J. Exp. Mar. Biol. Ecol.
400, 175-190. https://doi.org/10.1016/j.
jembe.2011.02.006.

Pinsky, M.L., Eikeset, A.M., McCauley, D.J.,
Payne, J.L., and Sunday, J.M. (2019). Greater
vulnerability to warming of marine versus
terrestrial ectotherms. Nature 569, 108-111.
https://doi.org/10.1038/s41586-019-1132-4.

Firth, L.B., Schofield, M., White, F.J., Skov,
M.W., and Hawkins, S.J. (2014). Biodiversity in
intertidal rock pools: informing engineering
criteria for artificial habitat enhancement in
the built environment. Mar. Environ. Res. 102,
122-130. https://doi.org/10.1016/].
marenvres.2014.03.016.

Metaxas, A., Hunt, H.L., and Scheibling, R.E.
(1994). Spatial and temporal variability of
macrobenthic communities in tidepools on a
rocky shore in Nova Scotia, Canada. Mar.
Ecol. Prog. Ser. 105, 89-103. https://doi.org/
10.3354/meps105089.

Denny, M\W., Miller, L.P., and Harley, C.D.G.
(2006). Thermal stress on intertidal limpets:
long-term hindcasts and lethal limits. J. Exp.
Biol. 209, 2420-2431. https://doi.org/10.
1242/jeb.02258.

Evans, A.J., Firth, L.B., Hawkins, S.J., Morris,
E.S., Goudge, H., and Moore, P.J. (2016).
Drill-cored rock pools: an effective method of
ecological enhancement on artificial
structures. Mar. Freshw. Res. 67, 123. https://
doi.org/10.1071/mf14244.

Seabra, M.I., Hawkins, S.J., Espirito-Santo, C.,
Castro, J.J., and Cruz, T. (2020). Rock-pools as
nurseries for co-existing limpets: spatial and
temporal patterns of limpet recruitment. Reg.
Stud. Mar. Sci. 37,101339. https://doi.org/10.
1016/j.rsma.2020.101339.

Butterson, S., Roe, A.D., and Marshall, K.E.
(2021). Plasticity of cold hardiness in the
eastern spruce budworm, Choristoneura
fumiferana. Comp. Biochem. Physiol. Mol.
Integr. Physiol. 259, 110998. https://doi.org/
10.1016/j.cbpa.2021.110998.

Firth, L.B., Knights, A.M., and Bell, S.S. (2011).
Air temperature and winter mortality:
implications for the persistence of the
invasive mussel, Perna viridis in the intertidal
zone of the south-eastern United States.

J. Exp. Mar. Biol. Ecol. 400, 250-256. https://
doi.org/10.1016/j.jembe.2011.02.007.

Mazzotti, F.J., Cherkiss, M.S., Hart, KM.,
Snow, R.W., Rochford, M.R., Dorcas, M.E.,
and Reed, R.N. (2011). Cold-induced
mortality of invasive Burmese pythons in
south Florida. Biol. Invasions 13, 143-151.
https://doi.org/10.1007/s10530-010-9797-5.

Studd, E.K., Bates, A.E., Bramburger, AJ.,
Fernandes, T., Hayden, B., Henry, HA.L,,
Humpbhries, M.M., Martin, R., McMeans, B.C.,
Moise, E.R.D., et al. (2021). Nine maxims for
the ecology of cold-climate winters.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

iScience

Bioscience 71, 820-830. https://doi.org/10.
1093/biosci/biab032.

Wang, W., Wang, J., Choi, F.M.P., Ding, P., Li,
X., Han, G., Ding, M., Guo, M., Huang, X.,
Duan, W., et al. (2019). Global warming and
artificial shorelines reshape seashore
biogeography. Glob. Ecol. Biogeogr. 29,
220-231. https://doi.org/10.1111/geb.13019.

Box, I.C.H., Matthews, B.J., and Marshall, K.E.
(2022). Molecular evidence of intertidal
habitats selecting for repeated ice-binding
protein evolution in invertebrates. J. Exp.
Biol. 225, jeb243409. https://doi.org/10.1242/
jeb.243409.

Marshall, K., Dowle, E., Petrunina, A.,
Kolbasov, G., and Chan, B. (2018).
Transcriptional dynamics following freezing
stress reveal selection for mechanisms of
freeze tolerance at the poleward range
margin in the cold water intertidal barnacle
Semibalanus balanoides. Preprint at bioRxiv.
https://doi.org/10.1101/449330.

Marshall, K.E., and Roe, A.D. (2021). Surviving
in a frozen forest: the physiology of eastern
spruce budworm overwintering. Physiology
36, 174-182. https://doi.org/10.1152/physiol.
00037.2020.

Storey, K.B., and Storey, J.M. (2013).
Molecular biology of freezing tolerance.
Compr. Physiol. 3, 1283-1308. https://doi.
org/10.1002/cphy.c130007.

Somero, G.N. (2022). Solutions: how adaptive
changes in cellular fluids enable marine life to
cope with abiotic stressors. Mar. Life Sci.
Technol. 4, 389-413. https://doi.org/10.1007/
s42995-022-00140-3.

Clark, M.S., Peck, L.S., and Thyrring, J. (2021).
Resilience in Greenland intertidal Mytilus: the
hidden stress defense. Sci. Total Environ. 767,
144366. https://doi.org/10.1016/].scitotenv.
2020.144366.

Madeira, D., Aradjo, J.E., Madeira, C.,
Mendonga, V., Vitorino, R., Vinagre, C., and
Diniz, M.S. (2020). Seasonal proteome
variation in intertidal shrimps under a natural
setting: connecting molecular networks with
environmental fluctuations. Sci. Total Environ.
703, 134957. https://doi.org/10.1016/].
scitotenv.2019.134957.

Hutchinson, N., and Williams, G.A. (2003). An
assessment of variation in molluscan grazing
pressure on Hong Kong rocky shores. Mar.
Biol. 142, 495-507. https://doi.org/10.1007/
s00227-002-0985-4.

Dong, Y.W., Wang, H.S., Han, G.D., Ke, C.H.,
Zhan, X., Nakano, T., and Williams, G.A.
(2012). The impact of Yangtze River
discharge, ocean currents and historical
events on the biogeographic pattern of
Cellana toreuma along the China coast. PLoS
One 7, €36178. https://doi.org/10.1371/
journal.pone.0036178.

Williams, G., and Morritt, D. (1995). Habitat
partitioning and thermal tolerance in a
tropical limpet, Cellana grata. Mar. Ecol.
Prog. Ser. 124, 89-103. https://doi.org/10.
3354/meps124089.


https://doi.org/10.3354/meps13588
https://doi.org/10.3354/meps13588
https://doi.org/10.1016/j.ecss.2022.108060
https://doi.org/10.1016/j.ecss.2022.108060
https://doi.org/10.1098/rspb.2016.2367
https://doi.org/10.1016/j.jembe.2011.02.010
https://doi.org/10.1016/j.jembe.2011.02.010
https://doi.org/10.1038/d41586-018-05869-5
https://doi.org/10.1038/d41586-018-05869-5
https://doi.org/10.1017/S0025315420001046
https://doi.org/10.1017/S0025315420001046
https://doi.org/10.2307/1543615
https://doi.org/10.2307/1540048
https://doi.org/10.1017/S0376892902000115
https://doi.org/10.1017/S0376892902000115
https://doi.org/10.1007/s42995-020-00059-7
https://doi.org/10.1007/s42995-020-00059-7
https://doi.org/10.1007/s11284-013-1030-4
https://doi.org/10.1007/s11284-013-1030-4
https://doi.org/10.1093/conphys/coz028
https://doi.org/10.1093/conphys/coz028
https://doi.org/10.1016/j.jembe.2011.02.006
https://doi.org/10.1016/j.jembe.2011.02.006
https://doi.org/10.1038/s41586-019-1132-4
https://doi.org/10.1016/j.marenvres.2014.03.016
https://doi.org/10.1016/j.marenvres.2014.03.016
https://doi.org/10.3354/meps105089
https://doi.org/10.3354/meps105089
https://doi.org/10.1242/jeb.02258
https://doi.org/10.1242/jeb.02258
https://doi.org/10.1071/mf14244
https://doi.org/10.1071/mf14244
https://doi.org/10.1016/j.rsma.2020.101339
https://doi.org/10.1016/j.rsma.2020.101339
https://doi.org/10.1016/j.cbpa.2021.110998
https://doi.org/10.1016/j.cbpa.2021.110998
https://doi.org/10.1016/j.jembe.2011.02.007
https://doi.org/10.1016/j.jembe.2011.02.007
https://doi.org/10.1007/s10530-010-9797-5
https://doi.org/10.1093/biosci/biab032
https://doi.org/10.1093/biosci/biab032
https://doi.org/10.1111/geb.13019
https://doi.org/10.1242/jeb.243409
https://doi.org/10.1242/jeb.243409
https://doi.org/10.1101/449330
https://doi.org/10.1152/physiol.00037.2020
https://doi.org/10.1152/physiol.00037.2020
https://doi.org/10.1002/cphy.c130007
https://doi.org/10.1002/cphy.c130007
https://doi.org/10.1007/s42995-022-00140-3
https://doi.org/10.1007/s42995-022-00140-3
https://doi.org/10.1016/j.scitotenv.2020.144366
https://doi.org/10.1016/j.scitotenv.2020.144366
https://doi.org/10.1016/j.scitotenv.2019.134957
https://doi.org/10.1016/j.scitotenv.2019.134957
https://doi.org/10.1007/s00227-002-0985-4
https://doi.org/10.1007/s00227-002-0985-4
https://doi.org/10.1371/journal.pone.0036178
https://doi.org/10.1371/journal.pone.0036178
https://doi.org/10.3354/meps124089
https://doi.org/10.3354/meps124089

iScience

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Gravem, S.A., and Morgan, S.G. (2016). Prey
state alters trait-mediated indirect
interactions in rocky tide pools. Funct. Ecol.
30, 1574-1582. https://doi.org/10.1111/1365-
2435.12628.

Loke, L.H., Bouma, T.J., and Todd, P.A.
(2017). The effects of manipulating
microhabitat size and variability on tropical
seawall biodiversity: field and flume
experiments. J. Exp. Mar. Biol. Ecol. 492,
113-120. https://doi.org/10.1016/].jembe.
2017.01.024.

Hoffman, D.E., Jonsson, P., Bylesjs, M.,
Trygg, J., Antti, H., Eriksson, M.E., and Moritz,
T. (2010). Changes in diurnal patterns within
the Populus transcriptome and metabolome
in response to photoperiod variation. Plant
Cell Environ. 33, 1298-1313. https://doi.org/
10.1111/).1365-3040.2010.02148 .x.

Pedley, A.M., and Benkovic, S.J. (2017). Anew
view into the regulation of purine
metabolism: the purinosome. Trends
Biochem. Sci. 42, 141-154. https://doi.org/10.
1016/j.tibs.2016.09.009.

Zhu, B., Dacso, C.C., and O'Malley, B.W.
(2018). Unveiling “musica universalis” of the
cell: a brief history of biological 12-hour
rhythms. J. Endocr. Soc. 2, 727-752. https://
doi.org/10.1210/j5.2018-00113.

Sweetlove, L.J., Beard, K.F.M., Nunes-Nesi,
A., Fernie, A.R., and Ratcliffe, R.G. (2010). Not
just a circle: flux modes in the plant TCA cycle.
Trends Plant Sci. 15, 462-470. https://doi.org/
10.1016/j.tplants.2010.05.006.

Bodner, G.M. (1986). Metabolism Part Il: the
tricarboxylic acid (TCA), citric acid, or Krebs
cycle. J. Chem. Educ. 63, 673-677. https://
doi.org/10.1021/ed063p673.

Spry, C., Kirk, K., and Saliba, K.J. (2008).
Coenzyme A biosynthesis: an antimicrobial
drug target. FEMS Microbiol. Rev. 32, 56-106.
https://doi.org/10.1111/].1574-6976.2007 .
00093.x.

Dinu, A., and Apetrei, C. (2020). A review on
electrochemical sensors and biosensors used
in phenylalanine electroanalysis. Sensors 20,
2496. https://doi.org/10.3390/520092496.

Leake, L.D., Evans, T.G., and Walker, R.J.
(1971). The role of catecholamines and
5-hydroxytryptamine on the heart of Patella
vulgata. Comp. Gen. Pharmacol. 2, 151-158.
https://doi.org/10.1016/0010-4035(71)
90005-X.

Gilbert, M.J.H., and Farrell, A.P. (2021). The
thermal acclimation potential of maximum
heart rate and cardiac heat tolerance in Arctic
char (Salvelinus alpinus), a northern cold-water
specialist. J. Therm. Biol. 95, 102816. https://
doi.org/10.1016/}.jtherbio.2020.102816.

Santini, G., De Pirro, M., and Chelazzi, G.
(1999). In situ and laboratory assessment of
heart rate in a mediterranean limpet using a
noninvasive technique. Physiol. Biochem.
Zool. 72, 198-204. https://doi.org/10.1086/
316656.

66. Storey, K.B., and Storey, J.M. (1996). Natural
freezing survival in animals. Annu. Rev. Ecol.
Syst. 27, 365-386. https://doi.org/10.1146/
annurev.ecolsys.27.1.365.

67. Cappello, T., Giannetto, A., Parrino, V.,
Maisano, M., Oliva, S., De Marco, G.,
Guerriero, G., Mauceri, A., and Fasulo, S.
(2018). Baseline levels of metabolites in
different tissues of mussel Mytilus
galloprovincialis (Bivalvia: Mytilidae). Comp.
Biochem. Physiol. Part D: Genomics
Proteomics 26, 32-39. https://doi.org/10.
1016/j.cbd.2018.03.005.

68. Clark, M.S., and Worland, M.R. (2008). How
insects survive the cold: molecular
mechanisms-a review. J. Comp. Physiol. B
178, 917-933. https://doi.org/10.1007/
s00360-008-0286-4.

69. Wiesenthal, A.A., Miiller, C., Harder, K., and
Hildebrandt, J.-P. (2019). Alanine, proline and
urea are major organic osmolytes in the snail
Theodoxus fluviatilis under hyperosmotic
stress. J. Exp. Biol. 222, jeb193557. https://
doi.org/10.1242/jeb.193557.

70. Teng, J., Zhao, J., Zhu, X., Shan, E., and
Wang, Q. (2021). Oxidative stress biomarkers,
physiological responses and proteomic
profiling in oyster (Crassostrea gigas)
exposed to microplastics with irregular-
shaped PE and PET microplastic. Sci. Total
Environ. 786, 147425. https://doi.org/10.
1016/].scitotenv.2021.147425.

71. Lesser, M.P. (2006). Oxidative stress in marine
environments: biochemistry and
physiological ecology. Annu. Rev. Physiol. 68,
253-278. https://doi.org/10.1146/annurev.
physiol.68.040104.110001.

72. Chen, H., and Xiong, L. (2005). Pyridoxine is
required for post-embryonic root
development and tolerance to osmotic and
oxidative stresses. PlantJ. 44, 396-408. https://
doi.org/10.1111/].1365-313X.2005.02538.x.

73. Han, G., Wang, W., and Dong, Y. (2020).
Effects of balancing selection and
microhabitat temperature variations on heat
tolerance of the intertidal black mussel
Septifer virgatus. Integr. Zool. 15, 416-427.
https://doi.org/10.1111/1749-4877.12439.

74. Murphy, D.J. (1983). Freezing resistance in
intertidal invertebrates. Annu. Rev. Physiol.
45, 289-299. https://doi.org/10.1146/
annurev.ph.45.030183.001445.

75. Roland, W., and Ring, R.A. (1977). Cold,
freezing, and desiccation tolerance of the
limpet Acmaea digitalis (Eschscholtz).
Cryobiology 14, 228-235. https://doi.org/10.
1016/0011-2240(77)90143-2.

76. Riddell, E.A., Odom, J.P., Damm, J.D., and
Sears, M.W. (2018). Plasticity reveals hidden
resistance to extinction under climate change
in the global hotspot of salamander diversity.
Sci. Adv. 4, eaar5471. https://doi.org/10.
1126/sciadv.aar5471.

77. Stickle, W.B., Lindeberg, M., and Rice, S.D.
(2010). Seasonal freezing adaptations of the

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

¢? CellPress

OPEN ACCESS

mid-intertidal gastropod Nucella lima from
southeast Alaska. J. Exp. Mar. Biol. Ecol. 395,
106-111. https://doi.org/10.1016/j.jembe.
2010.08.022.

Somero, G.N. (2020). The cellular stress
response and temperature: function,
regulation, and evolution. J. Exp. Zool. A
Ecol. Integr. Physiol. 333, 379-397. https://
doi.org/10.1002/jez.2344.

Lima, F.P., and Wethey, D.S. (2009).

Robolimpets: measuring intertidal body
temperatures using biomimetic loggers.
Limnol Oceanogr. Methods 7, 347-353.
https://doi.org/10.4319/lom.2009.7.347.

Lathlean, J.A., Ayre, D.J., Coleman, R.A., and
Minchinton, T.E. (2015). Using biomimetic
loggers to measure interspecific and
microhabitat variation in body temperatures of
rocky intertidal invertebrates. Mar. Freshw. Res.
66, 86-94. https://doi.org/10.1071/mf13287.

Waltham, N.J., and Sheaves, M. (2020).
Thermal exposure risks to mobile tropical
marine snails: are eco-engineered rock pools
on seawalls scale-specific enough for
comprehensive biodiversity outcomes? Mar.
Pollut. Bull. 156, 111237. https://doi.org/10.
1016/j.marpolbul.2020.111237.

Lathlean, J., and Seuront, L. (2014). Infrared
thermography in marine ecology: methods,
previous applications and future challenges.
Mar. Ecol. Prog. Ser. 514, 263-277. https://
doi.org/10.3354/meps10995.

Holland, B., Loomis, S.H., and Gordon, J.L.
(1991). Ice formation and freezing damage in
the foot muscle of the intertidal snail
Melampus bidentatus. Cryobiology 28,
491-498. https://doi.org/10.1016/0011-
2240(91)20059-W.

Cambiaghi, A., Ferrario, M., and Masseroli,
M. (2017). Analysis of metabolomic data:
tools, current strategies and future
challenges for omics data integration. Brief.
Bioinform. 18, 498-510. https://doi.org/10.
1093/bib/bbw031.

Oksanen, J., Blanchet, F.G., Kindt, R.,
Legendre, P., Minchin, P., O'Hara, R.B.,
Simpson, G., Solymos, P., Stevens, M.H.H.,
and Wagner, H. (2013). Vegan: Community
Ecology Package. R Package Version. 2.0-
10 (CRAN).

Li, X.X., and Dong, Y.W. (2020). Living on the
upper intertidal mudflat: different behavioral
and physiological responses to high
temperature between two sympatric
cerithidea snails with divergent habitat-use
strategies. Mar. Environ. Res. 159, 105015.
https://doi.org/10.1016/j.marenvres.2020.
105015.

Lai, J., Zou, Y., Zhang, J., and Peres-Neto, P.R.
(2022). Generalizing hierarchical and variation
partitioning in multiple regression and
canonical analyses using the rdacca.hp R
package. Methods Ecol. Evol. 13, 782-788.
https://doi.org/10.1111/2041-210X.13800.

iScience 26, 106128, March 17, 2023 13


https://doi.org/10.1111/1365-2435.12628
https://doi.org/10.1111/1365-2435.12628
https://doi.org/10.1016/j.jembe.2017.01.024
https://doi.org/10.1016/j.jembe.2017.01.024
https://doi.org/10.1111/j.1365-3040.2010.02148.x
https://doi.org/10.1111/j.1365-3040.2010.02148.x
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1210/js.2018-00113
https://doi.org/10.1210/js.2018-00113
https://doi.org/10.1016/j.tplants.2010.05.006
https://doi.org/10.1016/j.tplants.2010.05.006
https://doi.org/10.1021/ed063p673
https://doi.org/10.1021/ed063p673
https://doi.org/10.1111/j.1574-6976.2007.00093.x
https://doi.org/10.1111/j.1574-6976.2007.00093.x
https://doi.org/10.3390/s20092496
https://doi.org/10.1016/0010-4035(71)90005-X
https://doi.org/10.1016/0010-4035(71)90005-X
https://doi.org/10.1016/j.jtherbio.2020.102816
https://doi.org/10.1016/j.jtherbio.2020.102816
https://doi.org/10.1086/316656
https://doi.org/10.1086/316656
https://doi.org/10.1146/annurev.ecolsys.27.1.365
https://doi.org/10.1146/annurev.ecolsys.27.1.365
https://doi.org/10.1016/j.cbd.2018.03.005
https://doi.org/10.1016/j.cbd.2018.03.005
https://doi.org/10.1007/s00360-008-0286-4
https://doi.org/10.1007/s00360-008-0286-4
https://doi.org/10.1242/jeb.193557
https://doi.org/10.1242/jeb.193557
https://doi.org/10.1016/j.scitotenv.2021.147425
https://doi.org/10.1016/j.scitotenv.2021.147425
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1111/j.1365-313X.2005.02538.x
https://doi.org/10.1111/j.1365-313X.2005.02538.x
https://doi.org/10.1111/1749-4877.12439
https://doi.org/10.1146/annurev.ph.45.030183.001445
https://doi.org/10.1146/annurev.ph.45.030183.001445
https://doi.org/10.1016/0011-2240(77)90143-2
https://doi.org/10.1016/0011-2240(77)90143-2
https://doi.org/10.1126/sciadv.aar5471
https://doi.org/10.1126/sciadv.aar5471
https://doi.org/10.1016/j.jembe.2010.08.022
https://doi.org/10.1016/j.jembe.2010.08.022
https://doi.org/10.1002/jez.2344
https://doi.org/10.1002/jez.2344
https://doi.org/10.4319/lom.2009.7.347
https://doi.org/10.1071/mf13287
https://doi.org/10.1016/j.marpolbul.2020.111237
https://doi.org/10.1016/j.marpolbul.2020.111237
https://doi.org/10.3354/meps10995
https://doi.org/10.3354/meps10995
https://doi.org/10.1016/0011-2240(91)90059-W
https://doi.org/10.1016/0011-2240(91)90059-W
https://doi.org/10.1093/bib/bbw031
https://doi.org/10.1093/bib/bbw031
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
http://refhub.elsevier.com/S2589-0042(23)00205-5/sref85
https://doi.org/10.1016/j.marenvres.2020.105015
https://doi.org/10.1016/j.marenvres.2020.105015
https://doi.org/10.1111/2041-210X.13800

¢? CellPress

OPEN ACCESS

iScience

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Metabolomic data This study https://doi.org/10.5061/dryad.79cnp5hzk
Original code This study https://github.com/sunyongxu/ISCIENCE-D-

22-03956R1-.git

Software and algorithms

R software https://www.r-project.org V4.2.1
SmartView Fluke Corporation Va4
Other

LC-MS ThermoFisher Scientific N/A
Vanquish UHPLC system ThermoFisher Scientific N/A
Orbitrap Q Exactive™ HF mass spectrometer ThermoFisher Scientific N/A
Fluke Infrared camera Fluke Corporation TiX660
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yun-Wei Dong (dongyw@ouc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The metabolomic data have been deposited at the Dryad Digital Repository and are publicly available as
of the date of publication. The accession number is listed in the key resources table.

@ All original code has been deposited at GitHub and is publicly available as of the date of publication. The
DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this work paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was based on wild limpet C. toreuma, and no experimental models were used.

METHOD DETAILS

In situ operative temperature measurement

Biomimeticloggers (HOBO, MX2201) with a height of 1.5 cm and a diameter of 3.0 cm were used to monitor
the operative temperature. Six biomimetic loggers were deployed at a field site using A-788 Z-Spar Splash
Compound (Kopper's Co.,USA) in Qingdao, Shandong, China (36.03°N, 120.23°E).”? The temperature re-
corded by loggers was similar to the operative body temperature of limpets based on the preliminary
experiment in winter. Loggers were positioned in different microhabitats: 1) Loggers were deployed on
the bottom of the tidal pools where the limpets usually occupy; and 2) Loggers were deployed on emergent
rock surfaces near to limpets. From November 2021 to February 2022, three loggers were deployed in each
microhabitat. The measuring accuracy was set as 0.5°C, and the interval was 20 min for long-term moni-
toring from November 2021 to February 2022 and 10 min for short-term monitoring to get a more specific
temperature dataset during sampling periods.'’-#%%
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To characterize the different thermal properties between tidal pool and emergent rock microhabitats in
visual, infrared thermal imaging was applied by using a Fluke TiX660 Infrared camera (Fluke Corporation,
USA) on December 24th, 2021 following the methods as described in Lathlean and Seuront.®” Thermal im-
ages were analyzed using the software SmartView V 4.4 (Fluke Corporation, USA). For each thermal imag-
ing, points were drawn to determine the temperature of microhabitats.

Animal collection

On December 12th, 2021, individuals of C. toreuma were randomly collected at emergent rock and tidal
pool microhabitats in Qingdao, Shandong, China (36.03°N, 120.23°E). In Qingdao, these limpets experi-
ence semi-diurnal tidal regimes and exposure to air during day and night, respectively (Figure 1C). Eight
individuals (n = 8) were collected at both microhabitats after the tide had receded (just emerged, DO,
NO), when the tide faded to the lowest (emerged for 3 hours, D3, N3), and just before submergence by
the returning tide (emerged for 5 hours, D5, N5), respectively. After collection, animals were frozen in liquid
nitrogen and stored at —80°C for subsequent use in metabolomic profiling.

Metabolomic profiling

Living on the shore, limpets keep attached with their foot to the substrate and thus foot tissue is one of the
tissues to be first impacted by cold temperatures.® In addition, foot tissue was large enough in meeting the
quantity requirement in metabolomic analysis. Thus, foot tissues (80 mg) were individually frozen with liquid
nitrogen and the homogenate was resuspended with prechilled 80% methanol by vortexing. The samples
were incubated on ice for 5 min and then were centrifuged at 15,000 g, 4°C for 20 min. The supernatant was
diluted to a final concentration containing 53% methanol by LC-MS/MS grade water. The samples were
subsequently transferred to a fresh Eppendorf tube and then were centrifuged at 15,000 g, 4°C for
20 min. Finally, the supernatant was injected into the LC-MS/MS system for analysis. UHPLC-MS/MS ana-
lyses were performed using a Vanquish UHPLC system (ThermoFisher, Germany) coupled with an Orbitrap
Q Exactive™ HF mass spectrometer (ThermoFisher, Germany) in Novogene Co., Ltd. (Beijing, China). Sam-
ples were injected onto a Hypersil Gold column (100 x 2.1 mm, 1.9 um) using a 17-min linear gradient at a
flow rate of 0.2 mL min~". The eluents for the positive polarity mode were eluent A (0.1% FA in Water) and
eluent B (Methanol). The eluents for the negative polarity mode were eluent A (5 mM ammonium acetate,
pH 9.0) and eluent B (Methanol). The solvent gradient was set as follows: 2% eluent B, 1.5 min; 2-85% eluent
B, 3 min; 85-100% eluent B, 10 min; 100-2% eluent B, 10.1 min; 2% eluent B, 12 min. Q Exactive"™ HF mass
spectrometer was operated in positive/negative polarity mode with a spray voltage of 3.5kV, capillary tem-
perature of 320°C, sheath gas flow rate of 35 psi, and aux gas flow rate of 10 L/min, S-lens RF level of 60, Aux
gas heater temperature of 350°C.

Microhabitat thermal variation analysis

To characterize the thermal variation between tidal pool and emergent rock microhabitats, the daily ther-
mal variation was calculated by the difference between the daily maximum temperature and the daily min-
imum temperature from November 2021 to February 2022. In addition, the minimum temperature during
the sampling period was calculated to characterize the variation of cold stress between tidal pool and
emergent rock microhabitats. Differences in the daily thermal variation and the minimum temperature be-
tween microhabitats were analyzed using t-test in R V 4.2.1. The numerical results were presented as
mean *+ SEM.

Metabolomic analysis

The raw data files generated by UHPLC-MS/MS were processed using the Compound Discoverer 3.1
(CD3.1, ThermoFisher) to perform peak alignment, peak picking, and quantitation for each metabolite.
The main parameters were set as follows: retention time tolerance, 12 seconds; actual mass tolerance,
5 ppm; signal intensity tolerance, 30%; signal/noise ratio, 3; minimum intensity, and adduct ions. After
that, peak intensities were normalized to the total spectral intensity. The normalized data were used to pre-
dict the molecular formula based on additive ions, molecular ion peaks, and fragment ions. And then peaks
were matched with the mzCloud (https://www.mzcloud.org/), mzVault, and MassList database to obtain
the relative quantitative results.

The MetaboAnalyst 5.0 website (https://www.metaboanalyst.ca/) was used to perform statistical analysis
(normalization, generalized logarithm transformation, auto-scaling, and cluster analysis) and pathway
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analysis.®" To obtain differentially expressed metabolites (DEMs), one-way ANOVA(adjusted p< 0.05) and
partial least squares discriminate analysis (PLS-DA) (VIP score >1) were performed among different sam-
pling times.

In order to clarify the variation of diurnal metabolomic response, the metabolic pathway analyses were
performed in tidal pool and rock microhabitats, respectively. In the pathway analysis, the metabolites
that varied significantly among sampling times (DO, D3, D5, NO, N3, and N5) were selected by the differen-
tially expressed metabolites (DEMs), and then enriched in the KEGG pathway database (https://www.
metaboanalyst.ca/). Thus, significantly enriched pathways indicated the important metabolic responses
to diurnal environmental change. The negative log-transformed p values (-log P) were used to explain
the degree of difference in metabolic pathways.

PERMANOVA analysis

To detect the effects of the diurnal cycle, microhabitats, and the interaction between diurnal cycle and
microhabitats on the variations of metabolites, a permutational multivariate analysis of variance
(PERMANOVA) with 999 permutations was performed using vegan package in RV 4.2.1.%° To detect the
differences in the relative concentrations of metabolites among sampling times and microhabitats, gener-
alized linear models (GLM) with Gaussian models were performed in SPSS 22 (SPSS, Chicago, IL, USA).%¢
For statistical analysis, tests for normality distribution and variance homogeneity were assessed with the
Shapiro-Wilk test and Levene's test, respectively. Data were log-transformed for normality and homogene-
ity. The numerical results were presented as mean + SEM (n = 8).

Redundancy analysis

The influence of environmental variables on the relative concentrations of metabolites was analyzed using
the redundancy analysis (RDA). During the RDA, the importance of each variable (diurnal cycle, microhab-
itats, exposure time, and temperature) was assessed by hierarchical partitioning using the rdacca.hp pack-
age in RV 4.2.1.%” The environmental temperatures were calculated by the hourly mean values of the tem-
perature recorded during the sampling periods (December 12th, 2021) at 12:00 (D0), 15:00 (D3), 17:00 (D5)
in the day and at 0:00 (NO), 3:00 (N3), 5:00 (N5) at night, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for thermal variation between microhabitats was performed in R software V 4.2.1. The
one-way ANOVA(adjusted p< 0.05) and partial least squares discriminate analysis (PLS-DA) (VIP score
>1) were used to select differentially expressed metabolites (DEMs). Statistical analysis for the relative con-
centrations of metabolites among sampling times and microhabitats was performed using GLM model in
SPSS 22. The PERMANOVA and RDA analyses were performed using vegan and rdacca.hp package in RV
4.2.1, respectively. Normality of the data was tested using the Shapiro-Wilk test. The homogeneity of vari-
ance was tested using Levene's test. If one of the two conditions was not validated (p< 0.05), a log trans-
formation of the data was performed before further analysis. Description of the specific statistical tests
used are stated in the method details and figure legends.
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