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Identifying core features of adaptive metabolic mechanisms for chronic

heat stress attenuation contributing to systems robustnessw
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The contribution of metabolism to heat stress may play a significant role in defining robustness and

recovery of systems; either by providing the energy and metabolites required for cellular homeostasis,

or through the generation of protective osmolytes. However, the mechanisms by which heat stress

attenuation could be adapted through metabolic processes as a stabilizing strategy against thermal

stress are still largely unclear. We address this issue through metabolomic and transcriptomic profiles

for populations along a thermal cline where two seagrass species, Zostera marina and Zostera noltii,

were found in close proximity. Significant changes captured by these profile comparisons could be

detected, with a larger response magnitude observed in northern populations to heat stress. Sucrose,

fructose, and myo-inositol were identified to be the most responsive of the 29 analyzed organic

metabolites. Many key enzymes in the Calvin cycle, glycolysis and pentose phosphate pathways also

showed significant differential expression. The reported comparison suggests that adaptive

mechanisms are involved through metabolic pathways to dampen the impacts of heat stress, and

interactions between the metabolome and proteome should be further investigated in systems biology

to understand robust design features against abiotic stress.

Introduction

Cellular metabolism may play a significant role in defining

robustness and recovery of systems in response to heat stress;

either through the provision of energy and metabolites for

achieving a new state of cellular homeostasis,1 or contributing

to systems robustness against heat stress with the production

of protective organic osmolytes observed in both animals and

plants.2,3 Understanding the thermodynamic contributions of

these osmolytes, and possible synergistic interactions between

mixed contributors, to systems stabilization is a growing field

of investigation.3,4 Furthermore, osmolytes have been shown

to act as chemical chaperones influencing the conformational

state and stability of heat shock molecular chaperones,5 thus

underscoring the need to understand the solvent context of

proteomes and contributions to robustness from the holistic

perspective of systems biology.
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Insight, innovation, integration

Core features of metabolic heat stress attenuation important

for robustness against heat stress were identified through a

parallel comparison of two closely related seagrass species,

Zostera marina and Zostera noltii, sampled from populations

along a thermal cline. Seagrasses enable investigations to under-

stand responses of systems to chronic heat stress in marine

plants. This investigation is the first to leverage metabolomic

and transcriptomic data to identify shared and diverged features

to understand adaptive properties of metabolic responses in the

context of global warming. Key enzymes contributing to

attenuation of heat stress were found to be involved in the

Calvin cycle, glycolysis and pentose phosphate pathways.

The results also suggested potential interactions between the

metabolome and proteome as an adaptive feature for systems

robustness against abiotic stress facilitated through the use of

organic osmolytes acting as chemical chaperones.
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To this end, a number of metabolomic investigations have

been conducted in recent years on plant abiotic stress as well as

plant–pathogen interactions.6–8 Metabolites also have important

regulatory roles in signaling and contribute to posttranslational

modifications of proteins such as glycosylation. Generally, the

contributions of metabolic responses have been observed to

respond more quickly to abiotic stress than adjustments of gene

expression regulation.9 Previous investigations of the plant heat

stress response using nonspecific metabolite profiling showed

that 23% of 497 analyzed metabolites were heat responsive,

which also overlapped with the significantly larger number of

identified cold responsive metabolites.7 Changes in transcript

abundance from different biosynthetic pathways were also found

to correlate with the changing metabolite levels.

However, still unclear is an understanding of how heat

shock mitigation through metabolic mechanisms could be

evolved and adapted to chronic thermal stress. Since energetic

costs are associated with the continued overexpression of heat

shock proteins (HSPs) as a primary response to dampen heat

stress effects,10 further investigations to understand alternative

mechanisms to achieve new states of homeostasis would be

important for our mechanistic understanding of systems

robustness to changing environments. An evolutionary study

using the fish species Fundulus heteroclitus along a thermal

cline suggested that metabolic genes contribute to the majority

of significant adaptive variations in gene expression that

correlated with habitat temperature.11 Significant metabolic

reprogramming in dealing with thermal stress has also long

been recognized to be important contributor to thermo-tolerance

and adaptation in plants.12 In physics, attenuation consequently

results in the observed dampened effect on the intensity of

energy, e.g. in the form of heat, light, and sound, based on

properties of a medium. Here, we aim to understand how

changes in the osmolyte solvent medium could contribute to

heat attenuation and use seagrasses as the study system.

Seagrasses have recently been subjected to a series of research

efforts to understand their molecular response to heat stress,13–15

and evolution to an aquatic environment.16 Investigations using

this study species are important for several reasons. First, the

seagrass species Zostera marina is poised to serve as a model

organism to understand molecular evolution and responses of

marine plants because of the growing transcriptomic resources

and anticipated genome sequencing. Second, seagrasses are

widely distributed foundational species17 supporting and defining

marine ecosystems with a large commercial value.18 The two

species used in this investigation are Zostera marina and Zostera

noltii, both spanning a wide biogeographic range along the

northern hemisphere shorelines. The distribution of these species

along the Atlantic European coast from Norway to the

Mediterranean seas, including the collection sites for this

investigation, has been well studied.19,20 The difference

between the estimated maximum temperature for the northern

(21 1C) and southern (29 1C) collection sites is approximately

8 1C based on available data obtained through remote sensing

and monitoring efforts of seagrass beds (data not shown).

Lastly, seagrass populations are in decline due to challenges

associated with increasing thermal stress at the ocean surface

resulting from global warming.20,21 An initial study using

expressed sequence tags identified 62 responsive transcripts

that suggested significant photosynthetic adjustments.14 Some

candidate heat shock genes and oxygen scavengers contributing to

the stress response were also identified. More recently, a deeper

transcriptomic investigation using 454 mRNA-seq demonstrated

that the adaptive benefits of seagrass populations with respect

to heat are more likely to be revealed during the recovery phase

post-heat stress rather than the immediate stress response.22

Extending on these previous studies investigating the response

of a single seagrass species, we present here the first in-depth

metabolomic and transcriptomic investigation conducted on the

thermal stress response of two seagrass species, Zostera marina

andZostera noltii, sampled along a thermal cline where southern

populations experience an estimated average maximum

temperature up to 29 1C compared to northern populations

at 21 1C (data not shown). The responses of 29 organic

metabolites were profiled across a 5-week heat stress experiment

and observations were integrated with transcriptome profiles

sampled at the peak of the heat stress treatment. The detected

molecular responses were also considered in the framework

defined by physiological measurements to make an integrated

inference across different levels of biological organization. This

study design supports an investigation of metabolic responses

to chronic heat stress using an ecologically important founder

species threatened by changing thermal patterns resulting from

global warming. The results also highlighted potential adaptive

strategies through metabolic processes for heat attenuation to

achieve a new state of homeostasis. Through this investigation,

we propose a new paradigm for an HSP independent strategy

that is complementary to heat stress attenuation evolved by

protection of misfolding via organic osmolytes as chemical

chaperones.

Results

Several fitness-related physiological parameters such as

growth and photosynthesis were monitored to detect potential

differences in the temperature response of seagrasses at weekly

timepoints (Fig. 1B) and to complement the molecular inter-

pretations obtained during downstream analysis. Shoot count,

growth rate, and photosynthetic measurements of the maximum

electron transport rate (ETRmax) and 10 second dark-adapted

effective quantum yield (Y0) of photosystem II were conducted.

These physiological parameters were used to measure only

immediate response to heat stress. Statistical significance of

responses was tested with ANOVA (a o 0.001). The growth

rate and shoot counts for all populations (Fig. S1 and S2, ESIw)
show significant differences in stress treatment with respect to

timepoint (F= 98.89, po 2.2 � 10�16), location (F= 284.41,

p o 2.2 � 10�16), and species (F = 3226.40, p o 2.2 � 10�16).

Significant interactions between the parameters of timepoint

(F = 23.35, p = 1.75 � 10�6), and location (F = 68.69,

p = 8.548 � 10�16) with species were detected. Interestingly,

stress treatment effects for pulse amplitude modulated (PAM)

fluorometry results showed only weak significance (F = 9.55,

p = 0.002) and did not exceed our significance threshold of

a o0.001. Similarly, ANOVA analysis of Y0 over the time

course also showed no significant treatment effects (F = 4,

p = 0.046, a o 0.001). Overall, the fitness indicators of heat

stress treated samples appeared to remain relatively similar to
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that of the control group, slowly declining over time. An accelerated

decay during post-stress recovery after T5 was observed in the

physiological measurements for some populations.

Samples for metabolomics analysis were also taken during

these weekly fitness measurements to measure the response

profiles of organic metabolites. Samples for metabolomic

profiles were taken at the timepoints of T0, T3, and T5

(Fig. 1). After removal of weak signals and outliers, the

profiles of 29 metabolites were analyzed in response to heat

stress treatment over the time course of the experiment (Fig. 2).

Significant differences were identified in the metabolomic response

between the two species (ANOVA; F=28.37, p=4.799� 10�7),

temperature treatment (F = 26.015, p = 1.295 � 10�6) and

metabolites (F = 99.0368, p o 2.2 � 10�16, a o 0.001).

Significant interactions between metabolites with treatment

(F = 30.56, p o 2.2 � 10�16), species (F = 30.56, p o 2.2 �
10�16), and all three variables at the same time (F = 4.10,

p = 3.310 � 10�12) were identified (a o 0.001).

ANOVA analysis of the metabolomic response of only Z.

marina populations shows significant differences between the

northern and southern populations (F = 32.013, p = 4.539 �
10�7, a o 0.001) with interactions between metabolites for

both treatment and species variables (a o 0.001). Significant

differences between the metabolites were also detected

(F = 61.3922, p o 2.2 � 10�16), as can be expected. Finally,

interactions between the metabolites and the variables of

timepoint (F = 3.6194, p o 2.2 � 10�16), treatment (F = 33.70,

po 2.2� 10�16), and population from which theZ. marina plants

were sampled could be detected (F = 5.5880, p o 2.2 � 10�16).

Interactions identified between the three factors of metabolites,

treatment, and population (F = 2.4240, p = 4.76 � 10�5)

suggested that the measured metabolomic response to heat

stress depends upon population affiliation. Z. noltii shows

significant differences with treatment effects (F = 12.41,

p = 0.0008) and metabolites (F = 62.6088, p o 2 � 10�16).

There was also significant interaction between the treatment

response and metabolites (F = 15.6278, p o 2 � 10�16),

however the difference between populations was not as

strongly detected compared to the Z. marina populations.

Hierarchical clustering of the averaged metabolomic profiles

for Z. marina (Fig. 3A) shows all profiles from control

conditions to cluster together. This cluster also included

samples designated for heat treatment at timepoint T0; with

the exception of the Z. marina northern population, where the

averaged profile showed more similarity to those observed

for southern Z. marina population under heat stress. The

observed deviation from the control cluster for the Z. marina

northern population at T0 may be an observable heat stress

response during the acclimation phase which involved a slow

gradual temperature increase from 14 1C to the final baseline

temperature of 19 1C. Otherwise there appears to be a

population specific metabolomic response to the heat stress

regime with profiles of southern populations showing more

similarity to the control conditions than the response of

northern populations to heat stress. Furthermore, the meta-

bolomic profiles do not return immediately to the control state

post-heat stress at T5. This distinction between populations

was less evident for Z. noltii (Fig. 3B) where results only

showed a clear separation between control and treatment

groups instead. The results for Z. noltii also suggested that

metabolomic profiles of the treated group returned to the

initial profiled state at T0 prior to treatment since samples from

T0 and T5 clustered together for each respective population

(Fig. 3B).

Of the analyzed metabolites, principal component analysis

(PCA) conducted on the averaged replicate samples identified

Fig. 1 Collection site of seagrass populations subjected to a controlled heat stress regime. (A) Collection sites where the study species Zostera

marina and Zostera noltii were found co-localized within approximately 100 m were used. Cold adapted seagrasses were collected from Hals

(Denmark; 561500 N, 10110 E; early May 2009) and warm adapted species from Gabbice mare (Italy; Adriatic Sea; 431500 N, 121450 E; late April

2009). (B) A heat stress regime was applied to the collected samples after acclimation for a minimum of 4 weeks. Metabolomic profiles representing

29 metabolites were analyzed for T0, T3, and T5, and this dataset was complemented with a transcriptomic profile at T3 to identify key treatment

responsive contributions.
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sucrose to be most responsive to treatment and accounted for

most of the observed variance in the first principal component

(93.3%), followed by fructose and then myo-inositol in

Z. marina. Similar results were also observed for Z. noltii

where the first principal component accounted for 78.01% of

the variance. PCA showed that the averaged control samples

from treated populations taken from different timepoints

tended to cluster based on the first two principal components,

similar to what was observed for the hierarchical clustering

analysis. On the non-averaged dataset, PCA identified the same

dominant contributions of sucrose and fructose. However, the

replicates did not form distinct clusters to show clear separation of

treatment, population, and control groups, further underscoring

the high amount of variance between replicate samples in the

metabolomics analysis (Fig. S5, ESIw).
The transcriptomic responses to heat stress treatment, one

representing each population and experimental conditions for

both species, were sampled and sequenced for only T3. De

novo assembly of the transcriptome resulted in a total of 7460

tentative unigenes, which we now refer to as genes, shared by

the two species that have been successfully annotated using

A. thaliana and O. sativa data resources (Table S1, ESIw). Within

this gene set, 2636 (35.34%) were successfully annotated to be

involved in metabolic processes using the METACYC database.23

Since a representative genome for the Zostera family is not yet

available, the transcriptome was analyzed for the under-

representation of GO terms based on GOSLIM for plants.

Results show no significantly underrepresented biological

processes in the transcriptome, as annotated by using the

GO terms, thus indirectly suggesting that sufficient gene coverage

has been achieved for an unbiased investigation of changes in

differential expression responses.

Focusing only on METACYC subset of annotated genes

(35.34%), genes with significant differential expression, adjusted

Fig. 2 Metabolomics response profile of seagrasses to heat stress treatment. (A) The averaged response across 6 replicates for 29 analyzed

metabolites is shown for both the northern and southern populations of Z. marina and (B) Z. noltii. The top three most responsive metabolites

identified using principal component analysis are sucrose, fructose, and myo-inositol (*).
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for problems of multiple testing (q-values, a = 0.001), were

identified using a bootstrapping strategy (see Materials and

Methods). For Z. marina, 1136 and 1342 significant differentially

expressed genes were identified for the northern and southern

populations, respectively. In total, 1638 genes were differentially

expressed in Z. marina, with 840 genes shared between both

populations. For Z. noltii, 1594 and 1433 genes were differentially

expressed in the northern and southern populations, respectively.

This resulted in a total of 2064 nonredundant genes for Z. noltii

with 963 shared between the two populations. Merging the results

of all libraries, a consensus of 398 metabolic genes was detected to

be significantly responsive to treatment effects for both species

and populations.

Analyzing the shared list of 398 tentative unigenes responding

significantly to heat stress treatment, 30 of these have been

annotated to have ATPase activity (7.5%), many of which are

heat shock responsive proteins. Putative genes responding similarly

across the species and populations within this subset were

further analyzed (Table 1). 74 genes (18.6%) were upregulated

for both species across all populations while 32 were down-

regulated, with remaining genes showing mixed responses.

A large number of upregulated genes corresponded to HSPs,

proteases, protein isomerases, and DNA maintenance and

repair. Proteins involved in oxidation–reduction processes were

also upregulated such as glutathione transferase (P46422),24

glutathione-disulfide reductase (P42770) and superoxide

dismutase (O81235). Key components of electron transport and

photosynthesis were observed to be significantly upregulated. For

example, the chloroplastic isoform of ATP-dependent zinc

metalloprotease FTSH 5 involved in thylakoid formation25

which has also been annotated to be involved in the removal of

the D1 subunit of photosystem II to prevent cell death under

high-intensity light conditions.26 Lastly, heat treatment responsive

immune defense associated proteins were also observed. These

include the downregulation of putative protein phosphatase 2C

59 (Q8RXV3) used in the defense to pathogenic bacteria.27 A

number of ubiquitin-related proteins were also downregulated, and

members of this family contribute to targeted protein recycling and

degradation through posttranslational modification. Ubiquitination

is also important for resistance against pathogenic attacks.28

Interestingly, despite the large treatment response observed

with sucrose and fructose, only a small fraction of putative

genes involved in carbohydrate metabolism were upregulated.

Identified upregulated genes included ribose-5-phosphate

Fig. 3 The response of populations clusters closely by treatment conditions. (A) Hierarchical clustering of averaged metabolomic profiles

representing the respective population response of Z. marina and (B) Z. noltii. Results highlight the specificity and magnitude of population

response to temperature.
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isomerase (P47968) which catalyzes the interconversion

between ribose-5-phosphate (R5P) and ribulose-5-phosphate

(Ru5P); both are substrates used in the pentose phosphate

pathway and the Calvin cycle, respectively. Fructose-6P is

generated during the pentose phosphate pathway while

glyceraldehyde-3-phosphates generated during the Calvin cycle

are substrates used to synthesize other carbohydrates such as

starch, sucrose, and cellulose. Fructose-bisphosphate aldolase

(Q40677) contributes to fructose metabolism where products

are then later shuttled down the glycolysis pathway. Glyceralde-

hyde 3-phosphate dehydrogenase (Q8LK04), a key enzyme

involved in glycolysis and the Calvin cycle, depending on the

isoform, was observed to be upregulated. Lastly, UDP-glucose

dehydrogenase (Q9SQJ1) was observed to be downregulated.

With respect to the large treatment response in sucrose

levels observed in the metabolomic profiles, sucrose synthase

(Q6SJP5) gene expression was also downregulated in all

four populations, along with phosphorylated carbohydrates

phosphatase TM_1254 (Q9X0Y1), an enzyme involved in

the intracellular metabolism of many phosphorylated carbo-

hydrates such as fructose 6-phosphate. Sucrose-phosphate

synthase (Q94BT0) was observed to be significantly upregu-

lated only in both Z. noltii populations while downregulated in

Z. marina populations. Putative genes involved in starch

metabolism such as ADP glucose pyrophosphorylase, starch

synthase, and starch branching enzyme were not identified to

be differentially expressed in the sampled tissues with the

exception of granule-bound starch synthase (O64925) which

Table 1 Universal response in differential gene expression to treatment across all populations. Subset of genes identified with significant
differential expression (a = 0.001) with the same directionality observed, upregulated (top) or downregulated (bottom), to heat stress across all
populations for both species
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was upregulated in the northern and southern populations of

Z. marina and Z. noltii, respectively, while downregulated in

the other two populations.

Finally, genes observed to have inverse response in differential

expression between the northern and southern populations were

investigated (Table 2). Genes up-regulated in the southern but

down-regulated in the northern populations for both species

(�+�+: 10 genes) appear to be largely associated with

developmental processes. Conversely, analyzing the inverse

relationship, up-regulated in the northern populations but

down-regulated in the southern populations, shows an inter-

esting set for further investigation to understand the role of

sugars and other metabolites during heat stress response

(+�+�: 13 genes). For example, inositol-3-phosphate

synthase (O64437), an enzyme involved in myo-inositol synthesis,

was identified to be upregulated in the northern populations.

Myo-inositol was identified through PCA to be the third most

responsive metabolite to the heat stress treatment. Significant

increase inmyo-inositol levels was observed post-treatment during

the recovery phase (T5) for treated samples from northern

populations. Other enzymes involved in sugar metabolism

identified in this subset of genes were ribulose-phosphate

3-epimerase (Q43157) in the Calvin cycle, 6-phosphofructoki-

nase (Q9C5J7) from glycolysis, and b-fructofuranosidase
(Q9LQF2), an invertase catalyzing the breakdown of sucrose

to fructose and glucose.29

Discussion

Although previous metabolomics analyses on plant response

to thermal stress have been conducted,7,8,30 comparisons

between different thermally adapted wild strain populations

subjected to chronic heat stress, such as that can be observed

in nature for marine plants, have not yet been investigated

(Fig. 1). The metabolomic and transcriptomic responses of

seagrass populations collected along a thermal cline were

explored to understand potential stabilizing metabolic con-

tributions that would complement the well documented HSP

based heat shock response to maintain cellular homeostasis.31

The metabolomic and transcriptomic datasets allow inspection

of fluctuating changes in response to heat stress between the

populations for both gene expression and metabolites. Taken

together, the combined datasets also permit analysis to

distinguish between two alternative mechanisms for changes

in steady state metabolite levels. For example, increasing

steady states in metabolite levels can be accounted for by an

(i) increase in the rate of biosynthesis and (ii) decrease in the

rate of breakdown. As will be demonstrated through this

analysis using seagrasses, the data indicate that the latter

mechanism is the main reason for the observed heat responsive

increase in sucrose levels, whereas the increase in myo-inositol

is apparently driven by increased rates of biosynthesis.

Two closely related seagrass species found in near proximity

(B100 m) along a thermal cline were used in this investigation

to identify shared features within the metabolic response to

heat stress treatment using a stringent criterion (a = 0.001) to

reduce the possibility of detecting correlations in heat responsive

changes between false positive observations. The aim of this

investigation was not to identify all key players that may be

contributing to metabolic heat stress attenuation, but to identify

core-shared as well as population-specific features. Comparing the

responses of two species along a thermal cline would be suggestive

of a heat stress response strategy through metabolic responses

evolved in parallel. It should be noted that investigations using

only two species can be insufficient in establishing definitive

adaptive features,32 but the findings are compelling enough

Table 2 Population specific response in differential gene expression. Subset of genes identified with significant differential expression (a = 0.001)
responding inversely between the northern and southern populations for both species
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to warrant further investigations in understanding metabolic

contributions to heat attenuation. Furthermore, an investigation

at different levels of biological organization using metabolites,

gene expression, and physiological measurements can help identify

possible gene candidates and pathways yielding the observed

global systemic response.

As can be observed through physiological measurements

(Fig. S1–S3, ESIw), a significant response to treatment can be

detected in the growth rate and shoot counts. However,

treatment response with respect to photosynthesis is less

evident since statistical significance was not established. Taken

together, these measurements suggest that the treated groups

relative to the control were not under extreme stress in the

mesocosm and were observed to decline slowly in health over

the duration of the experiment. A small increase in growth at

the peak of the heat wave (T3) was observed through shoot

count and growth rates for the southern populations of both

species. While Y0 appears to be maintained in one species, the

relative ETRmax in photosynthesis appeared to be more treatment

responsive, thus suggesting an increase in photosynthetic activity.

The data also showed differences in these measurements between

treatment and control samples prior to the application of the heat

stress regime for the southern Z. marina population. A proper

explanation for this discrepancy, an increase in the growth rate and

Y0 cannot be rationalized. However the remaining measurements

reflect expected outcomes based on previous investigations

conducted on seagrass populations using similar experimental

setups.13 Therefore detected heat stress responses in this

experiment would be fairly reasonable and indicative of what

may be observed in nature.

The metabolomic profiles of 6 individuals were averaged to

represent the response to the given experimental treatment

conditions for each respective population (Fig. 2). Treatment

response can be clearly observed in both species, with a larger

magnitude of response in the northern populations. Although

increases in metabolite variations to heat treatment between

replicates were observed (Fig. S4, ESIw), it should be noted

that the observations were from samples of non-identical

genotypes. To further illustrate the variations between the

individuals, replicates do not show a tendency for clustering

when conducting PCA on the individual metabolomic profiles

(Fig. S5, ESIw). Therefore, the averaged profiles included

also the individual variations that would be observed within

populations. Since metabolite variations appear relatively stable

in the control group across the time course of the experiment,

particularly for Z. marina, this suggests that observations and

interpretation of trends can be inferred. Furthermore, the

observed variations within populations in response to heat

stress are most likely a necessary requirement conferring

beneficial advantages for the long-term survival of the species.33

For Z. noltii, metabolomic profiling had been more difficult due

to the much smaller quantities of the biological sample for this

species, thus requiring adjustments to protocols that pushed the

technical limits of metabolite profiling. The consequence of this

limitation could be evidenced by the large increase in variation

between replicates compared to Z. marina (Fig. S4, ESIw).
Therefore conclusions specific for Z. noltii could benefit from

follow-up experiments for more accuracy with improvements in

technological sensitivity.

The population profiles were successfully grouped into three

main clusters for Z. marina and Z. noltii, matching expectancy

with a few minor exceptions detailed in results (Fig. 3). First,

the control groups across the time course of the experiment

were clustered into one group, including samples not yet

subjected to the heat stress regime for Z. marina. The remaining

two clusters were based on population rather than treatment

specific variables. The results also suggested that metabolomic

profiles recovered to the initial state prior to the heat stress

treatment for Z. noltii, which was not observed for Z. marina.

Due to the difficulties mentioned for measurements for the

Z. noltii samples, this observation needs to be revisited. Clearly

observed, however, between the two species was a population

distinctive response with northern populations showing a larger

magnitude and sensitivity to heat stress.

The novelty of this investigation is a comparison of the

metabolic responses of closely related species sampled from

different thermal habitats to heat stress through the combined use

of metabolomic and transcriptomic data. The most responsive

metabolites accounting for the majority of the variations over the

course of the experiment were sucrose and fructose, with myo-

inositol as the third most responsive (Fig. 4). Sugar responses,

particularly sucrose and fructose, have already been extensively

observed in previous temperature stress experiments to have

protective effects.34 Myo-inositol is a necessary substrate for the

galactinol and raffinose biosynthetic pathways which has been

identified to have osmoprotective properties against oxidative

stress.35 A number of ATPases, HSPs, and carbohydrate

metabolic enzymes were identified to be upregulated in all

populations exposed to heat stress treatment. Some immunological

genes were also affected by the heat stress treatment.

Focusing on the subset of genes involved in carbohydrate

metabolism (Fig. 5), glyceraldehyde 3-phosphate dehydrogenase

(Q8LK04) was one of the upregulated genes (Table 1). Depending

on the cellular location and isoform, this is a key enzyme involved

either in glycolysis (cytosolic) or in the Calvin cycle (plastidic).

Ascertaining the correct isoforms of genes was difficult for two

reasons. First, no reference genome is available. Second, high

levels of heterogeneity and redundancy for putative genes within

the assembled transcriptome were present. This problem was

addressed by clustering transcripts based onMETACYC BLAST

annotations to obtain read counts at the expense of distinguishing

isoforms at a high resolution. However, the annotation suggests

that the cytosolic isoform of GAPDH is differentially expressed,

possibly due to a higher energy demand during heat stress that

could also be linked to the observed upregulation of a number of

ATPases. Alternatively, if further studies instead identified the

plastid isoform of GAPDH to be the contributing gene, this

interpretation could also account for the observed increase in

sucrose levels.

Other identified candidate genes impacting sucrose in response

to heat stress were sucrose synthase (Q6SJP5), UDP-glucose

dehydrogenase (Q9SQJ1), and sucrose-phosphate synthase

(Q94BT0). Sucrose synthase catalyzes the reversible conversion

of sucrose and UDP into UDP-glucose and fructose36 where

downregulation of this enzyme would result in less breakdown

of sucrose. Following this reaction, the substrate UDP-glucose

is later oxidized by UDP-glucose dehydrogenase (Q9SQJ1) to

UDP-glucuronate, which is a precursor for downstream cell

D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
12

 M
ar

ch
 2

01
2

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2I

B
00

10
9H

View Online

http://dx.doi.org/10.1039/c2ib00109h


This journal is c The Royal Society of Chemistry 2012 Integr. Biol.

wall biosynthesis.37 Again, downregulation of this gene may also

lead to the observed increase, or accumulation, of sucrose since

there is less diversion of carbon for use in cell wall synthesis.

Sucrose-phosphate synthase, while observed only to be upregulated

in both Z. noltii populations and downregulated in Z. marina (data

not shown), is also involved in the breakdown of sucrose38 although

its predominant role is in sucrose synthesis. This glycosyltransferase

catalyzes the conversion of UDP-glucose and D-fructose 6-phos-

phate to UDP and sucrose 6-phosphate. Upregulation of sucrose-

phosphate synthase has also been suggested to be one contributor

to improved heat stress tolerance in chrysanthemums.39

Enzymes involved in starch metabolism, such as b-amylase,34,40

have been previously identified to contribute significantly during

heat stress, but were not identified within this universal subset of

treatment responsive metabolic enzymes. Putative genes such as

ADP glucose pyrophosphorylase, starch synthase, and starch

branching enzyme were not identified to be differentially expressed

in the sampled tissues with the exception of granule-bound starch

synthase (O64925) which was upregulated in the northern and

southern populations ofZ. marina andZ. noltii, respectively, while

downregulated in the other two populations. Although these

genes were not differentially expressed, the catalytic activities

Fig. 4 Sucrose, fructose, and myo-inositol found to be the most treatment responsive over the time course of the heat stress regime. The results of

principal component analysis (PCA) conducted on the metabolomic response over the time course of the heat stress regime for Z. marina and

Z. noltii are shown. A large portion of the (A) variance in responses was attributed to (B) the two principal components represented by sucrose and

fructose, with the third principal component represented by myo-inositol (not shown). (C) Population response can be well distinguished based on

both the applied thermal stress and time course of the experiment.
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may nevertheless be modulated in a thermal dependent manner

based on the intrinsic properties of the protein stability. For

example, starch synthase was characterized to have a low

optimum temperature and therefore became less active at higher

temperatures.41

Genes potentially affecting fructose adjustments include

ribose-5-phosphate isomerase (P47968), fructose-bisphosphate

aldolase (Q40677), and phosphorylated carbohydrates phos-

phatase TM_1254 (Q9X0Y1). Ribose-5-phosphate isomerase

(P47968) is a highly conserved enzyme with a pivotal role in

both the pentose phosphate pathway and the Calvin cycle,

catalyzing the conversion between ribose-5-phosphate, the

shared substrate between the two pathways, and ribulose-5-

phosphate. Due to having roles in carbohydrate anabolism

and catabolism, the immediate impacts on fructose and sucrose

levels are not clearly evident in the upregulation of this gene,

particularly since this isomerase does not directly catalyze the

reactions involving these sugars. Fructose-bisphosphate aldolase

was also upregulated and previously identified to be heat and

drought responsive.42 Lastly, phosphorylated carbohydrates

phosphatase was identified to be significantly downregulated.

Incidentally, the annotation is derived from sequence similarity

to an enzyme identified in Thermotoga maritima, an extremophilic

organism found in high thermal environments. This enzyme

displays high phosphatase activity towards a number of

phosphorylated carbohydrates,43 however mechanistic details

of contributions to heat stress robustness are not yet known.

Myo-inositol, on the other hand, may be used as a substrate

to generate protein stabilizing osmolytes such as di-myo-

inositol phosphate which has been observed to accumulate in

thermal extremophiles in response to heat stress.44 Myo-inositol

alone has been found to increase the midpoint denaturation

temperature of proteins by B1.5 1C.45 Heat attenuation using

myo-inositol in seagrasses may be achieved through inositol-3-

phosphate synthase (O64437) identified to be upregulated in the

northern population of both species. This isomerase catalyzes the

conversion between D-glucose 6-phosphate and 1D-myo-inositol

3-phosphate, thus converting carbohydrates for inositol pathways.

Overexpression of this enzyme has resulted in elevated levels of

free inositol in a transgenic study using A. thaliana.46

Since additional enzymes involved in sugar metabolism were

also observed to be upregulated in northern populations of both

species while down-regulated in the southern populations, the

findings further suggest the importance of metabolic heat

attenuation viamodulating carbohydrates for heat stress response,

coupled with previous findings showing that sugars have

osmoprotective properties.8,34 Also observed in the metabolic

heat attenuation of northern populations was ribulose-

phosphate 3-epimerase (Q43157) in the Calvin cycle which

may subsequently lead to sucrose synthesis, and b-fructo-
furanosidase (Q9LQF2), a cytosolic invertase that may contribute

significantly to the increase of fructose levels through cleavage of

sucrose to fructose and glucose. Cumulatively, between the

physiological, metabolomic, and transcriptomic datasets, findings

suggest that the Calvin cycle, glycolysis, pentose phosphate

and neighboring associated pathways are the main candidate

metabolic processes for heat attenuation with increased

productivity in response to thermal stress.

There are several limitations for this study warranting further

investigation in order to dissect the detailed mechanistic

contribution of genes to the metabolomic profiles and identify

absent candidates previously identified to be thermally responsive

metabolic enzymes in Arabidopsis thaliana. First, the resolution of

the transcriptomic and metabolomic datasets obtained in this

investigation afforded only an overview of the observed holistic

systemic response with insight into possiblemolecular explanations.

Direct linkage of gene transcripts and metabolic pathways to

heat responsive metabolites can only be drawn from inferences

of previous findings and future investigations. Second,

although the systemic response was investigated with good

coverage, it was by no means comprehensive. Therefore, the

response of many metabolites and gene transcripts may still be

unknown. Lastly, a number of expected candidates may not be

identified due to the stringency of the statistical tests, tissue

specific expression, or alternative mechanisms of heat attenuation

via other strategies and mechanisms of molecular evolution

Fig. 5 Core heat attenuation gene candidates for sucrose, fructose, and myo-inositol. Summary of identified gene candidates with impact on

sucrose, fructose, and myo-inositol levels in response to heat stress response shared by the two species is provided. Observed directionalities of

differential gene expression between the investigated populations are also indicated.
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not investigated in this study. For example, enzymatic activity

can be thermally responsive based on the innate properties of

protein thermostability, as mentioned earlier for starch

synthase, and therefore the rate of metabolite catalysis is

not dependent on gene expression levels.47 Protein stability

modulations as an adaptive mechanism have been observed

within the photosynthetic complex for thermal acclimation.48

Metabolic heat attenuation should be further investigated

in these other additional molecular dimensions, such as alternative

splicing, and expanded to include different tissues to gain insight

into the holistic systemic response.

The consensus universal subset presented here is an overlap

between sampled leaves from different thermally adapted seagrass

populations of two species, and therefore may potentially serve as

core features of metabolic heat attenuation via differential gene

expression. The contributions of sugar metabolites and pathways

involved in heat attenuation to thermal response need to be

further understood as the processes are complex, particularly

with respect to thermal acclimation and tolerance.12 Although

seagrasses were used as the study species in this investigation, the

observed metabolic heat attenuation and putative key candidates

identified could be a fundamental contributor to global heat stress

response for stabilization. The role of these candidate genes, often

viewed as stable housekeeping genes, in heat stress response

should be reconsidered. They may be additional key players

for adaptation to changing environments. The variance at the

genotypic levels for metabolic heat attenuation in the ecological

context is worthy of further investigation in the field of molecular

ecology.49 While carbohydrate metabolism has dominated the

central discussion in this investigation, largely due to the

strong inferences afforded by the resolution of the combined

metabolomic and transcriptomic analysis, significant contributions

from other pathways contributing to heat attenuation are also of

equal interest. With improved resolution, specific contributions of

isoforms and other metabolic pathways should be further detailed

to understand mechanisms of abiotic stress attenuation through

metabolic pathways in future investigations. Finally, the potential

synergistic effects between metabolome and proteome, for which

current investigations are lacking, as a necessary component

within the heat stress response repertoire should be further

explored in the field of systems biology.

Materials and methods

Experimental setup

The study species used in this investigation were Zostera

marina and Zostera noltii. Seagrasses were collected from Hals

(Denmark; 561500 N, 10110 E; early May 2009) and Gabbice

mare (Italy; Adriatic Sea; 431500 N, 121450 E; late April 2009)

representing high- (northern) and low (southern) latitude

adapted subtidal populations, respectively (Fig. 1A). Sufficient

amounts of ramets were harvested from within in an area of

0.25 m2 to raise the likelihood of belonging to the same genet.

The distance between sampling of plants within the meadows

was at least 10 m to ensure genetic diversity. Genotyping using

microsatellite markers and four primer pairs confirmed that at

least 34 genotypes from the southern Z. marina population

were sampled compared to 14 for the northern population

(data not shown). A minimum of 9 genotypes was confirmed

for both Z. noltii populations.

Ramets, individual shoot with roots, were transplanted

within 36 hours to the AQUATRON culturing facility

(Münster) where seagrasses were then monitored and acclimated

for a minimum of 4 weeks prior to the heat stress treatment

regime. The starting temperature used for the acclimation phase

was the midpoint at 15 1C between the observed field temperatures

of the two populations. This temperature was then incrementally

increased to a final control baseline of 19 1C (Fig. 1B). The

AQUATRON consists of 12 mesocosms (tank capacity: 700 L)

connected in two closed seawater circuits with a flow rate of

1200 L h�1. Each mesocosm served as a replication block

containing 8 planting boxes filled with sediments to a height of

10 cm and was illuminated by a pair of 400 W bulbs (Philips

Master SON-T PIA Green Power, Philips Master HPI-T Plus)

fixed 60 cm above the water surface. Species from each

population and location were planted in two boxes per mesocosm.

The sandy sediment used in the AQUATRONwas procured from

a coastline of the Baltic Sea in Kiel, Germany and seawater was

formulated from Instant Oceans Sea Salt (Aquarium Systems),

deionized water, and nutrients (15 mM NaNO3, 1 mM NaH2PO4,

and 6 mM Na2SiO4�9H20).

Heat stress treatment was initiated at T0 after the four week plant

acclimation period with increments of 1 1C per day until the final

target temperature (26 1C) for the treated samples while the control

group was maintained at the baseline temperature of 19 1C. Fitness

measurements of shoot count, growth rates, and pulse amplitude

modulated (PAM) fluorometry were conducted weekly to monitor

the health of the seagrasses. Shoot tissues were sampled at T3 for

RNA extraction and subsequent transcriptomic sequencing and

analysis. At this timepoint (T3), seagrasses had been subjected to

2 weeks of applied heat stress, duringwhich an exposure of constant

heat dosage for one week at 26 1C was applied.

Metabolomics

Metabolomic investigations were conducted for timepoints

T0, T3, and T5. Metabolites were extracted using an adapted

protocol from Lee and Fiehn,50 as described previously.51 Six

replicates of B15 mg and B5 mg of Z. marina and Z. noltii

sampled plant leaves were used and kept frozen at all times

until extraction. Frozen powdered plant materials were extracted

using a 50 mM ribitol solution with a mixture of water, methanol,

and chloroform in a volume proportion of 1 : 2.5 : 1 and

centrifugation for 2 min at 20 000�g.
Extracts were then derivatized for analysis by GC/TOF

mass spectrometry. 20–50 ml of the supernatant were concen-

trated to dryness in a vacuum concentrator. 10 ml of a solution
of 20 mg ml�1 of 98% pure methoxyamine hydrochloride in

pyridine was added and shaken at 30 1C for 90 min to protect

aldehyde and ketone groups. 90 ml of MSTFA was added for

trimethylsilylation of acidic protons and shaken at 37 1C for

30 min. After 2 h incubation time, samples were injected.

A Gerstel automatic liner exchange system with multipurpose

sample MPS2 dual rail and two derivatization stations was used

in conjunction with a Gerstel CIS cold injection system (Gerstel,

Muehlheim, Germany). For every 10–12 samples, a fresh multi-

baffled liner was inserted.
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Chromatography was performed using the Agilent 7890A

GC. Metabolites were separated on an Agilent HP-5MS

column (30 m � 0.25 mm), oven temperature was ramped at

12.5 1C min�1 from 70 1C (initial temp for 2 min) to 320 1C

(final temp hold 5 min). Metabolites were ionized in an EI

source (70 V, 200 1C source temp) and detected using Waters

GCT Premier TOF-MS.

Normalization of data for analysis was achieved based on

the calculated surface area of respective leaf samples.

Zostera transcriptome and gene expression profiling

Total RNA was extracted from seagrass leaf tissue samples

using the Invisorbs RNA Plant HTS 96 Kit/C (Invitek). A

controlled pooling of 8 libraries representing B7 genotypes

was sequenced for comparative transcriptomic analysis. The

eight libraries included two populations, two species, and two

treatment conditions capturing the transcriptomic response at

timepoint T3 which corresponds to the midpoint of the heat

stress treatment. 30 UTR sequencing was performed using

the Genome Analyzer II (Illumina/Solexa) with a depth of

B5 million reads per library. A reference transcriptome backbone

was also sequenced only for Z. noltii using 454 Titanium (Roche)

since a reference transcriptome for Z. marina is already available

through prior experiments22 and the Joint Genome Institute

(USA). All cDNA library construction and sequencing were

conducted by GATC Biotech AG.

Reference transcriptomes were assembled using MIRA

v.3.2.0.52 Gene expression read counts were obtained with

the mapping of 30UTR reads onto these reference transcriptomes

using BWA v0.5.8 c53 and Sequence Alignment/Map (SAM) tools

v0.1.8.54 Transcriptomes were annotated with BLAST using the

Arabidopsis thaliana (TAIR9)55 and Oryza sativa v6.1 (Rice

Genome Annotation Project)56 databases. Tentative unigenes

involved in metabolic processes were annotated using theMetacyc

database.23,57 GO annotations and statistical determination

for over- and under-representation of genes were achieved

with BiNGO v 2.4458 using the GOSLIM PLANTS and the

full database of GO gene ontology.59

Bootstrapping to identify differential gene expression

Statistically significant differential gene expression was identified

using a bootstrapping strategy adapted for this experiment.60

Only the successful METACYC annotated genes using BLAST

(e-value = 1 � 10�4) were used for this analysis. Null models of

gene expression were generated for each unigene to test statistical

significance in differential expression to treatment response.

Bootstrapping was achieved through sampling with replacement

from pooled reads of both the control and treatment groups.

Null model libraries are of equal size to the treatment library

tested. Multiple testing corrections were applied to control the

family wise error rate (FWER) and the false discover rate

(FDR).61

Statistical analysis

ANOVA, principal component analysis, and hierarchical

clustering were conducted using R.
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