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Race to the poles: the thermal
response of the transcriptome
of two range-expanding pelagic
amphipod species
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Holger Auel2, Wilhelm Hagen2 and Charlotte Havermans1,2*

1Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI),
Bremerhaven, Germany, 2Universität Bremen, BreMarE (Bremen Marine Ecology), Marine Zoology,
Bremen, Germany, 3MARBEC, Université Montpellier, CNRS, Ifremer, IRD, Montpellier, France
Introduction: Hyperiid amphipods of the genus Themisto are a key polar

zooplankton group in terms of biomass and play an important role as prey for

higher trophic levels. They are prone to undergo changes in abundance and

distribution in the course of the ongoing environmental changes. In the Southern

Ocean, Themisto gaudichaudii is predicted to expand its distribution poleward. In

the Arctic, the boreal-Atlantic T. abyssorum increases in abundance, resulting in

an increased competition with a genuine polar congener. It is not known,

however, whether T. gaudichaudii and T. abyssorum have the potential to

efficiently adapt to changing water temperatures at their current distribution

range or whether they will be shifting their ranges poleward.

Methods: We exposed the two Themisto species from different geographic

populations to temperature-change experiments, a cold treatment and a heat-

shock treatment. After that, we carried out transcriptome sequencing to

compare gene expression patterns in the different treatments and species.

Results:We show that under similar heat conditions, T. gaudichaudii differentially

expressed more genes (26-fold change) than T. abyssorum. Furthermore, we

observed qualitative differences between genetic clusters in T. gaudichaudii.

Discussion: The differences observed between genetic clusters in T. gaudichaudii

suggest that evolutionary divergence can be linked to changes in the regulatory

pathways involved in temperature stress. These could influence the capacity of each

genetic cluster to cope differently with temperature changes. In contrast to its

congeneric species, T. abyssorum showed a pronounced adaptive flexibility to

thermal stress; it appears to have the ability to continue its poleward expansion

but may also cope with increasing temperatures in its current environments. Our

findings contribute to understand the response of two range-shifting Themisto

species to thermal stress in view of the environmental gradients they encounter

throughout their current or future distribution ranges.
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1 Introduction

Climate change, proceeding at an unprecedented pace, is

currently redistributing life on Earth (Pecl et al., 2017). Its

impacts are strongest in polar regions and both the Arctic and

Southern Oceans are experiencing rapid environmental changes. In

the Arctic Ocean, warming of the atmosphere and upper ocean

layer has occurred at nearly four times the global average (Rantanen

et al., 2022) resulting in a significant decline in sea-ice extent and

thickness (Krumpen et al., 2016; Belter et al., 2021) with a projection

of nearly ice-free summers by the middle of the century (Overland

and Wang, 2013; Notz and Stroeve, 2018). Over the last two

decades, the inflow of warmer Atlantic waters into the high-

Arctic has increased, with the Arctic transitioning into a state

resembling more closely that of Atlantic waters. This

phenomenon is referred to as the “Atlantification” of the Arctic

Ocean (Polyakov et al., 2017; Ingvaldsen et al., 2021). In the

Southern Ocean, the SW Atlantic sector in particular has been

drastically affected over the last 30 years (Meredith et al., 2019) and

the most obvious changes include increasing ocean temperatures,

poleward shifts of hydrographic fronts, and changes in sea-ice

distribution and extent (Meredith and King, 2005; Böning et al.,

2008; Hobbs et al., 2016).

In the course of these changes, range shifts of a wide spectrum of

marine taxa are ongoing and predicted. Boreal or cold-temperate

species are forced to respond to warming waters with a general shift

to cooler waters (e.g., Parmesan, 2006; Beaugrand, 2009; Descamps

et al., 2017; Hop et al., 2021), whereas polar and ice-dependent species

face increasing competition by invaders of Atlantic origin with higher

ecological fitness at increasing temperatures (Renaud et al., 2011; Kaiser

et al., 2022). These polar species are thus not only facing population

decline and reduction in distribution range because of changing abiotic

conditions (temperature increase, disappearance of sea ice) but also due

to increased competition with species invading from lower latitudes.

In the Arctic, the inflow of warmer Atlantic waters, via the West

Spitsbergen Current, carries along increasing amounts of boreal

species into the Arctic (Wassmann et al., 2015; Andrews et al.,

2019). As a consequence, zooplankton communities in the Arctic

have undergone structural and functional changes, due to sub-

Arctic and boreal-Atlantic species expanding, including

phytoplankton (Neukermans et al., 2018), copepods (Weydmann

et al., 2014), amphipods (Schröter et al., 2019), euphausiids

(Buchholz et al., 2009) and fishes (Fossheim et al., 2015), as well

as poleward contractions of genuine polar species (Basedow

et al., 2018).

In the Southern Ocean, Antarctic krill Euphausia superba

declined over the last decades, concomitant with a poleward

range expansion of salps, increasing in biomass in waters near the

Antarctic Peninsula (Atkinson et al., 2004, 2019). Such shifts in

both polar oceans will result in system-wide reorganizations of

regional food webs with novel interactions between incoming and

resident species, affecting upper trophic levels, but also energy flow

and biogeochemical processes (Grebmeier, 2012; Kortsch et al.,

2015). Hence, understanding the range-shifting dynamics of native

and non-indigenous species is crucial for predicting changes in

communities and ecosystem functioning (Pecl et al., 2017).
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Hyperiid amphipods of the genus Themisto (Guérin, 1825) play

important roles in high-latitude pelagic ecosystems, where they

represent a major trophic link between zooplankton secondary

production and higher trophic levels such as squid, fish, seabirds

and marine mammals (reviewed in Havermans et al., 2019). Their

key role as prey in high-latitude pelagic communities has been

described to be similar to that of krill or copepods (Dalpadado,

2002; Padovani et al., 2012). In the Arctic Ocean, two sympatric

species occur: Themisto abyssorum (Boeck, 1871), considered a sub-

Arctic, boreal-Atlantic species, and Themisto libellula (Mandt,

1822), a genuine polar cold-water species. T. abyssorum can be

found throughout the Arctic Ocean, albeit linked to the presence of

warmer Atlantic water masses, hence it is likely to benefit from the

ongoing “Atlantification” of the Arctic. It has been suggested that

although Arctic species are physiologically more tolerant to ocean

warming than previously suggested, they might be outcompeted by

North Atlantic species such as T. abyssorum above a certain

temperature threshold in areas of strong distribution overlap

(Kaiser et al., 2022). A third species, Themisto compressa (Goes,

1865), recently shifted in from the North Atlantic, and reproducing

populations were reported in the Atlantic gateway to the Arctic

Ocean, i.e. Fram Strait, albeit in lower abundances (Kraft et al.,

2013). In the Southern Ocean, a single widespread species, Themisto

gaudichaudii (Guérin, 1825), occurs from sub-tropical to polar

latitudes, with 17.5°C being the upper limit of temperature

tolerance (Auel and Ekau, 2009). Despite their dominance, these

hyperiid species are too often overlooked in molecular and

ecological studies to predict future changes in the polar

ecosystems (Johnston et al., 2022). This leaves many questions

unaddressed about their population dynamics and connectivity,

their trophic role (Havermans et al., 2019), their capacity to

undergo range shifts and the impact these may have on

polar ecosystems.

T. gaudichaudii and T. abyssorum have their distribution

centers or hydrographic affinities associated with sub-Antarctic

and sub-Arctic latitudes, respectively (Havermans et al., 2019).

For both species, poleward distributional shifts have been

anticipated or observed, together with an increase in abundance

(Mackey et al., 2012; CAFF, 2017). A better understanding of the

genetic and physiological factors predisposing these species to

undergo poleward range expansions or regional changes in

population size in response to climate change is urgently needed.

Previous studies on the genetic diversity, investigated with the DNA

barcoding fragment of the mitochondrial cytochrome c oxidase I

(COI) gene, indicated a very high haplotypic diversity in T.

abyssorum, which is not geographically structured (Murray et al.,

2023), as well as in T. gaudichaudii, for which three genetic clusters

could be identified (Havermans, 2015). The mitochondrial genetic

diversity within T. gaudichaudii is not explained by its

morphological diversity, nor by its geographic distribution

(Havermans, 2015). However, it is known that geographic

variation in the thermal environment impacts a broad range of

biochemical and physiological processes (Schoville et al., 2012).

RNA sequencing, or whole-transcriptome sequencing, can reveal

differences at the gene expression levels of different genes in

response to external stimuli and stressors, allowing to detect
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whether populations are locally adapted across an environmental

gradient (Guzman and Conaco, 2016).

This study is the first to compare the thermal response of two

range-expanding marine sister species at the transcriptome level,

across an environmental gradient both in the Arctic and the

Southern Ocean. Our major goal is to identify gene expression

patterns and physiological/metabolic pathways that may predispose

these species to poleward range shifts into colder waters, and reveal

geographic and genotypic divergence in these patterns. In this

study, we performed a transcriptome-wide analysis with RNA

sequencing of T. abyssorum and T. gaudichaudii under heat and

cold treatment, to investigate how further predicted ocean warming

and range shifts into colder waters may influence these two

Themisto species.

Both species cover a wide range of temperature gradients across

their areas of distribution, which extend into (sub-)polar waters. T.

gaudichaudii’s distribution is centered in ice-free subpolar waters,

but currently expanding into subzero polar waters near the

Antarctic Peninsula, whereas T. abyssorum has colonized the

entire Arctic Ocean. Despite the latter species being associated

with Atlantic water masses in the area, it is likely to generally

experience strong temperature gradients, as Arctic subzero surface

waters overlay deeper, warmer Atlantic water masses (ranging from

5-9°C; Kaiser et al., 2022). Since T. abyssorum populations are

locally exposed to a steeper gradient of temperatures, our

hypothesis is that individuals of this species will experience a

weaker molecular response to thermal stress than T.

gaudichaudii individuals.
2 Materials and methods

2.1 Sampling and sorting of live specimens

Individuals of Themisto abyssorum were collected during the R/V

Polarstern expedition PS100 in Fram Strait in 2016; T. gaudichaudii

amphipods were obtained during the R/V Polarstern expedition

PS103 to the Southern Ocean in 2016 (Havermans et al., 2017).

Details on the different sampling stations are given in Table 1 and

sampling localities are indicated in Figure 1. Macrozooplankton

samples, including Themisto spp., were collected from a depth

range from max. 300 m to the surface using oblique hauls with

towed bongo nets (mesh size 500 µm, max. towing speed 1.5 kn)

equipped with a non-filtering cod-end. Zooplankton individuals were
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sorted alive immediately after the catch in a temperature-controlled

laboratory container, set at the same (in situ) temperature as the

seawater, in which the amphipods were sampled (T0) (see Table 1 for

the respective in situ temperatures). Adult specimens of Themisto

spp. of similar size were gently removed with a large spoon

containing the individual and a quantity of surrounding water, to

avoid physical damage and minimize the stress imposed on

the organisms.
2.2 Temperature experiments

Individuals sampled from populations inhabiting warmer than

average waters within both species’ distributions (north of the

Antarctic Polar Front for T. gaudichaudii, at 5°C, and in the

eastern Greenland Sea for T. abyssorum, at 8°C) were exposed to

a cold treatment. We carried out this cold treatment to test the

impact on the thermal response in the context of a poleward range

expansion of these populations. In the cold treatment of T.

gaudichaudii, the temperature was decreased from 5°C to 1.5°C,

and for T. abyssorum, the cold treatment implied a change from 8°C

to 5°C. Individuals sampled from populations living more poleward

and in colder than average waters (0°C) were exposed to a heat

treatment, which implied a temperature increase of 10°C for T.

abyssorum and 11°C for T. gaudichaudii (see Table 1 for details).

Individuals of T. gaudichaudii for the heat treatment were sampled

south of the Antarctic Polar Front and T. abyssorum was sampled

on the East Greenland shelf.

Specimens were distributed over several aquaria containing ca.

300 ml seawater. Three aquaria (controls) were maintained under in

situ temperature and contained five animals each, while five aquaria

were used for the treatment settings, also containing five animals

each. The required temperature was reached by keeping/

transferring the aquaria in three different temperature-controlled

laboratory containers on board R/V Polarstern: 1) set at the in situ

temperature (T0) of the sampling localities (see Table 1 for their

respective temperatures), 2) at a temperature increased to 10-11°C,

and 3) at a temperature decreased by 3-3.5°C compared to the in

situ temperature. The experienced temperatures are within their

temperature tolerance limits and correspond to locally experienced

temperature fluctuations in their environment (T. abyssorum) or to

gradients known within their distribution centers (T. gaudichaudii).

During the experiments, no mortality was observed and animals

remained active. After 24 h of acclimation at in situ temperature, the
TABLE 1 Locations and dates (month and year) where Themisto amphipods were sampled and subjected to thermal stress experiments (in blue: cold
treatment; in red: heat-shock).

Species Cruise/
Station

Sampling
dates

Sampling
depth
(m)

Latitude Longitude Environmental
temperature T0

(°C)

Experimental
temperature

(°C)

T. abyssorum PS100/002 07/2016 0-250 75°07’ N 08°33’ E 8 5

T. abyssorum PS100/102/5 08/2016 0–250 78°51’ N 02°48’ W 0 10

T. gaudichaudii PS103/001/5 12/2016 0–300 45°57’ S 02°48’ E 5 1.5

T. gaudichaudii PS103/003/3 12/2016 0–250 51°59’ S 02°06’ E 0 11
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animals serving as control (T0) were removed from the aquaria,

preserved in RNAlater, and immediately frozen at -80°C. The other

animals were either transferred to 1) another laboratory container

set at a lower temperature (cold treatment) or 2) put into an

aquarium with warmer seawater (approx. 10°C higher than in

situ). Small fluctuations of water temperature in the different

aquaria ( ± 0.5°C) may have occurred in the temperature-

controlled laboratory containers. After being exposed for 32 h to

the cold or heat treatment, these sets of animals were preserved in

RNAlater and frozen at -80°C.
2.3 DNA barcoding and cluster assignment
of Themisto gaudichaudii individuals

Since three genetically highly divergent, but morphologically

indistinguishable lineages have been detected previously within T.

gaudichaudii (Havermans, 2015), we dissected and “barcoded” the

individuals before RNA extraction. For all individuals used for the

control and temperature treatments, genomic DNAwas isolated from

2-4 of their pleopods, using the Qiagen DNeasy Blood & Tissue Kit

(Qiagen), following the manufacturer’s instructions. We used 20 µl of

proteinase K for the digestion of the tissues, and 100 µl of AE buffer

for the final elution. The DNA content of the different samples was

measured with a Nanodrop ND-1000 (Thermo Fisher Scientific) and

diluted to approximately 50 ng/µl of DNA for performing the

Polymerase Chain Reaction (PCR). PCR amplification of a 658 bp

fragment of the mitochondrial cytochrome oxidase subunit 1 (COI)

gene was carried out using the LCO1490 and HCO2198 primers

(Folmer et al., 1994). PCR reactions consisted of 0.02 U/µl 5 PRIME

HotMaster Taq polymerase (QuantaBio), 0.2 mM dNTPs, 0.5 µM of

forward and reverse primers, 1x PCR buffer, and 1 µl (about 30 ng) of

template DNA filled with molecular grade water to 25 µl. PCR

conditions were: initial denaturation at 94°C for 2 min, followed by

36 cycles of 94°C for 20 s, annealing at 42°C for 20 s, extension at 65°

C for 1 min, and a final extension at 65°C for 15 min. The quality and

length of the PCR products were assessed with electrophoresis

(110 V, 45 min) on a GelRed-stained 2%-agarose gel in a TRIS-
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Borat-EDTA buffer and visualized with the Biovision camera system

and the software Vision Capt v.15.08 (PeqLab, Erlangen, Germany).

Both forward and reverse strands were sequenced by Eurofins

Genomics (Germany) with an ABI 3730XL sequencer (Applied

Biosystems, Life Technologies GmbH, Darmstadt, Germany).

Chromatograms of the COI sequences were manually checked for

ambiguous base calls and stop codons in the amino acid translations,

using the software CodonCode Aligner 8.0.2 (CodonCode

Corporation). Primers were removed, and all sequences were

trimmed to a fragment of 658 bp. A consensus of all forward and

reverse amplicons were created and sequences were aligned with the

ClustalW algorithm (Thompson et al., 1994) in CodonCode Aligner.

The assignment of each sequence to one of the three clusters was

done based on the Neighbor-Joining tree (Saitou and Nei, 1987)

generated with the Mega X software (Kumar et al., 2018). Parameters

used were the Kimura 2-parameter (K2P) method with pairwise

deletion, and 2000 bootstrap replicates (Felsenstein, 1985). We used

the existing COI sequence dataset of Havermans (2015) to assign the

sequences to one of the three clusters so far detected in

T. gaudichaudii.
2.4 RNA extraction

Samples of amphipods stored in RNAlater and frozen at -80°C

were used for isolating RNA; the entire specimen was used for the

extraction (no mass was determined). Cell lysis was performed in

0.6 ml lysis buffer RLT (Qiagen) with beta-mercaptoethanol using

the Precellys CKMix (KTO3961-1-009.2) with 16 s shaking at 6500

rpm. Subsequently, samples were centrifuged at 16,000 g for 10 min

and then transferred into a clean 2 ml Eppendorf tube. Total RNA

was isolated using RNeasy Mini Kit spin columns (Qiagen)

following the manufacturer’s instructions. DNase digestion was

carried out twice (Qiagen). RNA quantity was analyzed using a

NanoDrop spectrometer (PeqLab) and RNA quality was

determined by microfluidic electrophoresis in a Bioanalyzer

(Agilent Technologies, USA) and by a Nanodrop ND-1000

(Thermo Fisher Scientific) spectrophotometer.
BA

FIGURE 1

Sampling areas of the Themisto amphipods analyzed in this study, with details on the stations and the in-situ water temperatures of the sampling
localities; (A) T. abyssorum in the Arctic, (B) T. gaudichaudii in the Southern Ocean.
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2.5 RNAseq normalized cDNA libraries and
Illumina sequencing

A total of 83 libraries (44 of T. gaudichaudii and 39 of T.

abyssorum) were created and utilized for the transcriptome

assembly of both species. The libraries were subsequently used for

differential gene expression analyses, which were based on the

comparison of individuals within experimental groups to

characterize the thermal response of both species.

The construction of the cDNA libraries was done following the

TrueSeq Stranded mRNA sample prep LS protocol (Illumina)

starting from 1 mg of total RNA. The Poly-A-containing mRNA

molecules were purified with poly-T oligo-attached magnetic beads.

Subsequently, the mRNA was fragmented using divalent cations

under elevated temperatures. The short RNA fragments were

utilized as templates for first-strand cDNA with reverse

transcriptase and random primers. This was followed by second-

strand cDNA synthesis employing DNA Polymerase I, RNase H,

and dUTP instead of dTTP to achieve strand specificity and to

remove the RNA template. Following adapter ligation, products

were enriched by PCR and purified to create the cDNA library. All

RNA libraries were checked in a Labchip GX Touch (PerkinElmer,

USA). Magnetic beads were utilized in all the samples to remove the

remaining primer content. The final cDNA concentration was

determined in a Labchip GX Touch (PerkinElmer, USA).

Libraries were denatured with 5 ml 0.2N NaOH for 5 min at RT

and diluted in HT-1 buffer. The samples were sequenced using the

NextSeq High Output Kit v2 (150 cycles) on an Illumina NextSeq

500 sequencer.
2.6 De-novo assembly and
functional annotation

Trimmomatic software in paired-end mode version 0.32 (Bolger

et al., 2014) was used for quality-filtering of the raw RNA reads. The

quality-filtering parameters included a sliding window size of 5 bases,

with an average quality of 20 and a minimum length of 36 bases. The

quality of the filtered datasets was determined with the fastQC software

(version 0.11.7, http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/). After the filtering process, clean reads were used to perform

the de novo assembly of both species with Trinity genome-independent

transcriptome assembler version 2.8.5 (Grabherr et al., 2011) with a

minimum contig length of 200 bases.

Differential expression analysis was carried out by comparing

the differentially down- or up-regulated genes according to the
Frontiers in Marine Science 05
thermal treatments (Table 2). Differential expression analysis

involved the alignment of the reads of each sample separately

against the de novo reference transcriptome using Bowtie2 version

2.3.4.1 (Langmead et al., 2009). For T. gaudichaudii, samples with

different genotypes were pooled for the gene expression analysis,

but were analyzed separately in a second step. Differential

expression of genes was assessed using a test based on the

negative binomial distribution as integrated with the

Bioconductor R package DESeq2 (Love et al., 2014), with a

standard level of p ≤ 0.001. Trinity package version 2.8.5 was

used to execute the tools. Finally, functional annotation of the

differentially expressed genes was performed using the Trinotate

functional annotation suite version 3.1.1 (Grabherr et al., 2011)

including a homology search against the UniProt Swiss-

Prot database.
3 Results

3.1 De novo assembly and
functional annotation

The Illumina sequencing of Themisto abyssorum resulted in

392.2 million sequences (average of sequences per library: 10.05

million), of which, after quality filtering, 391.8 million sequences

were used for the de novo transcriptome assembly of T. abyssorum.

For T. gaudichaudii, Illumina sequencing resulted in 449.4 million

sequences (average of sequences per library: 10.21 million), of

which, after filtering, we used 449.0 million sequences for the de

novo transcriptome assembly of T. gaudichaudii (Figure 2). For T.

abyssorum, a total of 107,369 genes (217,988 transcripts) were

assembled with an average length of 896 bp; for T. gaudichaudii,

122,686 genes (275,566 transcripts) were assembled with an average

length of 785 bp (Table 3).
3.2 Differential expression analysis of
Themisto gaudichaudii under
thermal stress

For T. gaudichaudii we used the species’ reference transcriptome

generated in this study (from 44 libraries) for the differential expression

analysis. The samples of the cold treatment (7 controls against 19

experimental) as well as the samples of the heat treatment were

compared (6 controls against 12 experimental). The pairwise

comparison between the samples of T. gaudichaudii under heat
TABLE 2 Number of Themisto individuals in the thermal treatments used for the gene expression analysis.

Species Cold-treated Heat-shocked

T. abyssorum Control (8°C) Experimental (5°C) Control (0°C) Experimental (10°C)

n=10 n=10 n=9 n=10

T. gaudichaudii Control (5°C) Experimental (1.5°C) Control (0°C) Experimental (11°C)

n=7 n=19 n=6 n=12
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treatment (11°C) and their control (0°C) resulted in 2880 differentially

expressed genes (DEG) in contrast to 37 DEGs between samples under

cold treatment (1.5°C) and their control (5°C) (Figure 2). Annotation

of the DEGs was performed against the databases Swiss-Prot-Uniprot

(bastx), Swiss-Prot-Uniprot (bastp), TrEMBL-Uniprot (bastx) and

TrEMBL-Uniprot (bastp). For cold-treated individuals of T.

gaudichaudii, 8.1% from the initial 37 DGEs were successfully

annotated, while 10.6% of the 2,880 DEGs were annotated in the

heat treatment, resulting in 305 DEGs successfully annotated

genes (Figure 2).

In T. gaudichaudii, the number of DEGs in response to heat

exposure (Figure 3B) was significantly higher than their response to

cold temperatures (Figure 3A). In both cold- and heat-treatments, the

difference between controls and treated samples was very clear: In the

cold-treated samples, some of the successfully annotated DEGs

correspond to cytochrome c oxidase (up-regulation >3fold change)

and cuticle protein, the latter one was up-regulated (>4fold change) in

comparison with the control. In the heat-treated samples the highly up-

regulated and successfully annotated DEGs were ATP synthetase

(>21fold change), glutamine synthetase (>9fold change), cytochrome

c oxidase (>6fold change), and cuticle proteins (>5fold change). Heat

shock protein 60A in T. gaudichaudii was down regulated (>2.5fold

change) and also mitochondrial heat shock proteins (>3fold change) in

response to heat. For a complete list of the annotated DEGs of T.

gaudichaudii under heat treatments we refer to the complementary

data (Table 4 Supplementary Information).

According to the barcoding analysis of T. gaudichaudii, this

study included individuals belonging to two of the three existing

genetic clusters (cluster 2 & 3). Differential expression of 28 genes

was found between these two clusters, of which only four DEGs

were successfully annotated. Three of the four annotated genes

corresponded to cytochrome c oxidase, and were up-regulated in

cluster 3 in comparison with cluster 2. The fourth gene

corresponded to ATP synthase subunit a (Figure 4).
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3.3 Differential expression analysis of
Themisto abyssorum under thermal stress

The differential expression analysis of cold-treated individuals

involved 20 libraries of T. abyssorum (10 controls against 10 cold-

treated) using as a reference the newly generated transcriptome of

T. abyssorum created in this study (from 39 libraries). Differential

expression analysis also involved 19 libraries of the heat treatment

(9 controls against 10 heat treatments), again using as a reference

the newly generated transcriptome of T. abyssorum. In both cases,

pairwise differential expression analysis was performed between

control and treatment. The pairwise comparison between the

individuals of the cold treatment resulted in 151 DEGs, while the

heat treatment of T. abyssorum resulted in 110 DEGs (Figure 2).

The annotation of DEGs in the cold-treatment of T. abyssorum

resulted in 12 annotated genes, 7.9% of the initial 151 genes that

were differentially expressed. For the heat treatment, 10 out of 110

DEGs were annotated.

The gene expression heatmap in Figure 5A shows DEGs of T.

abyssorum in response to low- temperature exposure (5°C)

compared to their control (8°C), and in Figure 5B it displays the

DEGs in response to heat exposure (10°C) compared to control

exposure (0°C). In the heatmap with responses from cold-treated

individuals, no clear patterns appeared in the DEGs between

control and treatment, since several DEGs were up-regulated only

in some samples exposed to cold temperatures, but not in all of the

samples. Between those individuals with a clear response to cold-

temperature exposure, we found the expression of genes involved in

RNA processing, inflammatory response, and apoptotic processes.

Contrary to the cold treatment, in the heat treatment heatmap of T.

abyssorum the observed DEGs between control and treatment

showed a clear pattern, with a group of 35 highly differentially

expressed genes among the heat-exposed individuals (Figure 5B).

Not all of those DEGs were successfully annotated, however, among
FIGURE 2

Flow chart of the analysis of Themisto abyssorum (left) and T. gaudichaudii (right) samples. 1. Raw reads from all the libraries. 2. The adapter
sequences and other artifacts were trimmed and only those with high quality were assembled. 3. The assembled data was used for two different
gene expression analyses in each of the species, one with the cold-treated samples and the other with the heat-treated samples. 4. Those genes
differentially expressed were annotated in step 5.
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those genes highly up-regulated in T. abyssorum we found the

cuticle proteins that were upregulated in the cold-treated samples

(>11fold change) and in the heat-treated samples (>6fold change) in

comparison with their respective controls. No significant up- or

down-regulations were detected for any of the heat-shock proteins

for any of the treatments in T. abyssorum.
4 Discussion

This study investigated the whole-transcriptomic response of

the Southern Ocean amphipod Themisto gaudichaudii and the

Arctic Themisto abyssorum in the context of global warming and
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associated poleward range shifts. We applied a cold and heat

treatment on adult individuals from populations inhabiting

subpolar water masses in both hemispheres, to investigate how

continued ocean warming as predicted may shape their future

distribution. Differential expression analysis detected a total of

3178 gene transcripts that exhibited a significant change in

expression across all treatments (p ≤ 0.001). This response was

variable between species and treatments, however, in T.

gaudichaudii under temperature increase, this response was

remarkably high.
4.1 Differential gene expression of
Themisto gaudichaudii

Although T. abyssorum and T. gaudichaudii showed molecular

responses to thermal stress, the highest number of differentially

regulated genes was observed between the control and the

individuals in the heat treatments in T. gaudichaudii. This

response greatly exceeded its response to cold temperature and

also the responses of T. abyssorum in both scenarios. Hence, our

hypothesis was confirmed.

Taking into consideration the level of substantial changes in

gene expression triggered by the high-temperature exposure in T.

gaudichaudii, we assume that this species exhibits a stronger

reaction, which can be interpreted as a stress reaction to thermal

changes. This could be explained by the fact that T. gaudichaudii

has not yet colonized high-Antarctic water masses, contrary to T.

abyssorum, which is widely established throughout the Arctic

region (Mumm et al., 1998). During the heat shock stress, (11°C)

T. gaudichaudii was far below its upper thermal limit (17.5°C) and it

corresponds to temperature gradients experienced throughout its

distribution center. The response of T. gaudichaudii to thermal

stress resulted in the down-regulation of 53% of its DEGs. These
BA

FIGURE 3

Heatmap with the differentially expressed genes (A) under cold-treatment in Themisto gaudichaudii and (B) under heat treatment in T. gaudichaudii.
Control conditions in red and experimental conditions in blue. A color code indicates up-regulated and down-regulated expression levels (top left).
TABLE 3 Basic statistics of the de novo assembled transcriptomes of
Themisto abyssorum and T. gaudichaudii.

Parameter

T. abyssorum T. gaudichaudii

Values Values

Total trinity genes 107,369 122,686

Total trinity transcripts 217,988 275,566

Percent GC 39.30 39.80

Median contig length 579 522

Average contig 896.30 784.70

Total assembled bases 195,382,291 216,236,126

Contig N10 3788 3376

Contig N20 2621 2235

Contig N30 1987 1627

Contig N40 1540 1241

Contig N50 1189 950
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findings are consistent with transcriptome-wide studies of other

crustaceans e.g., the crayfish Cherax quadricarinatus (Wu et al.,

2019) and Procambarus clarkii (Luo L. et al., 2021) and the crab

Charybdis japonica (Lou F. et al., 2022). These suggests that under
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stressful conditions down-regulation is a conserved phenomenon,

which may be an adaptive mechanism reflecting the redirection of

resources towards the maintenance and repair of cellular

machinery. The distribution of gene ontology terms of the DEGs

(Figure 6), particularly in the “cellular component” and “molecular

function” categories, supports that this is the case for T.

gaudichaudii under heat treatment as well. The results presented

here indicate that in T. gaudichaudii the heat treatment induced far

more metabolic responses than the cold treatment. Since heat stress

can be lethal in a short time, an immediate physiological response to

higher temperatures may be critical to survival. Therefore, exposure

to temperatures at the upper extreme of the thermal niche is

generally more stressful than exposure to low temperatures

(Bennett and Lenski, 1997). However, it is important to mention

that in this study the temperature increase was much more extreme

and abrupt (10°C and 11°C higher than the in situ temperature)

compared to the cold treatment (3.5°C lower than the in situ

temperature), which may explain the stronger response to heat

treatment. Furthermore, predicted increases in seawater

temperature are far lower than those applied in our

temperature treatments.

From our analyses, cuticle proteins represented an important

element in the temperature response of both species. These proteins

were highly up-regulated during the heat treatment in both species

and also during the cold treatment in T. gaudichaudii. Hence, we

suggest that the expression of genes involved in cuticle formation

plays an important role in the thermal response of both species. Up-

regulation of cuticle proteins after thermal stress has also been

demonstrated in populations of the intertidal copepod Tigriopus

californicus, but their specific role during acute thermal stress is not

yet understood (Schoville et al., 2012). Moreover, cuticle genes are

up-regulated in many invertebrate species during diapause

(MacRae, 2010), presumably to reduce cuticle permeability,

prevent water loss and promote survival (Baker and Russell,
BA

FIGURE 5

Heatmap with the differentially expressed genes (A) under cold-treatment in Themisto abyssorum and (B) under heat treatment in T. abyssorum.
Control conditions in red and experimental conditions in blue. A color code indicates up-regulated and down-regulated expression levels (top left).
FIGURE 4

Heatmap with the differentially expressed genes under heat
treatment in Themisto gaudichaudii. Color code indicates the two
genetic clusters based on mtDNA.
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2009). It is plausible that the regulation of cuticle genes in the two

Themisto species may control the cuticle permeability of individuals

under thermal stress.

Furthermore, cytochrome c oxidase regulation was greatly

affected in T. gaudichaudii by temperature changes, as shown by

the pronounced up-regulation in cold- and heat-treated specimens

in comparison with their controls. Hence, respiratory electron

transport in mitochondria may play a key role in thermal stress

in T. gaudichaudii. This hypothesis is supported by the differential

expression found in cytochrome c oxidase between the two clusters

of T. gaudichaudii. Furthermore, due the high number of annotated

genes, it is possible to visualize a scatterplot of genes involved in

biological processes, cellular components and molecular functions

in heat-treated T. gaudichaudii. It showed that down-regulated

genes are primarily involved in cellular iron ion homeostasis, iron

ion transport and ferric iron binding, whereas up-regulated genes

are involved in hydrogen ion transmembrane transport (Figure 7).

This suggests a thermal response in the osmoregulation mechanism

of the individuals. The extracellular ion concentrations of the

amphipods Eulimnogammarus cyaneus and Gammarus lacustris

were positively correlated with temperature (Jakob et al., 2016).

The response of T. gaudichaudii to the low-temperature

treatment was weaker in comparison to that of the high-

temperature treatment. In the amphipods Eulimnogammarus

verrucosus and Eulimnogammarus cyaneus, a small response to

low temperature has been attributed to post-transcriptional and

translational processes, including protein modification and protein

stability/turnover (Lipaeva et al., 2021). This could also be the case

for T. gaudichaudii, however, due to the low number of annotated

genes from the cold treatment, it is difficult to confirm.

The distribution of T. gaudichaudii in the southern hemisphere

ranges from sub-tropical latitudes such as the Benguela upwelling

system (Auel and Ekau, 2009) via areas of high biomass on the

Patagonian shelf (Padovani et al., 2012) and sub-Antarctic regions
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such as South Georgia to waters around the Antarctic Peninsula

(Havermans et al., 2019). Similarly, T. abyssorum occurs over a wide

latitudinal and environmental range from the Atlantic Ocean to the

central Arctic Ocean, where it is associated with warmer Atlantic water

masses. It is, however, unclear whether these widespread Themisto

populations are connected by gene flow or whether heat tolerances are

maintained throughout the species’ range and its diverse gene pool.
4.2 Differential gene expression between
genetic clusters of Themisto gaudichaudii

Following the strong response to the heat treatment, we

analyzed the differential gene expression in the different clusters

of T. gaudichaudii. According to the genotyping carried out in this

study, the individuals used in the treatments belong to two of the

three genetic clusters (clusters 2 and 3) that occur in T. gaudichaudii

(Havermans, 2015). The heatmap with DEGs between these two

clusters showed a distinct thermal stress response. Although only

four of the 28 differentially regulated genes could be annotated

(three corresponding to cytochrome c oxidase and one to ATP

synthase subunit a), these qualitative differences between genetic

clusters in T. gaudichaudii suggest an evolutionary divergence in the

regulatory pathways involved in temperature stress. The three

clusters of T. gaudichaudii previously documented have been

found in sympatry throughout a wide range of the species’

distribution (Havermans, 2015). However, individuals occurring

near the Antarctic Peninsula, the region where T. gaudichaudii is

expanding its range, appeared to belong exclusively to cluster 1

(Havermans, 2015). Since the clusters deviate in thermal response,

this may indicate a particular predisposition of one lineage only to

undergo a range expansion. However, since we did not test any

individuals belonging to that particular lineage, this statement must

be taken with caution.
FIGURE 6

Distribution of gene ontology (GO) terms of DEGs in heat treatment in Themisto gaudichaudii. The most represented GO terms were divided into
three main categories: biological processes (green), cellular components (blue) and molecular functions (orange).
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4.3 Differential gene expression of
Themisto abyssorum

Contrary to T. gaudichaudii, the gene expression in T.

abyssorum showed only a moderate response to thermal stress.

The species also exhibited a higher response in the heat treatment in

comparison with that of the cold treatment. However, the

differential gene expression of T. abyssorum individuals under

cold treatment was not homogeneous, 60% of the analyzed

individuals showed almost no response, while the other 40%

showed moderate responses. This might be related to the high

haplotype diversity of this species (Murray et al., 2023). However, in

the present study, the genetic diversity of T. abyssorum was not

analyzed and further studies combining genomic and

transcriptomic patterns are needed to understand the

heterogeneous response of T. abyssorum observed under the

cold treatment.

Surprisingly and contrary to T. gaudichaudii, cytochrome c

oxidase regulation was not affected in heat- nor cold-treated T.

abyssorum. Another contrasting difference was the absence of

regulation of heat-shock proteins in T. abyssorum in either of the

treatments. A lack of an HSP70 heat shock response has also been

observed in several Antarctic marine species, such as the sea star

Odontaster validus and the gammarid Paraceradocus gibber (Clark

et al., 2008, 2017), and in the Arctic crab Hyas araneus (Harms

et al., 2014). It has been proposed that the initial down-regulation of
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certain heat-shock genes is due to the initial shock response

followed by a return to equilibrium as the animals acclimated

(Clark et al., 2008). As both Themisto species were exposed for

32 h to the heat treatment, it is not possible to determine, if the heat

shock protein genes were up-regulated in the initial phase of the

thermal shock and then returned to equilibrium, as the animals

acclimated to the new temperature. It is, however, very unlikely that

the animals acclimated so quickly to such a high increase in

temperature. Another explanation may be that T. abyssorum may

rely on a constitutive rather than an inducible heat-shock response.

Several species that inhabit cold environments have been found to

accumulate the gene product at a constant rate that is independent

from an environmental trigger, presumably to be able to mitigate

damage associated with protein folding at low temperatures

(Buckley et al., 2004; Kaiser et al., 2022).

The most likely explanation for the lack of heat shock protein

regulation in T. abyssorum is the possibility that the temperature

increase in this study did not reach the upper limit of the thermal

window of T. abyssorum. T. abyssorum inhabits dynamic

oceanographic environments, carrying out diel vertical migrations

with temperature gradients of ca. ten degrees Celsius, between Arctic,

surface waters at subzero temperatures and deeper, Atlantic waters.

The lack of regulation in catalase-related genes supports this

explanation. In other amphipod species, such as Eulimnogammarus

verrucosus, a threefold increase in heat shock protein levels (HSP70)

was detected together with a doubling of catalase activity at the upper
FIGURE 7

Scatterplot of genes involved in biological process, cellular component and molecular function in T. gaudichaudii individuals under heat treatment.
Circle size is proportional to the frequency of the GO term, whereas color indicates the log10 p-value for the enrichment, and the two ends of the
colors are red and blue, representing lower and higher p-values, respectively.
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limit of the thermal window, indicating that physiological and

biochemical transition phases go hand in hand (Axenov-Gribanov

et al., 2016). There are other indications that the T. abyssorum

specimens were not reaching the upper limit of their thermal

window during this experiment: this species only showed a small

increase in respiration rates, when exposed to a temperature increase

from 0 to 10°C, suggesting a lower metabolic activity in comparison

to co-occurring Arctic species such as Themisto libellula (Kaiser et al.,

2022). The observed moderate response to thermal stress in T.

abyssorum and the missing differential expression of key protein

genes indicates that for T. abyssorum an increase of 10°C is not

sufficient to trigger an important stress response.
4.4 Concluding remarks

It is important to emphasize that of the 3,178 DEGs, only 330

were annotated, and most of them could be assigned to the heat

treatment in T. gaudichaudii. Hence, additional studies are needed

to elucidate the functions of the unannotated genes, and future

improved annotations will provide more insight into the functions

associated with this large set of as yet unannotated genes.

Although both Themisto species were exposed to similar

temperature increases of 10 to 11°C, their response was very

different. For T. gaudichaudii, 2,880 genes were differentially

expressed, in contrast to only 110 genes for T. abyssorum. More than

half of these 2,880 DEGs in T. gaudichaudii were down-regulated,

which can be explained by a redirection of resources to maintenance

and repair instead of activating certain metabolic processes.

One of the reasons for the difference in thermal response

between these two species may be that T. gaudichaudii is

characterized by more locally adapted lineages, some of them

more cold-adapted than others along its latitudinal gradient. In

contrast, T. abyssorum likely experiencing a higher gene flow

(Murray et al., 2023) may be adapted to more pronounced

temperature fluctuations across its geographic and vertical range

(Havermans et al., 2019). The long-term ability of a population to

respond genetically and evolve adaptive responses to thermally

stressful environments may be crucial to its persistence, which

can be advantageous particularly during a period of warming

climates (Bennett and Lenski, 1997). Our results indicate that T.

abyssorum exhibits a pronounced adaptive flexibility under thermal

stress; it appears to have the ability to continue its poleward

expansion, but may also cope with increasing temperatures in its

current environments. While T. gaudichaudii’s response under

thermal stress suggests that this species is more likely to move

poleward into warming Antarctic regions than to remain in its core

distribution area (with higher temperatures). Further studies

integrating gene expression with physiological responses and

functional traits are necessary to complement these data and

elucidate, if and how these species can adapt efficiently and cope

with warming polar oceans. In addition, future studies will need to

expand this autecological approach focusing on temperature

adaptation and integrate food availability and interspecific

competition in order to gain a deeper understanding of future

distribution of species and composition of faunal communities.
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