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ABSTRACT: The high latitudes inhabited by Antarctic krill Euphausia superba Dana are charac-
terised by extreme changes in seasonal conditions, with very low food availability, long periods of
darkness and a massive expansion of sea ice in autumn and winter. How krill adapt to these con-
ditions has yet to be determined, and it was the purpose of this study to gain more insight by inves-
tigating the differences between summer and winter krill populations at the molecular level. To
achieve this, we used a cDNA microarray to compare gene expression between female adult krill
caught during summer and winter near the Antarctic Peninsula (60°S), and between Peninsula
krill and krill caught near South Georgia (54°S) during the same winter. The Peninsula seasonal
comparison showed up-regulation in summer krill of genes involved in feeding and digestion, res-
piration, motor activity and immunity. Summer krill also showed evidence of increased vitelloge-
nesis, with an insulin-related peptide up-regulated and neuroparsin down-regulated. The com-
parison between the different overwintering locations showed an up-regulation in the South
Georgia krill of genes involved in feeding and digestion, and immunity. There was, however, no
differential expression of genes involved in respiration, motor activity or vitellogenesis, suggest-
ing that despite the above differences, both populations of overwintering krill were in a quiescent
state. This study shows how krill physiology changes seasonally at the molecular level and how

these changes are flexible according to the overwintering environment.
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INTRODUCTION

Antarctic krill Euphausia superba is one of the most
abundant multicellular species on earth, with an
estimated biomass of between 100 and 500 million
tonnes (wet mass) and an annual production of a
roughly similar amount (Atkinson et al. 2009). It is an
important component of the Southern Ocean ecosys-
tem, acting as a major link between primary produc-
tion and the higher-order predators (Laws 1985). It
is also the target of a fishery in the Southern Ocean
(Croxall & Nicol 2004) which presently extracts around
200 000 tonnes per year (CCAMLR 2010). For much of
the year, krill are highly active and have an energy
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throughput of around 20 % of body carbon per day or
higher, which is sustained by a high and effective rate
of filtration of phytoplankton (Quetin et al. 1994).
Seasonal changes in the habitat of Antarctic krill
can be dramatic. Towards the southern reaches,
there is near constant darkness during mid-winter
and almost constant light in mid-summer. Sea ice
expands from a summer minimum of 4 x 10° km? to a
winter maximum of 18 x 10% km? (Parkinson 2002).
Primary productivity fluctuates between major phyto-
plankton blooms in spring and summer, to very low
phytoplankton concentrations in autumn and winter
(El-Sayed 1988), such that there are long periods of
low food availability, particularly during the winter
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(Clarke & Morris 1983, Quetin et al. 1994). The ability
of krill to adapt their life-cycle to account for these
seasonal changes is likely to be a major factor behind
their success in the Southern Ocean.

For ectothermic pelagic animals in polar regions,
Torres et al. (1994) proposed that 3 types of over-
wintering strategy exist: (1) accumulating large lipid
deposits and entering true dormancy; (2) a marked
reduction in metabolic rate, combustion of body sub-
stance, opportunistic feeding, but no true dormancy;
and (3) a 'business as usual’ scenario, where oppor-
tunistic feeding continues and the metabolic rate is
not considerably reduced. Antarctic krill were con-
sidered to exhibit Strategy 2, becoming quiescent but
able to exploit food resources if any become readily
available.

Quetin & Ross (1991) proposed that, during over-
wintering, almost three-quarters of energy is saved by
a reduction in metabolism, with much of the re-
mainder coming from the use of lipids and shrinkage.
Quetin et al. (1994) considered that a lowered oxygen
consumption rate is to be expected since the metabolic
costs associated with reproduction and growth are
greatly reduced. Nevertheless, even taking this into
account, adults still use up almost half of their stored
lipid during the low food periods of autumn and
winter (Hagen et al. 1996). Switching to alternative
food sources, such as copepods (Boyd et al. 1984) and
detritus (Kawaguchi et al. 1986) during the winter has
been described but remains difficult to quantify.
There may also be regional winter food sources, such
as the sea ice microbial community, available to popu-
lations inhabiting the seasonal sea ice (Smetacek et al.
1990), or organic matter on the seabed, available to
populations within shelf regions (Schmidt et al. 2011),
but their overall contribution to the winter energy
budget of krill remains undetermined.

Reduced metabolic rates during winter have been
observed in Antarctic krill in a number of different
areas (Morris & Priddle 1984, Quetin & Ross 1991,
Atkinson et al. 2002, Meyer et al. 2002, Cullen et
al. 2003). Nevertheless, it remains unclear whether a
seasonal change in metabolic rate simply reflects a
change in ingestion rate, or alternatively, a more fun-
damental switch to a different physiological state,
cued by external or internal factors (Meyer et al. 2002,
Meyer 2012). Evidence for the former is presented by
Ikeda & Dixon (1982) who showed krill starved for
24 h lower their oxygen uptake to 63 % of that of wild
specimens. In support of the latter, Atkinson & Snyder
(1997) and Atkinson et al. (2002) found that autumn
krill do not raise their relatively low feeding rate when
placed in food-saturated conditions, consistent with a

state of quiescence. Meyer et al. (2010) proposed that
entry and exit from overwintering quiescence is trig-
gered by the photoperiod or light level. For instance,
the light regime triggers the onset of reproductive
maturation (Hirano et al. 2003, Teschke et al. 2008)
and alters the rate of oxygen consumption and
feeding (Teschke et al. 2007). Seear et al. (2009)
showed that gene expression patterns may change
within 7 d of being exposed to an altered light regime.

The overwintering experience of krill depends
much on their location. Those found further south
experience shorter summers and longer winters than
more northerly populations. A further consideration
is that krill are capable of travelling great distances
across many degrees of latitude, even within a single
season (Thorpe et al. 2007), meaning that the pho-
toperiodic regime experienced by an individual krill
may alter beyond that resulting from regular season-
ality. This makes it unlikely that there is a single cue
controlling overwintering behaviour. Accordingly,
Brown et al. (2011) showed that the timing of the krill
maturity cycle is flexible and can be manipulated
through exposure to periods of darkness.

Molecular mechanisms driving overwintering be-
haviour include transcriptional, post-transcriptional
and post-translational processes (MacRae 2010).
Transcriptional processes driving the expression of
RNA from genes represent the first level of control.
Single-gene expression studies have revealed a
great deal about the response of organisms to envi-
ronmental stressors, such as the role of heat-shock
proteins in thermal adaptation (Feder & Hofmann
1999). However, multiple-gene studies have shown
that responses to environmental stress are likely to
be expressed in a wide range of genes, demanding a
much broader approach (Stillman et al. 2008). Mod-
ern multiple-gene expression approaches allow the
expression of thousands of genes to be examined
simultaneously, and have led to a new level of under-
standing of physiological responses of crustaceans to
environmental change (Colbourne et al. 2011). They
have also revealed much about internal processes of
crustaceans such as reproduction (Nagaraju 2011),
immune response (Aoki et al. 2011), inducible
defense (Tollrian & Leese 2010), diapause (MacRae
2010) and starvation (Lenz et al. 2012). In Antarctic
krill, Seear et al. (2010) used cDNA microarray tech-
niques to examine differential gene expression dur-
ing successive phases of the moult cycle. Clark et al.
(2011) applied 454 pyrosequencing and found high
levels of expression of classical 'stress proteins’ such
as HSP70, HSP9O0, ferritin and GST in Antarctic krill.
Such techniques can contribute considerably to our
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understanding of the physiological changes that take
place in krill over seasonal cycles.

In this study, we compare gene expression in krill
caught at similar locations (near the Antarctic Penin-
sula, ~60°S) in summer and winter. We also compare
winter-caught krill from near the Antarctic Peninsula
to winter-caught krill from South Georgia (~54°5S), to
examine how overwintering strategies may differ at
2 extremes of the krill distributional range. We apply
2 established gene expression techniques: cDNA
microarrays and quantitative PCR (qPCR). The use of
cDNA microarrays is a means of identifying the key
differences in gene expression of 2 or more sample
sets exposed to different conditions. In this instance,
we compare Peninsula winter krill with both Penin-
sula summer krill and South Georgia winter krill.
Quantitative PCR was subsequently applied to cer-
tain differentially expressed genes to validate the
microarray results.

We address 3 main questions: (1) whether the physi-
ological changes during the overwintering period can
be observed at the level of RNA transcription from

genes, indicating that this is a key step in control-
ling seasonal physiological change; (2) which genes
change expression levels between seasons; and (3)
whether the pattern of overwintering gene expression
is similar or different between regions, namely be-
tween the Antarctic Peninsula and South Georgia.

MATERIALS AND METHODS
Krill capture and preservation

Postlarval krill were sampled at 2 main locations
(Fig. 1), one close to the Antarctic Peninsula and the
other at South Georgia, by the RRS 'James Clark
Ross’ and the krill fishery vessel ‘Saga Sea' (Table 1).
The krill were caught with target net tows in the top
200 m. On the JCR cruise, they were placed immedi-
ately in RNAlater (Applied Biosystems). On the fish-
ery vessels, they were immediately placed at —20°C
and stored over the longer term at —80°C. In the lab-
oratory, the heads were taken for RNA extraction

Table 1. Locations and times of krill catches plus accompanying sampling information and environmental data

Sample location Date of Latitude Longitude Ship Storage = Water SST Distance (km) Water
sampling depth from ice edge mass
Antarctic Peninsula ~ June 62.6°Sto  59.1°W to 'Saga Flash 1302m -1.16°C <50 SB to
winter 2006 63.1°S 59.4°W Sea’ frozen SACCF
Antarctic Peninsula January 60.4°Sto 55.0°Wto ‘James RNAlater 3373 m 1.61°C  200-500 SB to
summer 2003 60.8°S 54.8°W  Clark Ross’ SACCF
South Georgia July 53.5°S 35.6°W 'Saga Flash 3415m 0.00°C >500 SACCF
winter 2006 Sea’ frozen to S-PF
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while the remainder of the body tissue was used for
measurement of uropod length, sex, sexual stage and
moult stage. Studies of transcriptional expression
were limited to those individuals in the intermoult
stage (stage C) (Buchholz 1982) that were female but
yet to mature fully (stage IIB or IIIA) (Makarov &
Denys 1980). This step was carried out to avoid gene
expression differences between sexes or moult
stages from dominating the comparison (see Seear et
al. 2010). Altogether, 126 krill were examined, from
which 37 krill suited the above criteria: 11 from
Peninsula winter samples, 18 from Peninsula summer
samples, and 8 from South Georgia winter samples.

Environmental conditions at sampling sites

Satellite images of sea surface temperature (SST)
and sea ice cover were examined to place the sam-
pling locations within an environmental context. Sea
surface temperature was acquired by the Adqua
MODIS instrument and made available through the
JPL PODAAC POET service with 4 km pixel spacing.
Sea ice concentration data was derived from AMSR-
E data provided by the University of Bremen, with a
pixel spacing of 4 km. SST and sea ice data were
binned into monthly composites covering the month
of sampling and the 2 preceding months. The cover-
age of Aqua MODIS chlorophyll a (chl a) data, pro-
vided by the NASA Ocean Color group, was insuffi-
cient to resolve surface chl a conditions at the
sampling sites.

Construction of winter krill cDNA libraries

Total RNA was extracted from the frozen heads
(including eyes and brain) of 6 randomly selected
krill from the Peninsula winter and South Georgia
winter samples using TriSure (Bioline) followed by
purification with RNeasy columns (Qiagen). Concen-
tration and purity of the total RNA was determined
using a Nanodrop spectrophotometer (LabTech In-
ternational), while degradation was checked by elec-
trophorescing 1 pg of total RNA on a non-denaturing
1.5% (w/v) agarose gel. Equal amounts of total RNA
from each of the 6 krill were then pooled before using
1 pg from the RNA pool in the construction of each
cDNA library. A Creator SMART cDNA library kit
(Clontech) was used to construct the cDNA libraries
in pDNR-LIB, which was then transformed into XL-1
Blue competent cells (Agilent Technologies) follow-
ing manufacturer's instructions. Recombinant colonies

were selected on Luria-Bertani agar medium with
chloramphenicol. For each library, 960 individual
colonies were manually picked into 96 well plates
with 14 % (w/v) glycerol in Terrific Broth and chlor-
amphenicol. These plates were then incubated over-
night at 37°C before being stored at —-80°C.

Sequencing

Initial sequencing of 96 clones from each of the
cDNA libraries found more novel genes in the Penin-
sula winter library than in the South Georgia winter li-
brary, and so a further 768 clones were sequenced
from the Peninsula winter library. This was later fol-
lowed up by sequencing of a further 8 clones from the
South Georgia winter cDNA library found to be differ-
entially expressed in the microarray study. Sequen-
cing was performed following procedures described
in Seear et al. (2010). Sequence chromatograms were
processed using Geneious 5.3 (Drummond et al. 2010)
that trimmed vector, low quality sequence and 3'-
polyadenylate tails. All edited sequences (=80 bp)
were submitted to dbEST and given the following
accession numbers: dbEST, 75800160-75800881;
GenBank, JK623235-JK623956.

Microarray fabrication

The microarray was populated with 4792 tran-
scripts from krill caught in the summer from 2 lati-
tudes (55°S and 60°S) at various times of the day
(Seear et al. 2010), along with 960 transcripts from
krill caught during the winter at Peninsula (62°S) and
960 transcripts from krill caught at South Georgia
(63.5°S) during the same winter. PCR amplification of
clone inserts from the winter cDNAs, quality control
and microarray printing were performed as de-
scribed in Seear et al. (2010). In total, 13 440 features
were printed on the microarray, including 6712
clones from summer and winter krill cDNA libraries
spotted in duplicate. Details of the microarray can be
found at ArrayExpress (www.ebi.ac.uk/arrayexpress/)
under accession number A-MEXP-2146.

Challenging the microarray

For the microarray hybridisations, total RNA was
extracted as described for the cDNA library construc-
tion above. Double-stranded cDNA probes were then
prepared using 500 ng of total RNA as described in
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Petalidis et al. (2003). Hybridisation of labelled cDNA
probes to the microarray was performed as described
in Pura et al. (2008). Six biological replicates from
each sample (Peninsula summer, Peninsula winter
and South Georgia winter) were competitively hy-
bridised against a reference pool of all samples used
in the study. A dye swap was performed to check for
cyanine fluor effects. Details from the microarray ex-
periments performed here were submitted to Array-
Express and assigned the accession number E-
MEXP-3453. Recording of microarray experiment
metadata complies with minimum information about
a microarray experiment (MIAME) guidelines.

Microarray analysis

Hybridised slides were scanned at 10 pm resolu-
tion using a GenePix 4100 microarray scanner (MDS
technologies). Image analysis and local background
correction of spot intensities were performed with
GenePix Pro 6.0 software (MDS technologies) as
described in Seear et al. (2010). GenePix results files
were then imported into GeneSpring GX 11.1 (Agi-
lent Technologies) for all subsequent analyses. Nor-
malisation was performed using a 'per spot and per
chip’ intensity dependent (Lowess) normalisation
using software defaults (20 % smoothing/cutoff 10).
Significant differential gene expression between
Peninsula winter and Peninsula summer krill and
between Peninsula winter and South Georgia winter
krill was established by unpaired t-tests with Ben-
jamini & Hochberg's (1995) multiple test correction
(p < 0.05) with only transcripts showing a 2-fold or
greater change in expression being presented in this
study. Principal component analysis (PCA) was per-
formed using GeneSpring GX 11.1 using the mean
centering and scaling method.

Expressed sequence tag assembly and annotation

DNA sequences were matched to National Center
for Biotechnology Information (NCBI) databases
using the tools BLASTN, BLASTX and tBLASTX, and
then annotated with Gene Ontology identifiers using
the software Blast2GO (version 2.3.8; Conesa et al.
2005). Assemblies were generated with Geneious
using a word length of 50, gap size of 1 and gap and
mismatch errors of 5%. The number of novel gene
transcripts was estimated by assembling the results
of our newly derived sequence assembly against the
results of an assembly of all Euphausia superba ex-

pressed sequence tags (ESTs) held within NCBI data-
bases (6142 accessions) (De Pitta et al. 2008, Seear et
al. 2009, Seear et al. 2010); assemblies were per-
formed as described above using Geneious. Assem-
bly results for ESTs showing notable patterns of dif-
ferential expression were manually inspected to
verify putative identities.

Quantitative PCR

Quantitative PCR was used to validate the micro-
array results on 4 transcripts indicated to be differen-
tially expressed more than 2-fold between Peninsula
winter and Peninsula summer krill and between
Peninsula winter and South Georgia winter krill.
Transcripts used in the Peninsula winter/summer
qPCR comparison had significant sequence homol-
ogy to trypsin (GenBank: GW422555), chymotrypsin
(GenBank: GW423670), haemocyanin (GenBank:
GW422778) and neuroparsin (GenBank: JK623718),
while in the Peninsula winter/South Georgia winter
comparison, trypsin and chymotrypsin were again
used along with transcripts showing significant se-
quence homology to a fatty acid binding protein
(GenBank: GW423585) and angiopoietin (GenBank:
GW423168). These particular transcripts were cho-
sen due to their importance in metabolism, oxygen
transport, reproduction and blood vessel formation.
Expression of each of the transcripts was normalised
against a krill EST (GenBank: GW422811) with sig-
nificant homology to triosephosphate isomerase
(GenBank: ADD38004) that did not significantly
change in expression between sample sites. Primers
were designed around each of the 7 transcripts using
Primer 3 (Rozen & Skaletsky 2000) to generate PCR
products of between 100 and 200 bp. Primer pair
sequences are listed in Table 2.

The same total RNA samples used for the micro-
array experiments were also used for qPCR. One
microgram of total RNA was used to make first strand
cDNA using a Quantitect Reverse Transcription kit
(Qiagen) that incorporated genomic DNA removal
prior to reverse transcription. For each transcript of
interest, cDNA from 3 individuals from each of the
sample sites were run in duplicate qPCR reactions.
Quantitative PCR was performed as described in
Seear et al. (2010). Relative mean expression ratios
were statistically compared between Peninsula win-
ter and Peninsula summer and between Peninsula
winter and South Georgia winter following normali-
sation against the reference gene using the relative
expression software tool REST (Pfaffl et al. 2002).



66 Mar Ecol Prog Ser 467: 61-75, 2012

Table 2. Primer pair sequences used to generate PCR products

did not influence the South Georgia

community because the nearest ice-
Gene name Accession Primer sequence 5'-3' Product edges were more than 500 km from
number size (bp) the sampling location.
TPI GW422811 F: TTC TGT CCG CAT CTT GTA CG 139
R: TTC CCA GGC ATT GAT GAT CT
Neuroparsin JK623718 F: CAG GCT GCA CCT AACTGT GA 112 Microarray analysis
R: CTG GAC CCT TAG CAC AGA CC
Haemocyanin GW422778 F: GCC TTC TTC CGT CTG CAT AA 105 . . .
R: CAA ATC CAC TCC TTC CCA AA The Antarctic krill cDNA micro-
Trypsin GW422555 F: CAC TGT GTT GCT GGA GAG GA 125 array was used to compare the
R: TCA TGC TGG ATG ATC TTG GA gene expression of Peninsula win-
Chymotrypsin GW423670 F: CAC CCA CGA GAA CTG GAACT 103 ter krill with Peninsula summer
R: CAG GCA TAC AGG CTG GAT CT . .
Angiopoietin  GW423168 F: TGT GAT ATG GTG ACG GAT GG 145 krill * (seasonal - comparison) and
R: ACT CAT TGC CAA GCC AGA AC Peninsula winter krill with South
Fatty acid GW423585 F: GCA GAG ATG GGC CAG TCT AA 150 Georgia winter krill (inter-location
bmdmg protein R: CTT TCC CAT TGG AGA GGT GA Comparison). The Seasonal Compar-
ison resulted in the largest number
of transcripts that were differen-
RESULTS tially expressed 2-fold or more (false discovery rate-

Environmental conditions at sampling sites

There was about 2 to 3°C difference in SST be-
tween the winter and summer sampling campaigns
at the Antarctic Peninsula, with typical temperatures
of —1.2°C in winter and 1.61°C in summer (Fig. 2). At
South Georgia, SST temperatures at the sampling
location were typically 0.0°C. The nearest sea ice
was less than 50 km from the winter sampling loca-
tion at the Antarctic Peninsula but more than 200 km
from the summer location (Fig. 3). Seasonal sea ice

adjusted p < 0.05) with 232 transcripts up-regulated
and 41 transcripts down-regulated in the Peninsula
summer relative to the Peninsula winter. Between
overwintering locations, there were 109 transcripts
up-regulated and 11 transcripts down-regulated in
South Georgia winter relative to the Peninsula win-
ter. Approximately 40% of all these differentially
expressed transcripts could be identified through
sequence matching to NCBI databases using BLAST.
For each comparison, transcripts differentially ex-
pressed by more than 2-fold and successfully anno-
tated through BLAST analysis (E [expect] value

Antarctic
Peninsula
summer
SST (°C)
8
6
Antarctic
Peninsula 4
winter
2 Fig. 2. Sea surface temperature
0 (SST) during the month of sam-
pling as well as the 2 preceding
-2 months for all 3 sampling loca-
tions. SST data were obtained
from the JPL PODAAC POET
South Georgia service using data acquired by
winter the Aqua MODIS instrument.
Data were provided at a pixel
resolution of 4 km and binned
into monthly compo-sites. *:
station locations
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Fig. 3. Sea ice concentration Dec 2002 1an: 2003 0%
i i Open water
during the month Qf sampling Ariarctic p
and the 2 preceding months i
. Peninsula
for the Peninsula summer and
. . summer
Peninsula winter samples.
Plots are based on AMSR-E
data provided by the Univer-
sity of Bremen, with a pixel
spacing of 4 km.' Data were Apr 2006
subsequently binned into .
. . Antarctic
monthly composites. Station ;
. Peninsula
locations are marked by a iriter
yellow star. South Georgia is
not plotted given the ob-
. . 100%
served lack of ice in the vicin-
Ice cover

ity of the sampling location

< 1 x 1075 are listed in Tables S1 to S4 in the
supplement at www.int-res.com/articles/suppl/m467
p061_supp.pdf, in order of fold change with respec-
tive BLASTX hits, contig/singleton ID and Gene
ontology annotation. The M versus A plot in Fig. 4A
indicates that all differentially expressed genes were

South Georgia winter

highly expressed with an average signal intensity (A
value) greater than 9. Principal component analysis
(PCA) clearly discriminated between Peninsula win-
ter and summer samples, but there was considerable
overlap of the South Georgia sample with both

Peninsula samples (Fig. 4B).

Peninsula summer

A

M values

o

2

o
g ]

Fig. 4. (A) M versus A expression scatter plots of all the
genes represented on the microarray in Peninsula summer
and South Georgia winter samples relative to the pooled
reference. Each square represents an average of all 6
replicates in each sample. M = log, fold change of Lowess
normalised spot intensities between sample and the
pooled reference; A = average signal intensity. Signifi-
cantly differentially expressed genes (unpaired t-tests, p <
0.05) between Peninsula winter and each sample are indi-
cated by the green squares. (B) Principal component
analysis (PCA) of normalised gene expression levels for
season and location. The x, y and z axes, representing the
first 3 components, accounted for 95% of the data vari-
ance. Apart from one outlier, PCA discriminates between
summer and winter in the Peninsula, but no such discrimi-
nation can be seen with the South Georgia winter sample
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Quantitative PCR

Quantitative PCR was used to validate the differ-
ential expression of 4 transcripts in the Peninsula
summer samples and 4 transcripts in the South Geor-
gia winter samples relative to Peninsula winter sam-
ples (Fig. 5). All transcripts were regulated in the
same direction as on the microarray, with all 4 tran-
scripts in the Peninsula summer and 1 out of the 4
transcripts in the South Georgia winter significantly
differentially expressed (p < 0.05). There were some
differences between the level of fold change be-
tween the microarray and the qPCR analyses. For
individual genes, differences in the fold change of
differential expression shown by microarray versus
qPCR analyses are reported in a number of other
studies (e.g. Mukai et al. 2009, Sanogo et al. 2011)

A 30

20 4
* *k
10 | *
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0 T

Chymotrypsin
Haemocyanin

Trypsin
-10 4

Log, expression ratio
relative to Peninsula winter

-20 4

-30 -
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Chymotrypsin
Trypsin

Angiopoietin

Log, expression ratio
relative to Peninsula winter
o

—-20 4
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Fig. 5. Quantitative PCR (qPCR) expression profiles of 4
genes differentially expressed (A) between Peninsula winter
and Peninsula summer samples and (B) between Peninsula
winter and South Georgia winter samples. The analysis was
performed to cross-validate with the expression profiles de-
rived from microarray analysis. The choice of transcripts was
made based on their functional importance to krill physiolog-
ical processes. All transcripts analysed by qPCR were regu-
lated in the same direction as in the microarray analysis, al-
though there was some variance in exact fold change levels

and may result from misidentification of gene homo-
logues with the separate isoforms having varying
levels of expression, or may be due to different detec-
tion thresholds for the 2 techniques. Nevertheless, 5
of the 8 transcripts were successfully validated by
qPCR, with the remaining 3 differentially expressed
in the same direction.

DISCUSSION

Seasonal changes in the physiology and behaviour
of Antarctic krill have been reported extensively over
the past 20 yr, but our understanding of the control-
ling factors in this seasonal transition are only at an
early stage (Meyer et al. 2010, Meyer 2012). The
present study represents a preliminary look at the
potential molecular mechanisms involved in seasonal
change, in that it considers just 2 sampling regions at
2 points in the seasonal cycle, with the comparison
limited to a single sexual stage (female immature
adults). Nevertheless, this study does show clear
examples of how physiological changes can be
observed at the level of mRNA transcription from
genes, indicating that this is a key step in controlling
seasonal physiological change. We used microarray
analysis coupled with qPCR to compare mRNA
expression between different sets of krill to examine
the effect of season and location on gene expression.

In order to relate changes in gene expression to the
physiological status of krill, we were limited to
describing only those genes that could be assigned
putative functional roles through sequence match-
ing. This amounted to ca. 40% of the differentially
expressed transcripts identified using the microarray.
By comparision, studies on the environmental regu-
lation of gene expression in the model crustacean
species Daphnia pulex (Colbourne et al. 2011) are
similarly limited by a paucity of crustacean gene
function reference data. Further work is needed to
demonstrate the function of crustacean transcripts
that correspond with environmental change, e.g.
through mutational studies, gene knock outs and
protein knock down by RNAIi. Notwithstanding the
limitation that our results cover only a subset of all
genes that may be differentially expressed between
seasons and locations, it is instructive to consider
data generated by multi-gene analysis, because they
allow us to comment on earlier studies and suggest
avenues for subsequent investigation (MacRae 2010).

Many significant changes in gene expression were
observed between winter and summer at the Penin-
sula. These differences may be part of a wider global
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shift in gene expression, as the PCA (Fig. 4B) showed
the gene expression levels of Peninsula winter krill to
cluster separately from those of Peninsula summer.
This global shift in gene expression supports the idea
of krill undergoing a fundamental switch to a differ-
ent physiological state (Meyer et al. 2002, Meyer
2012). Conversely, despite a number of genes found
to be differentially expressed between South Geor-
gia winter and Peninsula winter, PCA could not dis-
criminate South Georgia from the other 2 samples.
This may indicate that krill in the winter at South
Georgia share similar characteristics of both summer
and winter krill in the Peninsula (at least in their
gene expression).

Seasonal changes in gene expression

We found evidence of significant changes in gene
expression between summer and winter in a number
of major biological functions performed by Antarctic
krill. In the following section, we examine these func-
tions and the evidence from our gene expression
analyses for seasonal modulation.

Feeding and digestion

We found that transcript levels of both trypsin and
chymotrypsin were down-regulated during the win-
ter period compared to summer. Trypsin possesses 2
main functions: hydrolysis of food protein and activa-
tion of zymogens of trypsin and other digestive pro-
teases (Muhlia-Almazan et al. 2008). In terms of the
latter, trypsin activation is the first step in a series of
consecutive reactions, where the function of multiple
proteinases of different classes is part of a coordi-
nated physiological process, such as the digestion of
food protein. Organisms that have multiple classes of
proteinases, such as trypsin and chymotrypsin, can
enhance hydrolysis of food protein, and so increase
the efficient use of food protein.

Morris & Priddle (1984) found that the amount of
food in alimentary tracts decreases during winter,
and suggested this was a function of both the level of
feeding activity and the availability of food. Satellite
observations do not provide sufficient coverage of
the sample site to determine chl a biomass in the
water column at the time of sampling. However, the
sampling sites were in open water in both summer
and winter, and Quetin et al. (2003) found that open
water phytoplankton levels around the Peninsula
region were substantially lower in the winter com-

pared to summer. The lack of available food is there-
fore likely to be reflected in the down-regulation of
genes for digestive enzymes. For instance, Sabo-
rowski & Buchholz (1999) showed that, in starving
Euphausia superba, digestive enzyme activity rap-
idly decreases in the stomach and, to a lesser extent,
the midgut gland. Activities recover again after pro-
longed advanced starvation of several days, but not
to initial values.

Trypsin may also be the activator of enzymes
involved in the degradation of cuticle, such as 3-N-
acetylglucosaminidase, present in the moulting fluid
of insects (Samuels et al. 1993) and crustaceans
(Warner & Matheson 1998). Klein et al. (1996) found
that both trypsin mRNA and trypsin enzyme activity
are at their highest levels during premoult (stage D1)
of the shrimp Penaeus vannamei. In Antarctic krill,
Seear et al. (2010) found trypsin to be up-regulated
more than 4-fold during premoult. Nevertheless, the
present study limited the dataset only to moult-stage
C individuals, meaning that any differential expres-
sion of trypsin is unlikely to be related to the moult
cycle.

Reproduction

In arthropods, there is accumulating evidence that
peptide hormones such as insulin-related peptides
(IRPs) and neuroparsins (NPs) play a crucial role in
female reproductive physiology (Badisco et al. 2011).
The first NP was identified from the migratory locust
Locusta migratoria as an antigonadotropic factor that
delayed vitellogenesis (Girardie et al. 198%7a,b).
Insulin-related peptides have an opposite effect on
reproductive physiology and promote reproductive
development (Badisco et al. 2011). IRPs and NPs
have since been identified in a number of arthropods,
including the crab Carcinus maenas and the lobster
Homarus americanus (Towle & Smith 2006). In the
present study, we found down-regulation of NP in
summer alongside an up-regulation of IRP. Com-
bined, this is likely to have a positive effect on repro-
ductive physiology, particularly vitellogenesis.

An interesting aspect of the use of these genes in
the control of reproductive maturation is their further
link to nutritional status. Female fruit flies, for exam-
ple, require an intact insulin-signalling pathway in
order to regulate egg production as a function of their
nutritional status (Drummond-Barbosa & Spradling
2001). Direct links between nutritional condition and
vitellogenesis were described in Antarctic krill by
Cuzin-Roudy & Labat (1992), who found that ovarian
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maturity levels correspond to the timing of ice-edge
blooms. Likewise, Schmidt et al. (2012) found that re-
productive maturation is achieved earlier in Antarctic
krill exposed to early spring blooms. In that respect,
Antarctic krill can be considered an income breeder
that relies on feeding, rather than stored reserves,
to fuel the spring reproductive effort (Hagen et al.
1996). The NP and IRP signalling pathways likely
play an important role in this reproductive strategy in
regulating the onset of vitellogenesis. A food-based
signalling pathway is likely to work alongside other
pathways, such as those responsive to the light re-
gime, given other evidence on the sensitivity of matu-
ration processes to perturbed light-regime patterns
(Hirano et al. 2003, Teschke et al. 2008).

Respiration

As in some other crustaceans and molluscs, krill
use the copper-based haemocyanin as their extracel-
lular respiratory pigment (Brix et al. 1989, Spicer &
Stromberg 2002). We found that levels of haemo-
cyanin gene expression were considerably lower
during winter compared to summer. A lower haemo-
cyanin concentration in the haemolymph will result
in a reduced capacity to transport oxygen (Bridges
et al. 1983), particularly to peripheral tissues such as
the swimming muscles, appendages and digestive
organs. This would also be reflected in lower overall
levels of respiration.

Lower winter respiration levels in Antarctic krill
are reported in a number of studies. Kawaguchi et al.
(1986) showed that, in krill wintering under fast ice in
Lutzow-Holm Bay, oxygen consumption in August is
half that in September. Quetin & Ross (1991) found
that post juvenile krill (30 to 55 mm) from the Brans-
field Strait have winter respiration rates that are only
one-third of those measured in summer. Rakusa-
Suszczewski (1990) reported that the oxygen con-
sumption in Admirality Bay, King George Island,
increases by 40% in early spring between early
October (-1.8°C) and late November (-1.0°C). In the
Lazarev Sea, Meyer et al. (2010) found that, com-
pared to spring, oxygen uptake rates in krill are
reduced by 50% in autumn and by 70 % in winter.
Our findings do not permit a quantitative assessment
of the level of oxygen transport, which must also take
into account further factors such the diffusivity of
oxygen within the haemocyanin and the rate of arte-
rial pumping (Bridges et al. 1983, Spicer & Stromberg
2002). Haemocyanin may also have additional physi-
ological roles, such as short-term starvation tolerance

(Spicer & Stromberg 2002) and immunity function
(see below). Nevertheless, the down-regulation of
haemocyanin gene expression in winter is consistent
with observations of reduced respiration rate at this
time of year.

Motor activity

Krill are highly active animals and can generate
considerable propulsion through powerful swimming
legs (pleopods) and the rapid contraction of abdomi-
nal muscles (Kils 1981). We found a summertime up-
regulation of numerous genes involved in the main-
tenance of muscular activity, such as beta actin,
arginine kinase, myosin light chain and sarcoplasmic
calcium-binding protein. The up-regulation of these
genes indicates that these muscles are used to a
greater extent during the summer. In turn, this sug-
gests that krill have a higher level of activity in sum-
mer than in winter.

Although it is widely accepted that krill exhibit
lower metabolic rates in winter compared to summer
(see above), the cause of this metabolic depression is
less clear. Ikeda & Dixon (1982) showed that starvation
alone can cause metabolic rates to decrease by almost
40 %, implying that low food availability is a sufficient
explanation for this depression. However, experiments
on krill in autumn and winter (e.g. Atkinson & Snyder
1997, Atkinson et al. 2002) report no increase in feed-
ing rates when exposed to enhanced food levels, sug-
gesting that the krill were in a quiescent state. Meyer
et al. (2010) posited that entry into and exit from qui-
escence is triggered by the photoperiod or light level.
This is supported by incubation experiments, such as
those by Teschke et al. (2007, 2008), where krill ex-
posed to wintertime photoperiods showed a decrease
in metabolic rate and a failure to mature. Furthermore,
Seear et al. (2009) found a down-regulation of myosin
when krill were exposed to a winter photoperiod for
7 d, suggesting that krill are less active in winter. The
present study makes a similar finding, but within a
freshly captured wild krill population. Together, these
results indicate that wintertime metabolic depression
is accompanied by lower activity levels. If seasonal
metabolic depression were simply a matter of specific
dynamic activity in terms of feeding and digestion, it
is likely that muscle use would be similar year-round,
since foraging for patches of food would need to con-
tinue. The present results are otherwise consistent
with krill entering a winter quiescent state, where for-
aging decreases and the level of muscular activity be-
comes reduced.
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Immune function

We found 2 major immune gene types were up-
regulated in summer: cathepsins (C and K) and C-
type lectins. Cathepsins belong to the cysteine pro-
tease family, are localized in the lysosomes and
endosomes, and degrade intracellular or endocy-
tosed proteins (Pongsomboon et al. 2008a). They also
have an additional role as agents of apoptosis (pro-
grammed cell death) (Pongsomboon et al. 2008a). C-
type lectins contribute to innate immune responses in
invertebrates including prophenoloxidase activation,
enhancement of encapsulation, nodule formation of
hemocytes, opsonin formation, antibacterial activity,
antifungal activity and injury healing (Cerenius et
al. 2010). This is the first study to report the ex-
pression of these genes in any euphausiid species.
Most of what is known in terms of immune function
in crustaceans derives from studies of diseases of
commercially-reared shrimps such as Penaeus mon-
odon and Fenneropenaeus chinensis. Pongsomboon
et al. (2008b) found that shrimps up-regulated both
C-type lectin and cathepsin L-like cysteine pepti-
dases when infected with yellow head virus. A simi-
lar response was observed upon infection with white
spot syndrome virus (WSSV) (Aoki et al. 2011).

Haemocyanin may also be an additional contribu-
tor to the krill immune system given that, in addition
to being an oxygen carrier, it is known to be an
antiviral, antibacterial and antifungal protein. In
Fenneropenaeus chinensis, for instance, Wang et al.
(2006) found that haemocyanin expression was up-
regulated in individuals infected with the bacteria
Vibrio anguillarum (heat killed for the purpose of the
experiment). Furthermore, WSSV was seen to inter-
fere with haemocyanin expression, potentially as a
means of depressing the immune response in order
to complete its own life-cycle.

The up-regulation of immune function genes in
summer probably reflects the seasonal abundance
cycle of microbial pathogens such as ciliates, bacteria
and viruses. For instance, in a study of the microbial
community near the South Orkney islands, Clarke &
Leakey (1996) found up to a 10-fold increase in bac-
terial carbon and a 6-fold increase in ciliates during
the summer. However, viruses have less of a seasonal
abundance pattern (Guixa-Boixereu et al. 2002). So
far the main diseases reported in euphausiid species
are from bacterial pathogens (Miwa et al. 2008) or cil-
iates (Gomez-Gutiérrez et al. 2003, 2006, 2010). It is
likely that the immune response will be similar what-
ever the agent of infection given that, as an inverte-
brate, krill possess a non-adaptive immune system.

Spatial differences in
overwintering gene expression

Feeding and digestion

A number of genes were found to be differentially
expressed between the Peninsula winter and South
Georgia winter krill populations. One of the largest
fold differences was in the expression of trypsin and
trypsin-like serine protease, in which expression lev-
els were around 3 times higher at South Georgia. As
discussed above, serine proteases are principally
involved in the hydrolysis of food protein. Their up-
regulation in the South Georgia population suggests
that levels of feeding activity are higher there than at
the Peninsula during the winter period.

Across the suite of up-regulated transcripts, genes
involved in proteolysis accounted for more than half
of those most highly up-regulated at South Georgia.
Alongside trypsin and trypsin-like serine protease,
these included various transcripts of carboxypepti-
dase B and chymotrypsin. Compared with lipids, pro-
teins play a minor role as an energy reserve in krill
for overwintering, with around only 3 % of body pro-
tein being used up each month during the winter
months (Meyer et al. 2010, Meyer 2012). However,
protein metabolism is recognised as having a much
more significant role in energy turnover during the
summer (Meyer 2012). The greater prominence of
proteolytic genes in the winter population of South
Georgia suggests that those krill are feeding in a sim-
ilar way to summer populations elsewhere. The semi-
permanent phytoplankton bloom around South Geor-
gia is one of the largest in the Southern Ocean (Park
et al. 2010) and is likely to produce a considerable
flux of carbon-rich sediment to the benthos (White-
house et al. 2012). Schmidt et al. (2011) describe how
Antarctic krill frequent benthic habitats year-round,
and that krill caught in upper waters retain signals of
benthic feeding, suggesting frequent and dynamic ex-
change between surface and seabed. Although krill
are also found in benthic habitats at the Peninsula
(Clarke & Tyler 2008), comparatively lower levels of
productivity in the upper water column may mean
that such habitats are less profitable food banks.

Reproduction

There were no indications of any significant differ-
ence in the expression of transcripts of the peptide
hormones NP or IRP, indicating that vitellogenesis is
being repressed to similar levels in both South Geor-
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gia and the Antarctic Peninsula during winter. Nev-
ertheless, there were indications that South Georgia
krill were already making preparations for the future
reproductive effort in their up-regulation of a fatty
acid binding protein (FABP). FABPs are small (14 to
15 kDa) cytosolic proteins that play a role in intracell-
ular targeting of fatty acids to specific organelles and
metabolic pathways, and the protection of cellular
structures from the detergent effects of fatty acids
(Ho et al. 2002, Storch et al. 2002, Cérsico et al. 2004,
Esteves & Ehrlich 2006). In the Chinese mitten crab
Eriocheir sinensis, Gong et al. (2010) found that these
molecules play an important role in the transport of
lipids during ovarian development. In the present
instance, vitellogenesis has yet to take place, but the
up-regulation of these genes may be a necessary pre-
cursor to reproductive development in the spring.

The possibility that South Georgia krill make
wintertime preparations for vitellogenesis, whereas
Antarctic Peninsula krill do not, indicates that there
is likely to be an underlying difference in their
respective lipid reserves. The ability of South Geor-
gia krill to feed during winter means that they have
a lower requirement to use stored lipids to fuel
metabolism, as is the case in more southerly popula-
tions (Hagen et al. 1996). This in turn means that
there is more lipid available to invest in ovarian
development prior to the onset of spring blooms.
Nevertheless, the observation that peptide hormone
expression does not differ significantly between the
2 environments during winter means that further
elements must also be in place before the com-
mencement of vitellogenesis. For instance, Brown et
al. (2011) demonstrated that krill can alter the tim-
ing of their maturation according to the prevailing
light regime, implying that appropriate photoperi-
ods and light intensities may also be necessary to
facilitate ovarian maturation.

Immune function

Four types of cathepsin transcripts were up-regu-
lated in South Georgia winter krill: cathepsin L2, C,
K and cathepsin d-like protein. All the above cathep-
sins are likely to be localised in lysosomes with an
immune function to degrade intracellular or endocy-
tosed proteins. The up-regulation of i-type lysozyme-
like protein 1 probably assists in this process. This
result suggests that the threat of infection faced by
South Georgia Antarctic krill in winter is of the same
magnitude as that faced by Antarctic Peninsula krill
in summer. Therefore, not only are the infective

agent populations seasonally modulated, they are
also likely to be responsive to latitudinal clines in
environmental factors such as temperature. At the
Antarctic Peninsula, winter temperatures were be-
low 0°C, whereas they largely remained at or above
0°C year-round at South Georgia. It is likely that
many disease agents are unable to exist below freez-
ing point, but they may otherwise survive, infect and
lead to disease above such temperatures. This means
that the threat of infection will be higher at South
Georgia at all times of year and may represent one of
the major causes of mortality during the summer
months. The present study gives a rather limited
insight into this field but does indicate the value of
further studies into relative rates of infection across
krill habitats.

Motor activity and respiration

There was no evidence that the expression of
genes associated with motor activity (myosin, beta-
actin) or respiration (haemocyanin) were differen-
tially expressed between the winter time populations
at South Georgia and the Antarctic Peninsula. There-
fore, although South Georgia krill appear to have
greater feeding success during winter, fuelling
growth and reproductive development, levels of
activity in the 2 environments appear to be similar
during this time. This would suggest that both popu-
lations of krill are undergoing a phase of physiologi-
cal quiescence, despite the different prevailing envi-
ronmental conditions and light regimes. This does
not diminish the importance of external cues in syn-
chronising seasonal cycles in krill, but does suggest
that krill may be able to adjust to local conditions
when coordinating their life-cycle phases (Brown et
al. 2011). Such flexibility indicates that there is likely
to be a hierarchy of internal as well as external sig-
nals used to control these phases. The similarities in
wintertime gene expression patterns for activity and
respiration at South Georgia and the Peninsula
observed in the present study further testify to the
ability of krill to adapt to the wide range of conditions
that prevail within the Southern Ocean.

CONCLUSIONS

The present study is limited in scope, in that it con-
siders just 2 locations and just 1 sex within a specific
maturity stage. There is undoubtedly much to be
gained from extending the remit of such comparative
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expression analyses to further locations (encompass-
ing populations associated with sea ice or shelf envi-
ronments), other times of the year (such as transition
periods between winter and summer phases), and
other developmental stages (e.g. males and larvae).
Nevertheless, this study provides a degree of valida-
tion at the molecular level to some of the seasonal
physiological differences noted at the level of the
whole organism. In particular, seasonal alteration in
respiration rates were observed in the differential
expression of the oxygen carrier haemocyanin, while
a summertime up-regulation of motor genes such as
myosin and beta actin is consistent with higher levels
of activity noted at that time of year (Quetin et al.
1994). A comparison between locations is also inform-
ative in showing that overwintering physiology may
differ in some respects but remain similar in others.
For instance, feeding, digestion and reproductive
preparations occurred at a higher level during winter
at South Georgia compared to the Antarctic Peninsula.
Nevertheless, these differences appear to be achieved
without any notable differences in the molecular
expression of genes associated with respiration or
activity. A further advantage of the present approach
is that all physiological processes were examined
equally, with selection based purely on whether levels
of molecular expression differed between populations.
This allowed further seasonally- and spatially-
important processes to be identified that previous
studies have not addressed, most notably the expres-
sion of genes associated with immune function. Over-
all, this study shows that krill physiology is seasonally
modulated at the molecular level, and that the degree
of modulation is spatially flexible according to pre-
vailing environmental conditions. Future molecular
studies into seasonal changes in krill physiology
would likely benefit from improvements to the meas-
urement of gene expression, such as the use of oligo-
nucleotide arrays. However, the use of a technology
such as RNA-Seq to measure gene expression is very
problematic due to the lack of a fully sequenced Eu-
phausia superba reference genome; furthermore, full
sequencing is not likely in the near future due to the
large genome size (Jeffery 2012).
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