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Figure 1. Flowchart of suppression subtractive hybridisation procedure (from Ji et al. 2002).

the genes, their corresponding proteins, and the systems they
serve as components of behaviourally dependent physiology.
This can be efficiently achieved by screening gene expression
over time after rank manipulation using hierarchical clustering
techniques.

Changes in gene expression are an important component of
adaptation to a new environment (Schulte 2001) and possibly
to a new behavioural situation such as an aggressive encounter.
One option for an individual to respond to a new predicament,
such as environmental change or a confrontation with a com-
petitor, is to alter the expression of individual genes. This suite
of changes in gene expression, which integrates with biochem-
ical, physiological, and behavioural alterations occurring in re-
sponse to the demands of an environmental variable or a new
behavioural circumstance, collectively makes up the adaptive
response. Research on the shore crab demonstrated that there

are rapid changes in neuromodulators in response to engaging
in fights (Sneddon et al. 2000). Behavioural responses are usu-
ally the front line of adaptive responses to new circumstances.
However, social status has a great impact on the physiological
responsiveness of an animal, and so individuals of differing
dominance status have been shown to have quite contradictory
physiological outputs. Dominant individuals of rainbow trout
and Nile tilapia had a better food conversion efficiency for a
given food ration than did subordinates and as such had pro-
found metabolic differences promoted by social position (Met-
calfe 1986; Fernandes and Volpato 1993). This resulted in dom-
inants having high growth rates whereas subordinates showed
negative growth. Thus, dominance-subordinate relationships
can have profound consequences for the physiological status
and responsiveness of an animal. Therefore, any research that
intends to examine the consequences of dominance behaviour
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Figure 2. Flowchart of microarray technique for a reference-based
design.

Table 1: The function of the 71 genes
identified that differ significantly between
trout of different dominance status

Gene Function No. Clones

Ribosomal proteins 18
Protein turnover 14
Metabolism 13
Behaviour 11
Stress 9
Unknown 6

using an integrated approach to obtain novel results on the
molecular correlates of behaviour may provide evidence on
which genes are upregulated, remain unchanged, or are down-
regulated in individual rank members, and this information
can potentially be used to explain the mechanisms underlying
dominance behaviour.

The aim of this study is to construct a microarray using SSH
from a highly tractable and well-studied model system, dom-
inance hierarchies of rainbow trout, by subtracting between
dominant (rank 1), subdominant (rank 2), and subordinate
(rank 3) fish. We will describe the techniques employed to
produce a cDNA library from a brain. A preliminary analysis
was carried out to establish whether there were any significant
differences between individuals of different dominance status.

Material and Methods

Animal Maintenance and Behaviour

Rainbow trout ( ; g;n p 60 mean � SE weight p 50.3 � 1.0
length cm) were obtained from a commercial fish15.9 � 0.2
supplier and were held in -m tanks in an open system2 # 2
supplied by freshwater, fully aerated, and fed ad lib. with com-
mercial trout pellets. The fish were kept on a 12L : 12D regime
and were provided with an opaque cover over half of the tank
to provide an area for sheltering. The fish were kept for 2 wk
to allow the recovery from the stress of transportation and were
used only once feeding had resumed, and thus the fish were
unstressed. Fish were individually removed from the stock tank
and anaesthetised in benzocaine (0.05 g/L water), measured

using vernier callipers to 0.01 cm, and weighed to 0.01 g. The
fish were tagged subcutaneously above the eye on either side
using visible implant elastomer (VIE) tags. VIE tags can be
applied to a wide variety of small fishes without compromising
their growth, survival, or behaviour (Olsen and Vøllestad 2001).
Six groups of three size-matched (to within 2%) rainbow trout
were placed in glass tanks (90 cm) contain-cm # 45 cm # 55
ing a flow of freshwater and were aerated and kept on the same
light regime. Each tank was covered in opaque polythene at
the sides and rear of the tank along with an opaque screen in
front of the tank to minimise visual disturbance. Observations
were made through a small opening in the front of each tank
and commenced after a settling period of 1 d. The behaviour
of each fish within a group was recorded for 15 min twice a
day, and food was introduced at a rate of 1.5% body weight
during the observations. Behaviours noted were number of
attacks, number of retreats, and number of pellets eaten for
each of the three fish. Aggressive interactions allowed a daily
dominance score for each fish to be calculated (number of

of retreats), and a linear hierarchy could beattacks � number
determined for each group on each experimental day. There-
fore, the fish with the highest score was rank 1, the dominant;
a fish with an intermediate score was rank 2, the subdominant;
and, finally, the fish with the lowest score was rank 3, the
subordinate. Only groups that showed a clear difference in
behaviour were sampled, and the hierarchy had to be stable for
7 d. After 7 d, the fish were removed and humanely killed, and
the brains were carefully removed and placed in a 12-well plate
on dry ice. The tissues were then stored at �80�C before mRNA
extraction took place.

Library Production

Total RNA was extracted from the whole brain using the TRIzol
method (Sigma Chemical), where the brains were homogenised
in TRIzol (1 : 10 vol) in a 15-mL tube. Total RNA was then
extracted using chloroform (1 : 5 vol) and then precipitated
using isopropanol (1 : 2 vol) followed by 70% ethanol (1 mL).
After the addition of each reagent, the tubes were centrifuged
at 10,000 g for 15 min at 4�C and kept on ice during the
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Figure 3. Gene expression profiles of dominant, subdominant (Subdom.), and subordinate (Subord.) rainbow trout ( ). Lines across then p 9
profiles represent one cDNA probe. Those in red show upregulation, those in green show downregulation, and those in yellow are unchanged.
On the left are the results of a hierarchical cluster analysis that clusters together coexpressed genes showing a similar profile.

procedure. The supernatant was discarded, and the resulting
pellet containing the RNA was dissolved in 100–200 mL DEPC
water. The quality of the RNA sample was confirmed by run-
ning a northern blot on a 1% agarose gel. mRNA was isolated
using the GenElute Direct mRNA Miniprep Kit (Sigma). At
this stage, mRNA from each dominant ( ) was pooled, asn p 6
was mRNA from the subdominant and subordinate, to give the
three dominance states. The following protocols were carried
out on these three samples.

First, strand cDNA synthesis was carried out using the Clon-
tech SMART cDNA Library Kit (BD Biosciences). Details
of this are available at http://www.clontech.com/clontech/
techinfo/manuals/PDF/PT3000-2.pdf. When we used the con-
stituents in the kit, the mRNA was reverse transcribed to cDNA
and amplified by polymerase chain reaction (PCR). The re-
sulting cDNA samples were digested using Hae III (New En-
gland Biolabs) to give cDNA fragments cut at 5′ … GG/CC …
3′ and 3′ … CC/GG … 5′ recognition sites. These were separated
by base size using Chromaspin filters, and fragments lower than
300 base pairs were discarded.

From each sample 1 mL of cDNA (300 ng/mL) was diluted
in 5 mL of PCR-grade water. In separate 0.5-mL tubes, the N1
adaptor and N2R adaptor were ligated to each of the three
samples using T4 DNA ligase (New England Biolabs). The NI
adaptor was comprised of a long-sequence 5′ CTA ATA CGA
CTC ACT ATA GGG CTC GAG CGG CCG CCC 3′ and a
short-sequence 5′ ACC TGC CCG G 3′, and the N2R adaptors
consisted of a long-sequence 5′ CTA ATA CGA CTC ACT ATA
GGG CAG CGT GGT CGC GGC 3′ and a short-sequence 5′

ACC TCG GCC G 3′ (MWG Biotech). These were incubated
overnight at 16�C and inactivated by increasing the temperature
to 72�C for 5 min. This provided three tubes for each sample:
(1) driver cDNA with no adaptors, (2) cDNA with N1 adaptors,
and (3) cDNA with N2R adaptors (see Fig. 1). Eight hybridi-
sations were run for 20 h at 68�C: (A) 2 mL of dominant cDNA
plus 2 mL of N1 subdominant cDNA, (B) 2 mL of dominant
cDNA plus 2 mL of N2R subdominant cDNA, (C) 2 mL of
dominant cDNA plus 2 mL of N1 subordinate cDNA, (D) 2
mL of dominant cDNA plus 2 mL of N2R subordinate cDNA,
(E) 2 mL of subdominant cDNA plus 2 mL of N1 dominant
cDNA, (F) 2 mL of subdominant cDNA plus 2 mL of N2R
dominant cDNA, (G) 2 mL of subordinate cDNA plus 2 mL of
N1 dominant cDNA, and (H) 2 mL of subordinate cDNA plus
2 mL of N2R dominant cDNA. After 20 h, 0.5 mL of dominant
cDNA was combined with A and B into one tube; 0.5 mL of
dominant cDNA was combined with C and D into one tube;
0.5 mL of subdominant cDNA was combined with E and F into

one tube; and 0.5 mL of subordinate cDNA was combined with
G and H into one tube. The four resulting tubes were incubated
at 68�C for 20 h. The tubes were then heated to 72�C for 7
min and stored at �20�C.

From each of the four tubes, 1 mL of subtracted cDNA was
placed in a PCR tube along with a PCR mixture containing
PCR primer 1 (5′ CTA ATA CGA CTC ACT ATA GGG C 3′;
MWG Biotech). After this PCR reaction, 1 mL of the resulting
samples was placed in separate PCR tubes for a second PCR
containing the nested PCR primer 1 (5′ TCG AGC GGC CGC
CCG GGC AGG T 3′) and the nested PCR primer 2R (5′ AGC
GTG GTC GCG GCC GAG GT 3′). After this PCR, the mixture
was enriched for differentially expressed cDNAs. In addition,
those that varied in abundance in the original mRNA sample
should have been in roughly equal proportions. See work by
Diatchenko et al. (1996) for a full review of the methodology
and concepts behind SSH.

The PCR products were placed in Chromaspin 1000 filters
(BD Biosciences) to fractionate the samples and obtain only
large cDNAs because fragments above 300 base pairs were suit-
able for library production. The cDNAs were then ligated into
a vector, pGEM-T (Promega), by using T4 ligase from the
Clontech SMART cDNA Library Kit. The cDNA clones were
then transformed into Electromax E. coli cells (Invitrogen) and
incubated at 37�C for 1 h in SOC medium (Invitrogen). The
cells were then diluted 1 mL into 9 mL of sterile water and
spread on LB agar plates with ampicillin, IPTG, and X-Gal.
This ensured that colonies containing a clone would be white
in colour whereas other colonies would be blue. The plates
were incubated overnight at 37�C. The plates were kept at 4�C
for 2 d, and then the white colonies were carefully picked into
384-well plates containing 50 mL of LB broth with ampicillin
in each well. These were incubated overnight at 37�C and then
placed at �80�C for storage.

The clones were amplified by PCR in the presence of SP6
and T7 primers (5′ ATT TAG GTG ACA CTA TAG 3′ and 5′

AAT ACG ACT CAC TAT AGG 3′, respectively; Sigma) in 96-
well plates. Clones were checked for quality on 1% agarose gel
to ensure they were of an acceptable length (1300 base pairs).
Purified PCR products were gridded onto poly-L-lysine-coated
slides using a BioRobotics MG2 spotting robot. Approximately
3,000–8,000 products were printed per slide, including a set of
house-keeping genes and synthetic standards, with genomic and
vector DNA as internal standards and controls for normal-
isation.
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Table 2: The nine major clusters identified from
the hierarchical clustering analysis

No. Clones Subdominant Subordinate

478 Down Up
283 Up Down
134 Same Up
92 Up Same
89 Down Up
44 Up Same
14 Up Same
13 Same Down
10 Up Down

Note. Table shows the expression patterns of the subdominant

and subordinate relative to the expression profile of the domi-

nant, that is, those genes showing significant downregulation

(down) and upregulation (up) and those that were not signifi-

cantly different (same).

Hybridisation to Microarrays

Three hierarchies were chosen for a preliminary analysis of gene
expression; therefore, the brains of the three ranks from three
hierarchies had mRNA extracted. Probes were produced from
the tissue mRNA by reverse transcription of mRNA in the
presence of amino-allyl adducts and were subsequently labelled
with Cy3 (green) and Cy5 (red) dyes for the control and treat-
ment groups, respectively. Microarrays were cohybridised with
these labelled cDNA probes at 65�C overnight in Genetix hyb
boxes. A single-control mRNA was formed by pooling from
all sources (see Fig. 2). Fluorescent images from the hybridised
microarrays were captured using a Genepix 4000A laser scan-
ning microscope. The fluorescence data were expressed as a
normalised ratio of Cy5/Cy3 fluorophores bound to each spot
on the slides by using proprietary and public domain software.
A global normalisation factor was applied to the data so that
the median log fluorescence ratio on each array was 0. Statistical
analysis was performed using a hierarchical cluster analysis
technique to identify coexpressed genes that are up- or down-
regulated in dominant, subdominant, and subordinate indi-
viduals. ANOVA was used to test whether these differences were
significant at the 5% level using the Benjamini Hochberg mul-
tiple correction factor.

Results

One 384-well plate was produced for each of the four sub-
tractions, giving 1,536 brain cDNA clones. Out of these clones,
490 were sequenced, with 307 producing significant hits using
BLAST searching and 183 having no hit and thus being un-
known. Out of the identifiable clones, there was a high level
of redundancy, with only 71 gene identities. For example, one
clone had 75 copies within the library. The identities of the
genes will be published elsewhere (L. U. Sneddon and A. R.
Cossins, unpublished manuscript). However, the biological
function of these genes is shown in Table 1. The majority of
genes are involved in metabolism followed by protein synthesis
and catabolism, ribosomal proteins, genes known to be impli-
cated in behaviour, and stress with a number whose function
is unknown.

From the statistical analysis of three dominant individuals,
three subdominants, and three subordinates, 1,165 probes on
the array showed significant differences ( ) in expressionP ! 0.05
(Fig. 3). Each line across the profile represents one cDNA probe,
with probes in red upregulated, probes in green downregulated,
and probes in yellow unchanged in expression. A hierarchical
clustering analysis that clusters together coexpressed genes was
carried out on the significant genes to identify genes with sim-
ilar expression profiles, and the results can be viewed in Figure
3 and Table 1. Out of this analysis, there are nine major clusters
although the analysis does show clusters within these nine pri-
mary expression profiles. Genes showing similar expression
profiles between the ranks are illustrated in Table 2. The ri-

bosomal genes tended to cluster together with an upregulation
in the subdominants and downregulation in subordinates rel-
ative to the dominant. Protein catabolism and also metabolic
genes showed a downregulation in subdominant. Stress-related
genes were upregulated in the subdominant (full analysis, L.
U. Sneddon and A. R. Cossins, unpublished manuscript).

Discussion

This preliminary analysis has shown that there are profound
gene expression differences between rainbow trout of differing
dominance status. There were clusters of genes showing par-
ticular patterns between the ranks, with some genes showing
upregulation in the dominant compared with the other ranks
and some genes showing upregulation in the subdominant and/
or subordinate compared with the dominant. Therefore, from
this study, it is possible to correlate gene expression profile with
rank. It is difficult to separate cause and consequence in be-
haviour, and because these samples were taken after the dom-
inance hierarchy had been stable for 7 d, it is more likely that
these are consequences. However, identifying these genes and
possibly manipulating them in future studies may provide a
means of better understanding the causes and consequences of
dominance at the molecular level. Transgenics and knockout
technology are currently difficult to study in fish models, but
this is possible in mice, so it may be that in the immediate
future, one may have to swap models to achieve these aims.
Studies have shown that there are differences in physiological
parameters before dominance is established, and this could be
used to predict dominance, for example, serotonin and do-
pamine (Sneddon et al. 2000) stress responsiveness in trout
(Pottinger and Carrick 2001). This link between rank-
dependent behaviour and molecular phenotype is poorly de-
scribed, but we hypothesise that it is of major importance in
understanding how fitness varies between otherwise similar in-
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dividuals. Because there are major differences in behaviour,
growth rates, and other physiological parameters such as stress
hormones (Sloman et al. 2000), it would be intuitive that gene
expression is different between animals of different status.
Dominant individuals have a higher growth rate because they
obtain the greatest proportion of food and have a better growth
conversion efficiency (Metcalfe 1986); therefore, this will po-
tentially affect protein turnover and metabolism as well as many
other factors and may explain the differences in gene expres-
sion. The majority of genes were indeed involved in ribosomal
processes, protein turnover, and metabolism, which is a similar
result shared by other microarray studies (Gracey et al. 2004).
However, genes that are related to stress and behaviour were
also identified and may act as candidates for future studies to
establish a causative link with dominance behaviour (identities;
L. U. Sneddon and A. R. Cossins, unpublished manuscript).

Aggression is a major problem in humans, and understand-
ing this complex behaviour has fuelled the nature/nurture de-
bate that attributes aggressiveness to DNA rather than the en-
vironment and free will (Robinson 2004). Behavioural variation
is affected by genes, the environment, and the interaction be-
tween them. This study shows that gene expression is correlated
with dominance rank, with animals of different status showing
different behaviours. More than 1,000 genes appeared to differ,
and they may contribute to the obvious behavioural differences
as well as the plethora of physiological measurements made by
other studies (e.g., Winberg and Lepage 1998; Øverli et al. 1999;
Sloman et al. 2000; Pottinger and Carrick 2001). Genes can
affect natural behavioural variation in distinct ways (Ben-
Shahar et al. 2002). Allelic variation causes alternative behav-
ioural phenotypes whereas changes in gene expression can in-
fluence changes in behaviour at different stages (e.g., the for
gene in honeybees; Ben-Shahar et al. 2002). It may be the
promoter or regulatory elements of these genes that differ be-
tween animals rather than the genes per se. Therefore, this may
explain the differences in gene regulation seen between the
ranks in this study where the dominant genome responds in a
distinct way to the social situation, with the two other ranks
having a different gene expression profile. Variation in the pro-
moter regions of the serotonin transporter gene have been
shown to cause behavioural disorders in hominids and mice
rather than any difference in the gene sequence (Lovejoy et al.
2003).

Microarrays have been successfully used in understanding
physiological responses to hypoxia in the goby Gillichthys mi-
rabilis (Gracey et al. 2001) and zebra fish (Ton et al. 2002);
natural variation in populations of killifish Fundulus heteroclitus
(Olesiak et al. 2002); identification of genes involved in de-
velopment in the gastrula of zebra fish (Dickmeis et al. 2001);
the response of channel catfish Ictalurus punctatus (Ji et al.
2002) and common carp Cyprinus carpio (Gracey et al. 2004)
to cold; and the response of sheepshead minnow (Cyprinus
variegatus variegatus) and largemouth bass (Micropterus sal-

moides) to endocrine disruptors (Larkin et al. 2002a, 2002b,
2003). The SSH strategy used here demonstrated that approx-
imately 76% of the cDNA probes on the array were significantly
different between dominance states, thus demonstrating the
efficiency of our library although perhaps not surprising. It
may be that the remaining 24% of cDNA probes were not
significant at the 5% level or that occasionally the robot pin
heads do not contain enough PCR product, so some probes
are not printed on the array. This was taken into account in
the analysis by including only gene spots that appeared in 16
of the 18 arrays. The library, however, had a high level of
redundancy, with a number of clones being repeats; therefore,
perhaps the SSH did not successfully produce a fully subtracted
library. The problem may lie in the fact that the SSH procedure
uses digested fragments of DNA; therefore, if the fragments of
one gene are not complementary to one another, they will not
be removed by the subtractive hybridisation. We recommend
full-length cDNA recapture with normalisation and subtraction
because this technique has been a success in this laboratory for
carp and roach libraries. This study has shown the feasibility
of this approach in a traditional behavioural context, and it
has the potential to identify multigene systems that correlate
with dominance status. This model-independent approach will
generate new hypotheses testing the ecological and evolutionary
significance of dominance status by manipulation of the can-
didate genes identified in this study.
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