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Summary

Phenotypic plasticity in morphological, physiological, and behavioral traits is a common mechanism by which organisms adapt to environmental change. Behavioral plasticity, a subset of phenotypic plasticity, has been viewed as particularly important in allowing animals to adjust to environmental pressures. Expression of a behaviorally plastic trait is often facilitated by changes in hormone levels or patterns of gene expression. Here, we investigate the changes in gene expression and behavior associated with behavioral plasticity in an African cichlid fish. In the cichlid species Julidochromis transcriptus, males are generally larger, more aggressive, and more territorial than females. We find that typical sex-specific behavior can be reversed by changing intra-pair sexual size dimorphism to be female-biased, and that this behavioral change is accompanied by major changes in gene expression. A closely related species to J. transcriptus, J. marlieri, has evolved stable reversal in sex-specific behavior. We compare gene expression and behavior associated with these two female aggressive phenotypes and investigate whether female aggression in J. marlieri is likely derived from ancestral plasticity by comparing aggression related gene expression in J. transcriptus and J. marlieri. Overall, we find convincing evidence that distinct mechanisms regulate female aggressive behavior over plastic and evolutionary time scales. In both cases of female aggression, we see strong evidence of masculinization of gene expression patterns. We conclude that J. marlieri likely achieved sex-role reversal by co-opting pathways involved in male specific and plastic aggression. 
Introduction 

Phenotypic plasticity allows organisms to generate multiple alternative phenotypes in response to environmental or social conditions (Hofmann 2003). Though not all plasticity is adaptive, phenotypic plasticity can facilitate colonization of new niches (Aubret and Shine 2009), help species survive in changing environmental conditions (Scoville et al., 2010), or respond to changing social conditions (Renn et al. 2008).  Behaviors are phenotypic traits that are remarkably plastic, so much so that some authors have treated behavioral plasticity as a special case of phenotypic plasticity (Duckworth, 2009). .Behavioral plasticity can be crucial in initial adaptation to new environments or facilitate new modes of interaction between an organism and its environment (Duckworth, 2009).  Despite its importance as an ecological and evolutionary process, and recent advances in our understanding of the proximate basis of behavior, the proximate mechanisms underlying behavioral plasticity are not well understood in most systems.
The causal link between genetic variation, gene expression, and behavior has been well-documented for heritable behaviors (circadian rhythms in Drosophila: Konopka and Benzer 1971; chemotaxis in C. elegans: Dusenbery 1980; mating in Drosophila: Yamamoto et al. 1997). Advances in genomics have allowed researchers to determine genes and gene expression patterns associated with more complex behavioral traits Toth et al. 2010 ADDIN EN.CITE , 


Cummings et al. 2008, Ellis and Carney 2010 ADDIN EN.CITE , Gammie et al. 2007). The proximate basis of behaviors that are plastic in their expression has been studied in systems in which individuals undergo predetermined behavioral changes over the course of their lifetimes (Toth et al, 2008) or experience behavioral change as a result of a developmental switch between alternate life histories (Aubin-Horth et al. 2005). These studies have demonstrated that changes in the environment can trigger major changes in gene expression patterns and hormone levels which correlate with the plastic behavioral phenotype. Though progress has been made in understanding the genetic mechanisms associated with developmental plasticity in behavior less is known about the mechanisms underlying other forms of plasticity.
What molecular mechanisms are used in plastic behavioral responses? Some research has demonstrated that mechanisms used in constitutive responses can be co-opted for plastic responses, while other studies have suggested that plasticity requires distinct mechanisms from stable phenotypes. In the African cichlid Astatotilapia burtoni males cycle between dominant and subordinate states based on social interactions, and a large number of genes are differentially regulated between these two groups (Renn et al., 2008). Female A. burtoni can be induced to show male-like dominant behavior in certain social conditions, and though overall patterns of gene expression are divergent between dominant males and females, a subset of candidate genes known to be involved in aggressive behavior show shared expression (Fraser, 2005). In African and European honeybees, the same genes that are responsible for increasing aggression with age within species are responsible for species-level differences in aggressive behavior (Alaux et al., 2009? ). Toth et al. (2007) found that genes associated with maternal behavior in a primitively eusocial wasp were also utilized to regulate worker behavior, suggesting a mechanistic link between a phenotypically plastic and a stably expressed behavior. Other studies have found less evidence for shared regulation between plastic and stable phenotypes. In poeciliid fish, plastic mate preference behavior involves differential regulation of genes associated with mate preference compared to species which stably express this phenotype (Lynch et al., 2012). The large number of studies that have found similarity of gene expression mechanisms in plastic and constitutively expressed phenotypes may suggest a role for the co-option of existing regulation mechanisms in the expression of novel phenotypes (Montiero et al., 2009).
Sex-specific behavior is typically considered a fixed property of a species, but can be remarkably plastic. The most common sex behavior paradigm is that males exhibit aggressive and territorial behavior, while females perform a greater amount of parental care (birds: 


Burger 1981, Creelman and Storey 1991, Fraser et al. 2002 ADDIN EN.CITE ; fish: 
 ADDIN EN.CITE 
Keenleyside and Bietz 1981, Itzkowitz et al. 2001)
. In a small number of species, females are the more aggressive sex, while males are the parental 


(Berglund and Rosenqvist 2003, Emlen and Wrege 2004) ADDIN EN.CITE . Both patterns of sex-specific behavior, and conditions that favor its reversal, are predicted by theories of reproductive investment (Andersson 1994). However, a number of studies have documented plasticity in sex-specific behavior resulting from changes in sex-ratio or resource availability throughout the breeding season (butterflies: Westerman et al; fish: Forsgren et al. 2004; katydids: Gwynne 1985). Interestingly, such plasticity has only occasionally been demonstrated for species which are naturally sex-role reversed (see Berlung et al., 2005). Recent work has also revealed that in experimentally altered conditions, species that are thought to be stably sex-role conventional or sex-role reversed will exhibit sex-specific behaviors inconsistent with the species norm (Berglund and Rosenqvist 2003, Silva et al., 2009; more references). It is unknown how many species that are viewed as having stable sex-roles would have plastic behavior in certain social or ecological conditions, or whether plasticity in sex-specific behavior has lead to the evolution of sex-role reversal.
Cichlids are an ideal system in which to investigate the role of plasticity in the evolution of sex-specific behavior. Most cichlids naturally exhibit male aggression and female parental care 


(Keenleyside and Bietz 1981, Itzkowitz 1984, Kuwamura 1986, Kuwamura 1997) ADDIN EN.CITE ; this pattern may be driven by male-biased Sexual Size Dimorphism (SSD, 


Erlandsson and Ribbink 1997, Gagliardi-Seeley and Itzkowitz 2006) ADDIN EN.CITE . However, given environmental perturbations, many species exhibit flexibility in sex-specific behavior 


(Lavery and Reebs 1994, Itzkowitz et al. 2003 ADDIN EN.CITE , Fraiser et al., in prep).  The biparental cichlid genus Julidochromis shows remarkable plasticity and diversity in sex-specific behavior and parental care strategies. J. marlieri and J. ornatus are thought to be sex-role reversed,


(Barlow and Lee 2005, Schumer et al. 2011, Awata et al. 2006) ADDIN EN.CITE 
 while other species in this genus are considered sex-role conventional (Awata et al. 2006). Despite these general patterns of sex-specific behavior, field studies have revealed plasticity in sex-roles in some species. Even in female-larger J. ornatus, male-larger pairs have been observed to make up 20% of pairs found in the wild; in these male-larger pairs sex-specific behavior resembles what is typically seen in cichlids, rather than the species norm (Awata et al. 2006). This suggests that plasticity in sex-specific behavior in Julidochromis is affected by relative mate size. Behavioral plasticity may be particularly important in biparental species such as Julidochromis, in which both the male and female cooperate in rearing the young.

Here, we experimentally induce female aggression in a sex-role conventional species and compare gene expression to a species that has stably adopted sex-role reversed behavior. Julidochromis transcriptus shows the ancestral pattern of male-biased SSD and male aggression, while J. marlieri has evolved sex-role reversal, such that females are significantly larger (ref: Barlow?) and more aggressive than males (Schumer et al. 2011). However, Julidochromis species show plasticity in sex-specific behavior depending on ecological conditions. We compare gene expression patterns underlying behavior in the ancestral phenotype, natural J. transcriptus pairs, the derived phenotype, natural J. marlieri pairs, and artificial pairs of J. transcriptus individuals in which female aggression has been induced. Through this dataset we address the question of whether female aggression in J. marlieri likely evolved through an intermediate phenotypically plastic stage or by co-opting mechanisms used in male aggressive behavior. Specifically, we ask whether induced female aggression is regulated by the same genetic mechanisms as in stable aggressive phenotypes.  We also investigate whether there are particular gene expression patterns associated with female dominance or species regardless of natural sex-specific behavior. We find that altering relative SSD results in female aggression in J. transcriptus but that the proximate mechanisms underlying this behavior are distinct from those associated with stable aggressive phenotypes. 
Materials and Methods

Animal Husbandry 


All fish were maintained in 30 gallon tanks with a 5% daily water change, and light cycle including 11.5 hours of light with a 30 minute fade for dawn and dusk; water pH was 8 and 650 µS salinity. Conventional J. transcriptus and J. marlieri pairs were allowed to form naturally in mixed tanks of approximately 10 fish 
. Two fish were considered to have formed a mating pair when they established a territory together and held it for multiple days. After this period the pair was transferred to a 30 gallon observation tank that consisted of a neighboring pair of the same species and treatment separated by an acrylic divider. Each pair was provided with gravel substrate and an artificial nest. Artificial nests were made of two terracotta tiles (approximately 15 x 15 x 1 cm) with an entrance width of 8 cm, designed to mimic nest crevices that are used in the wild (Awata et al. 2006). Individual pairs that fought through repeated observations after being moved to an observation tank or in which an individual was injured by aggression from its partner were considered unsuccessful and were separated. Reversed J. transcriptus pairs were established by artificial mixed tanks that contained only females that were larger than the largest male in the tanks. 

Behavioral observations and analysis
The nests of twelve pairs (four pairs of each treatment: J. transcriptus conventional, J. transcriptus reversed, and J. marlieri) were checked each morning between 8:00-11:00 am for eggs and observed at least once weekly using the event-recorder Jwatcher (Blumstein et al., 2007). Ten minute observations were used to determine behavioral phenotype. Both males and females within a pair were observed simultaneously. The ethogram used included event measures of aggressive behaviors and parental care behaviors as well as duration measures of parental care behavior. Aggressive behaviors included: attack intruder, attack mate, approach intruder; parental care behaviors included: egg cleaning and time spent in nest. Variable
 number of pre-mating observations and two post-spawning behavioral observations were conducted for each pair, one on the day of egg laying and one twenty-four hours later. The total number of observations for each pair varied based on when eggs were laid but ranged from 3-11. To analyze behavioral data, a generalized linear model was implemented with the lme4 package in R. 

Sample collection

Twenty-four hours after the pair had laid eggs, both fish were simultaneously removed from the observation tank and immediately anesthetized using MS-222 (160 mg of MS-222 in 500 mL cichlid salt water, pH=8) and killed according to protocol (IACUC #2007.103). After the fish had been anesthetized (as indicated by slowed opecular movements and the fish turning on one side) two researchers simultaneously dissected the two fish. Following decapitation, the brain was removed immediately and stored in 1 mL RNA later (Ambion, Austin, Texas, USA) at 4°C for 24 hours and then at -20°C. Gonads were removed, weighed, and stored in 0.5 mL paraformaldehyde at 4°C. Samples were collected from four fish natural pairs each of J. transcriptus and J. marlieri, and three pairs of artificially reversed J. transcriptus individuals. 
RNA extraction and microarray hybridization

Whole brains were homogenized (Tissue tearor, Biospec products, Bartlesville, OK, USA) and total brain RNA was isolated using a standard Trizol (Invitrogen, Carlsbad, CA, USA) protocol. Total RNA was quantified with a Nanodrop 1000 (Thermo scientific, Wilmington, DE, USA). Each total RNA sample, ~ 1000 ng, was linearly amplified with a single round of Amino Allyl MessageAmp II aRNA amplification (Ambion, Austin, Texas, USA), according to manufacturer’s protocol. Four μg of the antisense aRNA samples, were dye-coupled with Cy3 and with Cy5 and quantified with the Nanodrop 3300 fluorospectrometer (Thermo scientific, Wilmington, DE, USA) prior to storage at -80°C. Due to poor extraction and amplification one male and one female of the artificially reversed J. transciptus pairs could not be used. Whole brains were used because specific brain regions associated with aggressive and sex-specific behavior in teleosts have not yet been identified. One limitation of this approach is  that this method can fail to detect certain changes in gene expression resulting from anatomical localization or counter regulation in different brain regions; this suggest that certain patterns of regulation may be missed by our technique (Filby et al. 2010).

Cy3 and Cy5 labeled samples were combined in equal quantities (1.5-2.5 μg) in hybridization buffer (Ambion Slide hybe buffer #1) and applied to the second generation cDNA array (GEO platform ID: GLP6416) designed for another Tanganyikan cichlid Astatotilapia burtoni 


(Renn et al. 2004, Salzburger et al. 2008) ADDIN EN.CITE  which has been validated for variety of cichlid species 


(Renn et al. 2004, Aubin-Horth et al. 2007) ADDIN EN.CITE . Additional verification for the use of this array in Julidochromis was also conducted (see details below). All individuals were compared directly in a nested modified loop design (Churchill 2002) incorporating dye swaps for greater statistical power. Each individual from conventional pairs was used for 2 to 3 hybridizations.  For the reversed J. transcriptus samples, each individual was used for 2 hybridizations, one to their mate and one to another member of the opposite species, incorporating dye swapping in a looped design.  These three looped designs within species and treatment were then connected with hybridizations between species and between natural and experimentally reversed treatments (Figure X). 

DNA extraction and microarray hybridization


Genomic hybridizations between J. transcriptus and J. marlieri were performed in order to identify genes with significant hybridization differences to the A. burtoni platform that could bias the expression results. Genomic DNA was isolated from fin clips; tissue was homogenized and then digested with a ProtineaseK solution.  DNA was then extracted using a standard phenol-chloroform procedure, quantified with a Nanodrop 1000, and pooled by species at equal concentrations for 6 individuals.  Species pools were then sheared to 2 kb with the Hydorshear (Digilab Holliston, MA). This sheared and pooled DNA was then fluorescently labeled for hybridization with Alexa Fluor® 555 or Alexa Fluor® 647 using the BioPrime® Plus Array CGH Genomic Labeling System (Invitrogen #18095-013).  Labeled samples were purified with the PureLink™ PCR Purification System and quantified using the Nanodrop 1000 to measure DNA concentration and dye incorporation.  

Equal quantities (1.5-2.5 μg) of Alexa Fluor® 555  and Alexa Fluor® 647  samples were combined in hybridization buffer (Ambion Slide hybe buffer #1) and applied to the same array used for expression assays. Two hybridizations were completed between each species incorporating dye swapping. 
Scanning and statistical analysis


Microarrays were incubated for 16-18 hours at 48°C and rinsed with a series of wash buffers prior to scanning on a GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA, USA) using the GenePix 5.1 imaging program. Spots with poor spot morphology or background artifacts were manually excluded. Raw data from GenePix 5.1 were imported into R [v.1.0 R-Development team, 2004, Vienna, Austria (R Development Core Team 2006)] for analysis with the Linear Models for Microarray Data package (LIMMA) (Smyth 2004). Array features were filtered for low intensity (<2 s.d. above local background).  Following subtraction of background intensity, data were normalized within arrays using the print tip LOESS method; and were grouped for analysis using the lmFit function modified to calculate exact p-values with missing data (Jones and Renn, unpublished). Features were evaluated for significant regulation using the empirical Bayes method (eBayes) (Smyth 2004), which compares gene expression differences between treatments. Features found to be significantly different between groups at p<0.01 were investigated using a gene annotation developed for the A. burtoni cDNA array (Renn et al. 2004); http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=a_burtoni). Raw and processed data are available at the GEOdatabase (www.ncbi.nlm.nih.gov/projects/geo/), Series: GSE23094 arrays: GSM569290 – GSM569309. Need to put the additional arrays on the GEO database.
MASK function

Inter-specific arrays using genomic DNA from the two species were used to determine genes with significant sequence divergence that could bias the expression results.  All genomic arrays were filtered and analyzed using the same methods as the expression arrays. The MASK function (Machado et al. 2009) allowed us to identify genes that were significantly diverged in J. transcriptus and J. marlieri so that these genes could be excluded from analysis.  The MASK function identifies genes that are significantly species biased based on the genomic array analysis (likely due to differential hybridization efficiency) and evaluates which of these genes are also significantly species biased in expression based on gene expression analysis.  This gene list can then be excluded from the analysis of the gene expression dataset.  Four genes were found to be diverged enough to be excluded from our analysis
 at a significance level of p=0.10. Of these, one was biased towards J. marlieri and 3 were biased toward J. transcriptus. 
 

Results and Discussion

Summary
Changing sexual size dimorphism with a pair induced a behaviorally plastic response in male and female J. transcriptus individuals. Female biased sexual size dimorphism resulted in an increase in female dominance within a pair and decrease in male aggressive behavior. These behavioral changes were accompanied by striking changes in phenotype and sex-specific gene expression, including upregulation of known behavior candidate genes. We propose that the major differences found between plastic and constitutive aggression-related gene expression stem from underlying differences in the ways in which stable and plastic phenotypes are regulated, including sex and phenotype specific neuroanatomy and development. In addition, we find convincing evidence that female aggression uses the same mechanistic pathways that underlie male aggression in Julidochromis. We also discuss our results in light of hypotheses about the role of plasticity in evolution. 
Phenotypic plasticity in behavior


Naturally forming pairs of J. transcriptus have male biased sexual size dimorphism and male biased aggressive behavior, while in another congeneric species, J. marlieri, this pattern is reversed (Schumer et al., 2011). We investigated whether reversing sexual size dimorphism in J. transcriptus could result in a reversal of sex-specific behavior, inducing female aggression and male parental care. We found that altering sexual size dimorphism resulted in a nearly complete reversal of conventional behavior patterns for J. transciptus. 
In naturally forming J. transcriptus pairs males are on average 2X longer and 1.3X the weight of their mates (Schumer et al., 2011); in the present study, SSD was altered so that females were on average 1.3X the length and 2X the weight of their mates. With female biased SSD, females became significantly more aggressive than males based on two out of three measures of aggressive behavior included in our ethogram. Females were significantly more likely to approach an intruder (p=0.018) and show intra-pair aggression (p=0.001), but were not significantly more likely to attack an intruder across the barrier (p=0.88; Figure 1). This mirrors aggression trends seen in conventional pairs. In contrast to previous observations, the subordinate individual within a pair did not spend significantly more time in the nest (p=0.55). After spawning, there were no significant changes in sex-specific behavior, but both males (p=0.005) and females (p=0.011) spent significantly more time in the nest. Additionally, there was a trend towards less territorial aggression in females (p=0.09); similar results were previously found in conventional J. transcriptus pairs. 
Changes in sex-role in response to environmental conditions have been observed in a number of species (references). In bush crickets, as resource availability changes throughout the breeding season, females change from the choosy to competitive sex (reference). Similar patterns have been observed in other species; sex-specific behavior responds plastically to resource availability (Borg et al., 2002; others), mate availability (reference), or ecological conditions (references). In the present study individuals responded to intra-pair size dimorphism. Our results demonstrate that when sexual size dimorphism is altered to reverse the species norm in J. transcriptus, individuals alter their behavioral phenotype to take on the phenotype dictated by their size, not sex. In cichlids, researchers have hypothesized that male territory defense and female parental care are an adaptive response to male biased SSD (Erlandsson and Ribbink, 1997; Gagliardi-Seeley and Itzkowitz, 2006), and in species with reversed SSD females perform more territory defense (Barlow 2005; Schumer et al., 2011, more refs). When SSD is artificially reversed so that females are larger, females are predicted to be more effective at territorial defense, and exhibit more aggressive behavior. Though these results do not directly test the hypothesis that plasticity in sex-roles is an adaptive response, they suggest that one consequence of behavioral plasticity could be more effective territory defense. 

Phenotypic
 plasticity can be adaptive in responding to novel environments, but maintaining a plastic response can be costly in non-variable environments (references). We found that pairs with reversed SSD had lower success rates than natural pairs. Size-reversed pairs were significantly more likely to fail than non-reversed pairs (p=). This suggests that though individuals were able to alter their behavior when intra-pair SSD changed, this plastic response was less stable. J. marlieri reversed pairs had an even lower success rate. Out of X attempted pairings, only X were considered successful, and out of these only X ever mated (p=). This suggests variability between species in the plasticity of sex-roles. Due to low success artificial pairs, we were unable to assess gene expression differences between males and females in reversed J. marlieri pairs. It is interesting to note that more behavioral plasticity was observed in the ancestral than derived behavioral phenotype. 
Patterns of gene expression

Comparisons of gene expression patterns show mechanistic similarities between the three aggressive groups. Both plastically and stably aggressive females show significant overlap with stably aggressive male related gene expression. Of X genes associated with aggressive J. transcriptus females at p<0.01, 14 genes overlap with those expressed in aggressive J. transcriptus males (Fisher’s exact test, p<0.0001). In aggressive J. marlieri females, patterns of gene expression are even more similar to male aggressive gene expression in J. transcriptus. 24 genes show shared regulator patterns between naturally aggressive males and naturally aggressive females at a p-value of p<0.01 (Fisher’s exact test, p<0.0001). Both of these findings suggest that some of the mechanistic pathways which underlie male aggression in Tanganyikan cichlids have been co-opted over both a plastic and evolutionary timescale to be used in regulating female aggression. Viewing gene expression patterns using a volcano plot demonstrates an even more extensive similarity between male and female aggression related gene expression. 

-sentence or two explaining the plots and this pattern

In addition, a number of genes expressed in plastically aggressive females are also found in the gene expression pattern of stably aggressive females. Plastically aggressive J. transcriptus females share upregulation of 13 genes with naturally aggressive J. marlieri females, demonstrating significant shared regulation between these two groups (Fisher’s exact test, p<X). These genes are not upregulated in subordinate J. transcriptus females, and their shared upregulation in plastically and stably aggressive females suggests that some pathways associated with the stably aggressive phenotype may have been initially involved in the production of plastic aggressive behavior. 

Finally, a large number of genes associated with plastically aggressive females are uniquely upregulated in this group. Novel gene expression associated with plastic phenotypes has been described in other systems (reference list) and may be a consequence of differences in the regulation of constitutive and plastic phenotypes (see below). 
Gene expression, behavior, and candidate genes

We found differential gene expression patterns associated with sex, species, and behavioral phenotypes. In contrast to previous findings, which relied on gene list comparisons, with increased power from direct comparisons and increased sample size, we find that there are many more genes whose expression is associated with sex than with species or most behavioral phenotypes (Table 1). Fewer genes were found to be species-specific in their expression. Aggression related gene expression was more pronounced than species-specific gene expression. The largest gene expression differences were found when comparing J. transcriptus males and females with induced sex-role reversal (see discussion below). 

Of
 the genes that were differentially expressed by sex, species or behavioral phenotype, a number are candidate genes associated with regulation of behavior in cichlids. In a previous study we identified two major candidate genes strongly associated with aggressive behavior: isotocin and parvalbumin. Isotocin, a paralog of vasotocin, was found to be associated with aggression in previous studies in cichlids (Schumer et al., 2011; Renn et al (?)), but is not associated with aggression in other fish (reference list). We found that isotocin was consistently upregulated in conventionally aggressive individuals, but not in groups with induced aggression. Parvalbumin, another aggression candidate, was found to be associated with conventional aggressive phenotypes, but also identified in this dataset as highly expressed in males and individuals in J. marlieri. Both candidate genes previously identified as aggression related were not found to be associated with aggressive behavior in J. transcriptus females. Gonadotropin subunit alpha, which has been identified as aggression related gene in some cichlids, was previously identified as male related in Julidochromis. In the present analysis we see evidence for male-specific regulation of gonadotropin but also find association between expression of gonadotropin and aggression in J. transcriptus. 
We also surveyed candidate genes known to be associated with aggression in other species in our dataset (Mackay paper, zebrafish paper, Gammie et al). Surprisingly, a number of candidate genes involved in regulating aggression in other species, were upregulated in aggressive J. transcriptus females, but not other aggressive phenotypes. Growth hormone releasing hormone, associated with aggressive behavior in fish
 and mice, was upregulated in aggressive J. transcriptus females, suggesting that it may be associated with plastic expression of aggression in Julidochromis. A receptor of AVT, one of the most well-established aggression candidate genes, was upregulated in J. transcriptus females, regardless of behavioral phenotype. Our results demonstrate that previously identified candidate genes may play a role in aggressive behavior in Julidochromis.
Effects of phenotypic plasticity on gene expression patterns
We see a striking pattern of increased differential gene expression induced by phenotypic plasticity compared to individuals exhibiting behaviors that coincide with the species norm (Table 1). Approximately three times as many genes are differentially expressed between males and females in the artificially reversed pairs than in conventional J. transcriptus pairs. Although major differences in gene expression are correlated with artificial reversal, phenotype-specific behavior in artificial pairs is no more extreme; artificially reversed females do not display more aggressive behavior in comparison with aggressive male conspecifics (Figure 1, 2). In fact, differences in phenotype-specific behavior are less pronounced in reversed J. transcriptus pairs. 
Because similar behaviors are produced with very distinct gene expression responses in natural and reversed J. transcriptus pairs (Figure 4), this suggests that there are major components of sex-specific behavior in conventional Julidochromis pairs that are not rooted in differences in gene expression. This supports the hypothesis that there may be anatomical differences or developmental changes that partially determine differences in sex-specific behavior. A number of other studies have observed major gene expression changes associated with plasticity (list of references & organism type), and this elevated gene expression response has been proposed as one of the costs associated with phenotypic plasticity (reference lists).
Differences in male-female neuroanatomy have been well-documented in a large number of species. These anatomical differences are thought to underlie differences in sex-specific behavior including song in birds and frogs (reference), mating behavior (reference), and differences in species-specific behavior (Jacobs & Spencer, 1994). This morphological patterning of the brain occurs during development and patterns the brain for male and female specific behavior (references). Hormones early in development regulate neuronal differentiation and patterns of cell survival and death; sex steroids are thought to be particularly important in influencing this patterning and adult behavior (Cooke et al., 1998; Morris et al., 2004). In addition, number and distribution of different hormone and neurotransmitter receptors is sexually dimorphic in the adult brains of many species (Canonaco et al., 1996; reference
 list). When environmental change induces a phenotypically plastic response, distinct gene expression and hormone responses may be required to compensate for this underlying anatomical patterning. Intriguingly, research suggests that long term exposure to stress or changes in hormone environment can change adult neuroanatomy (McEwen, 1999; Gurney & Konishi, 1980). Like other vertebrates, J. transcriptus males and females likely have sex-specific brain differences that are linked to behavioral differences. Behavioral reversal will then require regulation both of genes involved in producing aggressive behavior and genes involved in compensating for underlying sex differences in the brain. Such a compensatory changes could explain the dramatic regulatory changes associated with behavioral plasticity in J. transcriptus.
Research on the mechanisms underlying sex-specific neuroanatomy and its effects on behavior have identified testosterone as the major factor responsible for sex-specific brain patterning (Morris et al., 2004). High testosterone levels during development contribute to male specific behavior and suppress female specific behavior (reference). How sex steroids operate in patterning the developing brain in species with stable sex-role reversal has not yet been investigated. High similarity in gene expression between J. marlieri females and J. transcriptus males suggested that sex-role reversal could be mediated by the masculinization of the female brain; whether this is achieved through similar developmental mechanisms as in males is an exciting topic for future investigation.
Genetic toolkits and the evolution of behavior
Another potential mechanism of the evolution of female aggression is co-option of pathwayrs already used to produce male aggressive behavior. Though we find some evidence of genetic assimilation of genes plastically expressed in female aggression, we find stronger evidence of masculinization of gene expression in both J. transcriptus plastically aggressive females and J. marlieri females (Volcano plot fig). 

Modifying existing regulatory networks for the same or a similar phenotypes is a common evolutionary strategy (cite Carroll) and has been especially well-documented in development (reference). Complex traits are produced through coordinated expression and regulation of many gene pathways; creating complex traits denovo presents major problems (Montiero, 2009). This has lead to the hypothesis that much novelty in the expression of complex traits involves the co-option of existing mechanisms. For example, the gene Distal-less has been implicated in the development of butterfly eye-spots and beetle horns through convergent evolution (True &Caroll, Montiero—not primary), suggesting that the same regulatory pathways were co-opted in the evolution of these non-homologous traits. Recent research in the evolution of behavior has provided support for the hypothesis that a set of conserved genes can be repeatedly co-opted to produce similar behaviors in different contexts. In honeybees and paper wasps that are ~100 my diverged, similar molecular mechanisms are used to regulate an independently evolved foraging behavior (Toth et al., 2007
). In the African cichlid A. burtoni, analysis of gene expression in females induced to show aggressive behavior revealed that these females expressed many of the same genes associated with male aggression (Frasier et al., 2005). This research demonstrates that new behavioral phenotypes may often be produced through existing regulatory mechanisms.

In the present study we find strong evidence that female aggression on both a plastic and stable time scale involves the co-option of male aggression related regulatory pathways (Figure X). Intriguingly, this suggests that in the case of plastic female aggression in J. transcriptus, co-option can be achieved over a very short timescale. 
Of the genes
 that are differentially expressed between any pairwise comparison of the aggressive phenotypes, there is significantly more shared gene expression between naturally aggressive individuals (Figure 5). While J. transcriptus aggressive males and J. marlieri aggressive females share upregulation of 161 of the genes differentially expressed between any of the aggressive phenotypes, plastically aggressive J. transcriptus females only share 11 and 8, respectively (Fisher’s exact test, p=). This further demonstrates that different mechanisms underlie the regulation of aggressive behavior in evolutionarily stable contexts and in plastic responses. 
Sex-role reversal evolved in J. marlieri since it diverged from its common ancestor with J. transcriptus (reference phylogeny). Though both aggressive female phenotypes utilized existing male-aggression gene expression mechanisms, this pattern was much more pronounced in J. marlieri females. Plastically aggressive females showed a major regulatory response to induced plasticity, suggesting that production of a novel complex phenotype requires major gene expression changes not required when the phenotype is constitutively expressed. Our results provide strong support for the hypothesis that sex-role reversal in J. marlieri evolved through the co-option of pathways associated with male aggression. 
 
-Comparisons to A. burtoni females and males
Phenotypic
 plasticity and the evolution of behavior
Phenotypic plasticity is important not only in short term responses to environmental change, but can also be an intermediate step in evolutionary change. If an environmental perturbation that triggers phenotypic plasticity in a trait persists, natural selection may favor stable expression of that phenotype (Pigliucci, 2006) through genetic accommodation or assimilation. In addition to strong evidence of genetic assimilation in the evolution of morphological 
 ADDIN EN.CITE 

(Chapman et al. 2000, Wund et al. 2008)
, developmental (Gomez-Mestre and Buchholz 2006), physiological traits, genetic assimilation has been implicated in the evolution of behaviors including foraging behavior (Price et al., 2003), oviposition preference (Drosophila ref), and olfactory preference (Remy, 2010). 

Though historically research on genetic assimilation has been focused on the phenotypic level, recent research has demonstrated that phenotypic assimilation may be accompanied by assimilation of the regulatory mechanisms which produce that phenotype. Theoretical work suggests that existing gene regulatory circuits expressed during plastic responses can be co-opted over an evolutionary timescale (Espinosa-Soto et al. 2011). Experimentally, researchers showed that Daphnia populations co-opted a UV sensitive de-melanization pathway  to adapt to high predator density (Scoville & Pfrender, 2011). Similar patterns have been found in honeybee aggressive behavior (Alaux et al., 2009) and wasp foraging behavior (Toth et al., 2007). 
In the present study, we compared the regulation of phenotypic plastic behaviors to evolutionarily stable phenotypes. An examination of the molecular mechanisms associated with each aggressive phenotype suggests that genes initially associated with plastic female aggression may be involved in the production of the stably aggressive female phenotype
, consistent with mechanistic genetic assimilation. Stably aggressive J. marlieri females share significant gene regulation with plastically aggressive J. transcriptus females, suggesting that some of the mechanisms of induced aggression have become assimilated in J. marlieri. 
Conclusions

We find that sex-specific behavior in an African cichlid fish can be reversed by artificial reversal of sexual size dimorphism. By comparing gene expression patterns associated with this plastic reversal to gene expression patterns observed in two naturally aggressive groups, we conclude that there is little evidence for genetic assimilation of aggressive behavior in these species. Females with artificially induced aggressive behavior in J. transcriptus show few similarities in gene expression to females of a related species which have evolved female specific aggression. In addition, individuals induced to show behavioral plasticity have approximately three times more genes differentially expressed by phenotype than individuals that naturally show these behaviors. Despite this, the degree of behavioral differentiation between aggressive and subordinate individuals was similar in artificial and natural pairs. This suggests that major gene expression changes are required to overcome neural architecture or existing regulatory mechanisms in regulating behavior. We find that both stably and plastically aggressive Julidochromis females utilize gene expression pathways associated with male aggression. Intriguingly, we also find some evidence that the mechanisms associated with plastic female aggression have been assimilated in aggressive J. marlieri females. 
Acknowledgements
Table 1. 

	Group 1
	Group 2
	Genes regulated in Group 1
	Genes regulated in Group 2
	Candidate genes upregulated

	Male 
	Female
	691
	596
	

	J. marlieri
	J. transcriptus
	235
	223
	

	J. transcriptus artificially reversed females
	J. transcriptus artificially reversed females
	1132
	1139
	

	All aggressive
	All subordinate
	434
	505
	

	J. transcriptus aggressive males
	J. transcriptus aggressive females
	313
	344
	

	J. marlieri aggressive females
	J. transcriptus aggressive females
	229
	260
	

	J. transcriptus aggressive males
	J. marlieri aggressive females
	61
	65
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Figure 1. Average number of aggressive behaviors performed by individuals in a 10 minute period during pre and post mating conditions. Male (black) and female (gray) are stacked within pair with symbol size indicates the relative body size. J. transcriptus conventional males and J. transcriptus reversed females had significantly higher levels of aggressive behavior before spawning (p=,p= respectively) but not after spawning (p=,p=, respectively), while J. marlieri females were significantly more aggressive both before (p=0.00083) and after (p<0.0001) spawning.
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Figure 2. Average number of aggressive behaviors performed by individuals in a 10 minute period during pre mating conditions. Male (black) and female (gray) are stacked within pair with symbol size indicates the relative body size. Though not all reversed J. transcriptus females showed greater total aggression than their mates (Figure W), all reversed females showed greater intra-pair dominance (p=).
[image: image3.jpg]J. marlieri

J. transcriptus

J. marlieri

J. transcriptus

Artificially reversed
= J. transcriptus





Figure 3. Experimental Hybridization loop design used for all individuals. Each individual was hybridized to two or three conspecifics of the opposite sex. At least four hybridizations connected arrays between phenotype or species. The head of the arrow represents a sample labeled in Cy5 and the tail of the arrow represents a sample labeled in Cy3
.
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Figure 4. Heat map of clustered gene expression patterns associated with each phenotype.
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Figure
 5. Venn diagram showing overlap of genes that were differentially expressed (p<0.01) in direct comparisons of aggressive phenotypes. 
[image: image6.png]Log Odds

15

10

Jtrans reversed male vs female Jtrans conventional maleversus female

Log Odds

10 05 00 05 10 10 05 00 05 10

Log Fold Change Log Fold Change

Completely different gene expression patternsin reversed versus conventional aggression in transcriptus




[image: image7.png]Log Odds

Jtrans agg female versus J trans agg male Jtrans agg female (pink) versus J. mal aggressive female

10 05 00 05 10

Log Fold Change Log Fold Change

Essentially the same genes are differentially expressed between the two conventional and
reversed phenotypes




Figure
 6. Volcano plot showing A) genes differentially expressed between reversed J.transcriptus males (blue) and reversed J. transcriptus females and B) these same genes highlighted in comparison of conventional J. transcriptus males and females. C) genes differentially expressed between the two aggressive phenotypes in J. transcriptus, artificially reversed J. transcriptus females (pink) and conventional J. transcritpus males (blue) and B) these same genes highlighted in a comparison of the two female aggressive phenotypes, J. transcriptus reversed (pink), and J. marlieri conventional (blue). 
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List of abbreviations:

AVT

arginine vasotocin

GABA


gamma-aminobutyric acid

GAPDH


Glyceraldehyde 3-Phosphate Dehydrogenase

GEL50


Gene Expression Level 50

GHRH


growth hormone-releasing hormone

GnRH 

 gonadotrophin-releasing hormone

GSI


gonadosomatic index

LIMMA


Linear Models for Microarray normalization
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�More added to the end of this paragraph on the types of behavioral plasticity etc


�Is it really Awata et al. 2006? Or is it Awata et al. 2005?


�How many fish per tank? I think about 10-15 fish total?


�A variable number of…?


�Do you think it is sufficient to just refer to the figure? Writing it out seems to add a lot of complication to the methods


�I think I found 8 when I did it. I’ll look back through my thesis for that.  In my thesis I talked a little about the genes that were masked and annotated so we could include that too.  I think Heather’s paper that includes the explanation of MASKing has been published. 


�Do we care what these genes are?


�We should add it as a supplementary table, which we will also need for all our significantly regulated genes


�


Quinn can you add in this data when you have it?





-Compare success rates of pairs with and without reversal


-Compare number of eggs between reversed and conventional pairs (number eggs recorded in my lab notebook for conventional, number for reversed should be in Kelsey’s)





- Leese 2009, effects of size reversal on spawning success








�Double check all of these with final contrasts and gene lists, and new annotations
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�What sort of time period do we expect this sort of thing to be stable over?


�Any other papers on co-option of pathways associated with behavior?


�Are the J. trans male genes shared with aggressive females the same in both female aggressive groups?





Is the overlap between the two female groups excluding genes associated with male aggression?


�Shorten this section


�Do you think it’s worth having this as a separate figure in addition to the intra-pair aggression figure?


�Quinn do you want to add in any other details here?


�Pull out genes associated with sex and species from these gene lists


�Fix formatting, title etc
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