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Objectives 
Aim 1: Test the hypothesis that radiated lineages have increased gene duplicates.  We will use aCGH 
to quantify gene duplicates in 15 cichlid species from 3 independent adaptive radiations and contrast 
results for each with a phylogenetically close, non-radiated lineage.  
 

Aim 2: Expanded phylogenetic context for gene duplication rate and intra-specific CNV. We will 
characterize duplication rate and persistence time using qPCR across an extended phylogenetic range 
while also investigating individual variation within each species. 
 

Aim 3: Sequence analysis to study the evolution of gene duplicates. We will use sequence analysis of 
paralogs and orthologs to investigate evolutionary history and modern fate of gene duplicates.    
 

Aim 4: Test the hypothesis that sequence divergence of specific gene classes occurs in radiated 
lineages or is associated with adaptive phenotypes. We will use aCGH to identify highly diverged 
genes among the species addressed in Aim1.   
 
Significance 
Adaptive radiation, a prominent feature of evolution, results in remarkable phenotypic diversity. 
Similarly, gene duplication, a prominent feature of molecular evolution, results in remarkable 
evolutionary novelty and is thought to be responsible for the origin of 30-65% of all eukaryotic genes4. 
Although the adaptive potential for gene duplicates was recognized by early geneticists5,6, Ohno's work7 is 
the first synthesis of these ideas and description of the maintenance of gene duplicates contributing to 
adaptation. Now termed neofunctionalization, subfunctionalization and gene conservation (or dosage), 
these fates8,9 are often modeled as the result of natural selection8 and/or neutral evolution10-12.  
 
Among the East African cichlids, which exhibit remarkable morphological, ecological and behavioral 
diversity13, there are lineages that have not undergone radiation even when the ecological opportunity 
arose14, thus offering the opportunity to compare genomic architecture of radiated and non-radiated 
lineages. By collecting gene duplicate data on a genome-wide scale in multiple independent radiations, 
we aim to provide a rigorous test regarding the genomic architecture of adaptive radiation. Due to the 
recency of these radiations, and the array-based techniques, we will recover young gene duplicates whose 
characterization can address gaps in our understanding of the evolutionary processes that maintain gene 
duplicates. Answering these questions will also address the more fundamental problem of how genotype 
maps to phenotype.  
 
The data generated by the macroevolutionary work proposed will make a significant contribution to 
ongoing cichlid genome sequencing projects15, to the development of genomic tools, and will further 
studies concerning the microevolution of gene duplicates. Population genetic models of gene duplicate 
evolution are needed and the cichlid adaptive radiation provides an appropriate model system for 
empirical research at this level. We have primarily focused our attention at the level of species in order to 
conduct a rigorous, ambitious, genome-wide analysis that is achievable within the allotted timeframe.  
 
In addition to the broad implications regarding the evolutionary processes and the general implications for 
the cichlid research community, the data collected will be directly relevant to the ongoing research 
programs of both PIs. These results will aid in the interpretation of the heterologous gene expression 
profiling performed by Dr. Renn and her students. Similarly, the data will be informative with regard to 
the process of speciation and patterns of gene exchange exhibited by different taxa in different ecological 
situations that are the focus of Dr. Lunt's research program. The Reed College students have demonstrated 
success with the aCGH, qPCR and cloning techniques that are proposed. 
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Background and Literature Review  
Adaptive Radiation; Specifically the Cichlid Radiation 
Adaptive radiation, the evolution of genetic and ecological diversity leading to species proliferation in a 
lineage, is classically viewed as the result of differential selection in heterogeneous environments16-18. 
Examples of such radiations include the Cambrian explosion of metazoans19, the diversification of 
Darwin’s finches in the Galapagos Islands20, variations in amphipods and cottoid fish in Lake Baikal21, 
the Caribbean anoles22, the Hawaiian Silverswords23 and the explosive speciation of the cichlid fishes in 
the African Great Lakes24,25. While fascinating unto itself, the rapid speciation associated with adaptive 
radiation also provides insight to a broad range of questions in evolutionary biology, relating to factors 
that play a role in speciation, such as genetic drift and population size26,27, strength of selection27 and gene 
flow with hybridization28-30. 
 
While cichlids can be found on several continents31, the most dramatic assemblages, representing the 
majority of the morphological, ecological and behavioral diversity, are found among lacustrine radiations 
endemic to the large freshwater Lakes Malawi, and Victoria24 and previously in lake Makgadikgadi32. As 
the product of an incredible series of adaptive radiations in response to local variation in the physical, 
biological and social environment14,24,33, East African cichlid fish account for ~10% of the world’s teleost 
fish. While all studies of African cichlid radiations agree that they are among the fastest and largest of the 
known vertebrate adaptive radiations14,34,35, the genomic changes driving, or resulting from, this adaptive 
evolution are largely unknown. Importantly, some radiated lineages possesses a close relative that has not 
undergone radiation14 (Fig. 7). The ability to compare closely related lineages that have and that have not 
undergone evolutionary radiation provides a critical tool to identify genomic features that promote, or 
correlate with, adaptive radiation.    
 
The Genomic Architecture of Adaptive Radiation 
Among the extant models of adaptive radiation we see common features that include evidence for parallel 
evolution, prevalent examples of convergence, roles for non-ecological processes and interesting 
exceptions of stasis28. While natural selection36, sexual selection37 hybridization28, and drift38 play roles in 
adaptive radiation, the apparent impunity to ecological forces witnessed by the lineages in stasis suggest 
that inherent genetic/genomic processes may also exist. Because the rate of speciation is higher in 
lineages whose precursors emerged from more ancient adaptive radiations, Seehausen14 speculated that 
the propensity for speciation is attributable to "genomic properties that reflect a history of repeated 
episodes of radiation". If this is true, architectural differences should exist in genomic structure of 
radiated and non-radiated lineages. The proposed project uses modern genomic techniques to identify 
these architectural differences with regard to gene duplications and sequence divergence in order to 
address outstanding questions regarding the genetic basis of adaptive radiation.  
 
The Role of Gene Duplication in Evolutionary Innovation 
It is well established that gene duplication and the subsequent evolution of duplicates is an important 
source of genetic39,40 and functional novelty7,9. Duplicated loci, which may arise through transposition41, 
polyploidy42,43, retrotransposition44, and segmental45 or tandem46,47 duplications, are prevalent in genomes 
of organisms belonging to all three domains of life. Despite a high probability of loss due to drift48 and 
silencing by degenerative mutations49, 30-65% of all functional genes4 are thought to have originated 
through the more rare event of fixation for gene duplicates50.  Current genomic research (e.g. 
primates51,52; plants53,54; mammals55; genetic model organisms49) supports the classic work of Ohno7 that 
proposed a prominent role for gene duplication in evolutionary expansion. The extra gene copies may 
have phenotypic effects that enhance survival, fitness and adaptation. For example, gene duplications are 
known to be involved in adaptive evolution in response to diet56-59, chemical challenge60,61, herbivore 
defense62 and reproduction40,63. Such adaptations can allow diversification into new niches, as has been 
suggested for cold adaptation (Antarctic ice fish64; plants65) and novel metabolic processes (C-4 
photosynthesis66; non-shivering thermogenesis67). Appreciation for the pervasive nature of inter-specific 
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gene duplication has been reinforced by intra-specific genome studies that identify dramatic gene copy 
number variation (CNV) between individuals (mouse68; human69-71; Drosophila72; Arabidopsis73). Among 
dog breeds, which offer a model for adaptive radiation despite being the product of artificial selection, 
recent work has identified breed-specific gene duplicates associated with breed-specific traits74. 
Importantly, between canines75 and among dogs74, a significant proportion of the gene duplications can be 
used to dissect evolutionary relationships despite the admixture prevalent among dog breeds - a situation 
to which the cichlid phylogeny is often likened. Within the cichlid radiation, a number of duplicate loci 
are known to be involved in functional/phenotypic divergence (pigmentation76,77 78; opsins79-82; sex-
determination83,84; neurohormone systems85; hox genes86) 
 
The evolutionary fate of gene duplicates may increase fitness though different mechanisms that impact 
the evolutionary potential of a species. While there is high probability that any one gene duplicate will be 
rapidly lost by random genetic drift87, a duplicate can also be retained as a by-product of non-adaptive 
evolution10-12. In the rare event that a functional duplicate rises in frequency, selective pressures may 
dominate. In some cases, multiple copies of the same gene are thought to have adaptive potential purely 
because these copies increase the amount of gene product60,64,88 while gene sequence remains unchanged 
(conservation mechanism). Beyond such dosage effects, there can be adaptive nucleotide substitutions 
either during89 or after90 the fixation of the duplicated locus. Thus, the maintenance of gene duplication 
has long been thought to provide a faster track to adaptation and evolutionary novelty in various ways. 
Relaxation from pleiotropic constraint may allow the partitioning of previous gene function 
(subfunctionalization)91,92 or the evolution of a novel function (neofunctionalization)62,93,94 through major 
or minor sequence changes (e.g. opsins95, olfactory receptors96). While possibly representing stages along 
a continuum for a single process97, there is evidence for each fate.  
 
Considering flies, worms and yeast, the estimated average duplication rate is 0.01 per gene per million 
years49,98 and ranges from 0.0014 - 0.0039 among mammals99. Thus gene duplication has the potential to 
generate substantial molecular substrate for the origin of evolutionary novelty, as it occurs at a rate that is 
of the same order of magnitude as the rate of mutations per nucleotide site100, such that an estimated 60 - 
600 gene duplications per million years may be expected to arise between sister taxa49. 
 
Array Comparative Genomic Hybridization (aCGH) to Assay Genome Content 
Originally championed for analysis and diagnosis of gene dosage and chromosomal aberrations 
underlying cancer101-103, aCGH has been optimized for the identification of gene duplicates, which may be 
collapsed during the shotgun sequence assembly104. The thoroughly validated and 
standardized53,102,103,105,106 aCGH technique relies on basic DNA chemistry. When using aCGH to compare 
genome content between two species, one of the gDNA samples is isolated from the species for which the 
microarray was constructed, and the other gDNA sample is isolated from a heterologous species of 
interest. Genomic regions that have been deleted or are highly diverged in the heterologous sample will 
fail to hybridize strongly to the array features resulting in a log ratio less than zero. Conversely, genomic 
regions that have been duplicated will hybridize at a ratio of 2:1 (or greater), resulting in a log ratio 
greater than zero. Through repetition with multiple heterologous species, a phylogenetic study can 
address genome content in a broad range of related organisms1,2,70,107 without the need for full genome 
assembly, which is required for next-generation DNA sequencing techniques52,108.  
 
Beyond the assessment of copy number variation within a species109 and between closely related lineages 
(D. discoideum110; Drosophila111; experimental evolution in yeast112; dog breeds74), the aCGH technique 
has been used to reveal genomic regions likely involved in an organism’s ability to inhabit a specific 
environment (Chlamydia trachomatis: tissue specificity113; Sinorhizobium meliloti: root symbiont114; 
Clostridium difficile: host specificity115) or enact specific pathogenicity (Vibrio cholerae116; Yersinia 
pesits117; Mycobacterium tuberculosis118,119). The technique has also identified genomic duplications and 
deletions associated with population divergence and speciation in Anopheles gambiae120,121 as well as 
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genomic regions that differentiate humans from other primate species51,70,122. With aCGH, it is also 
possible to identify rapidly evolving genes (Paxillus involutus123) and in some cases lend insight to 
phylogenetic relationships (Shewanella124; Saccharomyces107,125; Salmonella126).  
 
While most studies rely only on presence or absence metrics, a few studies have suggested a roughly log-
linear relationship between aCGH hybridization ratio and nucleotide identity 113,127,128. Recently, we have 
conducted a detailed characterization this relationship3 and investigated the interaction between sequence 
divergence and gene duplication. These efforts reveal the type of gene duplicates that are most 
successfully identified across diverged species by aCGH2. While these proof-of-concept experiments 
were conducted with Drosophilids , we have also initiated investigation of cichlid gene duplicates1. 
 
Summary 
The African cichlid adaptive radiations constitute an ideal system to answer long-standing hypotheses 
about the role of gene duplication in phenotypic diversification and species proliferation. While it is well 
established that gene duplication and the subsequent evolution of duplicates is an important source of 
genetic and functional novelty, few studies have address this topic in a broad phylogenetic context beyond 
genome sequence analysis. We will directly test the association of gene duplicate number, duplication rate 
and retention of gene functional categories with the enhanced speciation and ecological diversification. 
Furthermore, by sequence analysis, we will test the hypothesis regarding the evolutionary history and 
modern fate of gene duplicates and address the degree to which positive selection is responsible for the 
evolution of gene duplicates. Not only does the proposed methodology ensure confident results, these 
techniques have been successfully employed by Reed College studdents. Hence, this work provides a 
golden opportunity to integrate of scientific inquiry with undergraduate research and curriculum. 
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Proposed Experiments and Methods 
We propose to construct a Nimblegen 720K oligonucleotide microarray for our aCGH experiments. The 
development of a Nimblegen array platform will be a substantial improvement over the current cDNA 
platform131 as it will provide a comprehensive dataset with state of the art technology in order to 
accurately interrogate all known cichlid genes.  
 
All available cichlid sequence data will be taken into account for array design. In addition to the EST 
dataset131,132, 454 transcriptome data (49K contigs, avg. length 950 bp) and anticipated genome sequence 
information is available for A. burtoni15. In collaboration with bioinformaticians at the Broad Institute 
supporting the International Cichlid Genome Consortium, these data will be used to design 720,000 
Nimblegen oligonucleotide array probes (45-75 bp)133,134. The sequence data available for three Lake 
Victoria haplochromines135-137, two Tanganyikan species (Salzburger, pers. comm.) and Tilapia (56K 
unique sequences; Kocher per. comm) will be taken into consideration along with the low coverage 
genomic sequence (0.1X) for five Malawi species (JGI; NCBI Trace)138 in order to annotate probes and 
maximize representation of coding region sequence. With this technology, all known cichlid coding 
sequences will be represented by multiple probes as prescribed for accurate duplicate detection139, and 
three arrays can be spotted on each glass slide.  
 
Astatotilapia burtoni is a logical platform species for this study because it derives from a relatively deep 
East African haplochromine mtDNA lineage140,141, is a clear sister group to the most recent radiation of 
the Lake Victoria superflock140 and is among the species slated for full genome sequence15. 
 
We have specifically selected Nimblegen technology because it does not require core facility equipment 
beyond the scope of the Renn lab. Therefore, undergraduate students will have a comprehensive 
experience including sample preparation, labeling, hybridization and scanning in addition to data 
processing and analysis. There is a demonstrated high level of concordance between platforms and the 
greater customization of Nimblegen, making this platform a logical choice142. 
 
AIM 1: Test the Hypothesis that Radiated Lineages Have Increased Gene Duplicates.  
Aim 1: Rationale for quantifying gene duplication 
The diverse and rapid adaptive radiation of African Great Lake cichlids has occurred despite a rather 
unexceptional amount of genetic diversity in sequence. The fact that this tendency to speciate is not 
evenly distributed throughout the clade suggests the involvement of underlying genomic elements. Gene 
duplications provide one source of functionally diverse genomic elements that may lead to phenotypic 
diversity on which natural selection can act. Multiple independent comparisons between radiated lineages 
and their non-radiated relatives are important to identify such elements. 
 
Aim 1: Preliminary data shows more gene duplicates in 
radiated lineages  
Using aCGH on the current A. burtoni cDNA microarray1 
we find a 38% – 49% increase in gene duplicates for three 
species representing radiated lineages of Lake Malawi (M. 
estherae, P. similis, R “chilingali”) relative to the total 
number identified in a related species from a non-radiated 
lineage (A. tweddlei) (Fig. 5). While shared duplications 
were prevalent among the three Lake Malawi species (11% 
among all three and 11% between two), a large proportion 
(67%) of the duplications were lineage-specific.  
 
Among our current list of duplicated cichlid genes, several 
have undergone duplication at other points in teleost history 
(MHC genes143; PAC1144; finTRIM145), and several others 

Fig5 (A) Phylogenetic 
positions of experiment 
(●) & reference (■)  
taxa based on mtD-loop 
and ND2 (B)  Gene 
duplicate distribution   
identified by aCGH  
(P<0.1 FDR) GEO: 
GSE19368 
 

A. 

B. 
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are annotated with functions suggestive of an adaptive role. For example, FGF receptor activating protein 
(M. estherae) is a growth factor involved in angiogenesis, wound healing, and embryonic development, 
potentially leading to morphological diversity, as seen among cichlids. The finTRIM gene (P. similis) 
plays a role in immunity against viral infection, and is known to be the result of duplication retained by 
positive selection in zebrafish145. Several transcription factors, such as DAX1 (P. similis), which is a 
repressor of steroidogenesis and sex-determination146, or CdaR (M. estherae) act as key regulator genes 
with the potential for cascading effects on gene expression and phenotypic variation. 
 
These patterns, and the specific candidates, provide a tantalizing suggestion that gene duplication plays a 
functional role in these radiations. These duplicated genes may underlie adaptive phenotypes and be 
integral to the process of evolutionary adaptive radiation.   
 
Aim 1: Experimental design for duplicate detection by aCGH 
Cichlid tissue samples are available 
from multiple wild individuals of 5 
different species within each of the 3 
targeted independent African adaptive 
radiations (paleo-Magkadigkadi, 
Victoria and Malawi) as well as a 
cichlid species from a non-radiated 
lineage closely related to each radiation. 
DNA from each species (Table 1) will 
be competitively hybridized against a 
pooled sample of A. burtoni lab-strain 
gDNA on the new Nimblegen 720,000 
oligo feature array, a design similar to 
that used for dog74 , Drosophila  
strains111 or primate70 studies. A 
balanced reference design will include a 
pair of dye-swapped arrays for 3 
biological replicates of each of the 18 species and the Tilapia outgroup147. This design allows a rigorous 
statistical analysis taking advantage of replicate probes per gene using Nimblescan and SignalMap 
software provided by Nimblegen in order to identify duplicated genes at the level of species and a less 
powerful test to uncover individual variation (expanded in Aim2) (114 hybridizations, 38 arrays). 
 
The number of duplicated loci vs. the number of duplicated genes will be estimated with rough synteny 
according to Tilapia BAC end sequences aligned to other fish species to identify multiple duplicated 
genes in close chromosomal proximity. Counting events rather than genes will allow us to test whether 
both the number of duplication events and the number of retained duplicated genes are different between 
radiated and non-radiated taxa. Furthermore, these analyses will identify chromosomal "hotspots" for 
gene duplication as have been shown to exist in other species148-150. Increased resolution will be possible 
when full Tilapia genome sequence is available. 
 
Gene Ontology analysis151 with traditional hypergeometric tests as well as rank-based methods (e.g Rank-
GoStat152) will uncover trends among functional gene categories to suggest hypotheses about gene types 
or pathways that are most likely to be duplicated. Environment responsive categories are often found to 
be enriched, whereas certain metabolic processes are often found underrepresented for both intra- and 
inter-specific variation111,153,154. Annotations according to KEGG155 or CoG156 databases are also relevant. 
However, despite interesting results in genetic model organisms that have identified biases based on 
protein interaction network parameters157,158, we do not feel that such detailed annotations are likely to 
translate accurately. Instead, we will test for over- or under-representation of duplicated genes among the 
identified cichlid gene expression modules159-161.  

 Radiation 1 - 
paleo-

Magkadigkadi 

Radiation 2 - 
Victoria 

Radiation 3 - 
Malawi 

Non-
radiated 

T. demeusii Astatotilapia  
bloyeti 

Astatotilapia 
tweddlei 

Serranochromis 
macrocephalus 

Neochromis 
omnicaruleus 

Dimidiochromis 
compressiceps 

Sargochromis 
coulteri 

Para-
labidochromis 
chilotes 

Rhamphochromis 
esox 

Chetia brevis Pundamilia 
pundamilia 

Metriaclima 
 emmiltos   

Serranochromis 
robustus 

Pundamilia. 
azurea 

Hemitilapia 
oxyrhynchus 

 
 

R
ad

ia
tin

g 
ta

xa
 

Chetia 
brevicauda 

Lipochromis 
melanopterus 

Copadichromis 
eucinostomus 

Table 1. Fish to be used in this experiment. If sample collection allows we 
will add a fourth radiation (Barombi Mbo) and non-radiated relative 
(Saratherodon galilaeus). 
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Aim 1: Outcomes for gene duplicate quantification 
These experiments will produce the primary data on which most of the tests in this proposal are based. In 
this aim, the data is interrogated to test the null hypothesis that the number of gene duplicates is the same 
between cichlid adaptive radiations and non-radiated relatives. aCGH data generated here will provide an 
extensive list of ‘candidate loci’ associated with morphological, behavioral and ecological diversification 
and speciation for subsequent investigation. 
 
Aim 1: Further Considerations 
Failure to reject the null hypothesis provides an equally interesting result. Gene duplication is heavily 
influenced by mutational bias and functional constraint 163 as demonstrated by the location and classes of 
genes that are seen to be affected 157,164-167. These processes may temper the adaptive potential for 
duplication. As such, specific loci, rather than overall number, may influence the propensity for radiation. 
 
Individual variation within a species is known to exist in humans109,168 mice169, and flies111. We expect 
individual variation in copy number within cichlids and have preliminary evidence that A. burtoni reveals 
copy number differences between the inbred lab-strain and recently captured wild individuals. Our 
experimental design will not confound intra-specific variation with inter-specific variation and will allow 
us to detect it here as well as by qPCR (Aim2).  
 
AIM 2: Expanded Phylogenetic Context of Gene Duplication Rate and Intra-Specific CNV.   
Aim 2: Rationale for expanding the study 
The evolutionary significance of gene duplication depends on the rate at which duplicate genes arise and 
the processes by which they are retained100. Understanding the duplication rate and persistence time (half-
life) will allow direct comparison to estimates from genome sequence surveys and aCGH studies that 
provide empirical data for theoretical models49,99,112,170.  
 
Though often detached in the biomedical literature, there is an obvious relationship between the identified 
lineage-specific gene duplicates among primates51,52 99 and the current excitement concerning copy 
number variation (CNV) within humans69-71 as it relates to disease susceptibility171, behavior172,173, and 
adaptation174. While several studies have investigated population structure for individual gene 
duplicates56,169, few studies investigate intra-specific variation focused on lineage-specific duplications on 
a genome-wide scale (but see for Drosophila111).  
 
Aim 2: Pilot data: Validation of qPCR duplicate detection 
We selected 4 loci that exhibit different patterns of gene 
duplication among radiated (M. estherae, P. similis, R 
“chilingali”) and non-radiated lineages (A. tweddlei)1 for 
validation by qPCR (Fig. 6). The strong agreement between 
these two techniques clearly demonstrates the ability to 
expand the phylogenetic study using qPCR. Importantly we 
show that for each primer, efficiency, as calculated with a 
four-fold dilution series, was similar for A. burtoni gDNA 
and for  the heterologous species1. With only one exception 
(DY631898 in M. estherae), the two techniques agreed. The 
qPCR technique is routinely taught in courses and used in 
research by students at Reed College. 
 
Aim 2: Experimental methods to expand the phylogenetic range of gene duplicate information 
Species and loci to be assayed: We will extend phylogenetic diversity by including species from each of 
the tribes in Lake Tanganyika as well as closely related non-radiated lineages175 and increase the 

Fig6 Validation by qPCR (y-left) for gene copy 
number determined by aCGH (y-right).  
Abbreviations are genus and species initials.  
** P <0.1 FDR, * P <0.2 FDR found by 
array analysis  
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resolution with additional species from the focal radiations (Aim1) to describe inter-specific gene 
duplicate patterns. We will survey10 individuals from each species to collect intra-specific CNV data.  
We will select loci that show an interesting pattern such as: 

1) Duplications associated with a particular phenotype176.  
2) Duplications that are distributed across the radiation such that the inclusion of Tanganyikan 
species might resolve homoplasies. 
3) Duplications that are species specific (in either a radiated or non-radiated lineage) 
4) Loci that are unique to, and pervasive throughout, one of the 3 assayed radiated lineages 

Appropriate species will be selected based upon the initial patterns observed for each loci (100's of 
samples available from Renn and Joyce). 
 
Genomic content assayed by qPCR: gDNA concentration will be quantified with 1.5X SYBR Green I 
(Roche Applied Science) on a Nanodrop 3300 (Thermosavant). Primer design will be based on sequence 
alignment of cichlid and teleost sequence. Triplicate qPCR reactions (Opticon MJ Research) will be run 
in 10 µl containing 0.75x SybrGreen, 1x Immomix (Biolabs), 200-500 nM primers (with confirmed 
primer efficiency) and 0.2 ng sample gDNA (95 °C- 10 min; 35 cycles of: 94 °C- 2 min, 60 °C- 20 sec, 72 
°C- 15 sec, and 2 min extension) on a DNA Engine Opticon Real-Time PCR System (Bio-Rad). Genomic 
content relative to A. burtoni labstock will be calculated as CT177 standardized to A. burtoni.  
 
The analysis of ancestral character (gene duplication) reconstruction on the phylogenetic tree (Fig. 7) will 
be implemented using parsimony, likelihood and Bayesian statistics. The Bayesian stochastic character-
mapping approach178,179 is the most flexible and powerful for our data since model-based character change 
can be determined along branches rather than just at nodes on the phylogeny. Visualization and data 
handling will be achieved in Mesquite180. We will then construct a character matrix of duplicated loci 
relative to Tilapia to conduct all pair-wise comparisons necessary for a relative rate test181 in order to date 
the origins and persistence time of gene duplicates. This method tests whether a character (duplication) 
evolves at a constant rate in two lineages. Using known ages for the major nodes in the cichlid phylogeny 
that are based on the fossil record or geology34,35,140,182 we will compare the number of duplicates between 
radiated and outgroup (Tilapia) versus non-radiated and outgroup. Likelihood models that rely on 
quantitative measures of gene duplicates 99,183 will also be addressed. These methods are complementary 
to the synonymous divergence (dS) approach used by Lynch 49 for genome data that can be applied to 
sequenced loci (Aim3). Rate and persistence times can be compared to estimates for other organisms74,99.  
 
Because segregation of ancestral polymorphisms is not 
an uncommon feature with regard to single nucleotide 
polymophisms (cichlids184;  dogs185; silver 
swords186,187), by extending our analysis to Lake 
Tanganyika we can begin to evaluate whether this 
pattern holds for gene duplication. Sequence analysis 
(Aim3) will be necessary to conclusively differentiate 
homoplasy, loss and ancestral sorting of duplicates. 
 
Correlation between phenotypes and duplicates may 
indicate selective pressure or functional links that 
underlie the remarkable phenotypic diversity (for 
example: substrate preference188; trophic 
structures189,190; breeding strategy13,191; courtship 
behavior192-194; coloration195-198). Such differences in 
gene copy number between breeds are associated with 
breed-specific traits74 in dogs. We will map duplicates 
against known phenotypes to generate these hypotheses.  
 

                                              Fig7:   
  hypothetical qPCR data mapped   
                  onto phylogenetic tree to infer dates of 
origins, time of persistence and occurrence of homo- 
plasy (solid "4") that can be distinguished from  
ancestral segregation (open "4?") by sequence (Aim3). 
Correlation with phenotype will also be tested. 
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There are three reasons to survey individual variation (intra-specific CNV). 
First, the identification of gene duplicates that are fixed in a species indicates the potential to underlie 
species-specific traits. Second, we can ask whether individual variation differs between radiated and non-
radiated lineages, as would be expected if an increased number of duplicates is due to increased rate of 
duplication rather than increased maintenance of duplicates. Third, such patterns are important because 
population genetic processes regulating intra-specific variation drive inter-specific variation such that the 
data collected here will contribute empirical data to further develop mathematical models describing the 
evolution of gene duplicates199. 
 
Aim 2: Outcomes 
This work will provide detailed quantitative information on the scale, timing and distribution of cichlid 
gene duplication, providing novel information of broad significance in evolutionary genomics. 
Furthermore, while the population genetic models for the evolution of multigene families are still 
immature, this additional empirical evidence should provide insight to researchers developing models.  
 
Aim 2: Further considerations and alternative approaches. 
As genomic technology advances, we will continue to re-evaluate the cost vs. information gained by 
switching to a next-gen sequencing strategy108,200. No current technology surpasses aCGH for accurate 
estimates of gene duplicates on a genome-wide scale and while the data obtained in Aim1 could be used 
to design Nimblegen 380,000 arrays (12 arrays/slide) for multiplexing and population studies between 
several species, qPCR currently provides the most cost effective survey for a large number of individuals.  
 
AIM 3: Sequence Analysis to Study the Evolution of Gene Duplicates. 
Aim 3: Rationale for sequence analysis 
Despite successful identification of many gene duplicates, the evolutionary mechanism responsible for 
their maintenance remains elusive8. Several studies suggest the relative importance of different 
evolutionary processes on gene duplicates during different phases of divergence49,201,202. DNA sequence 
allows insight to the evolutionary histories and modern fates of gene duplicates8,203 in order to address 
these questions. Comparative analysis of orthologs and paralogs can suggest instances of positive natural 
selection that may have played a role in the diversification and speciation of the African cichlids. 
 
Aim 3: Experimental design for sequencing duplicates. 
To clone gene duplicates, degenerate primers, designed according to aligned cichlid and teleost sequence, 
will be used to amplify, clone and sequence ~20 duplicated loci from the species from Aim1 or Aim2, 
targeting loci that were fixed within species and avoiding large gene families or high copy number 
duplicates that would hinder our ability to sequence all paralogs and identify true orthologs. Again, we 
target loci that suggest convergent evolution (or assorted ancestral alleles), are species-specific, are 
unique to and pervasive throughout a lineage, or correlate with a phenotype. The number and distribution 
of species to be assayed will be tailored to the specific question for each locus. We will sequence ~15 
colonies per transformation by standard procedures (~5,700 sequence reads) to identify paralogous 
sequences. From those sequences, paralog-specific primers can be designed for inverse PCR to clone  
surrounding sequence204,205 and/or 5' and 3' RACE-PCR to clone the entire transcript. We have 
considerable experience with these techniques both in cichlids and a diverse range of other species. This 
strategy has successfully cloned recently duplicated genes in the soybean206 
 
Ortholog and paralog sequences will be aligned with MUSCLE207, and a maximum likelihood tree208 will 
be built for each duplicate locus with PHYML209,210 using appropriately estimated evolutionary models. 
For duplicates that occur in subsets of multiple distinct lineages, we will be able to test whether these 
instances represent convergent evolution or sorting of ancestral polymorphisms. Furthermore, sequence 
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data will be checked for frame shifts and stop codons that would indicate the presence of pseudogenes. 
Duplicates suspected of being pseudogenes will be omitted from further analyses. 
 
Positive selective pressure on gene duplicates will be assessed with a codon-substitution model employed 
by the program PAML211. Likelihoods for each subtree when dN/dS > 1 (branch-site model A)212 are 
compared to those for the neutral site model M1 where dN/dS = 1. By comparing twice the difference in 
log-likelihood values to a χ2 distribution, a conservative measure for positive selection is obtained that is 
robust to the presence of pseudogenes50,213. This technique also results in a reduction in false positives 
compared with previous branch-site models 212. Recent findings indicate low rates of gene conversion in 
duplicates214, a potential source of false positives215,216, further supporting a high true positive rate for 
these tests. Despite controversy regarding susceptibility to noise217,218, statistical analysis of 
nonysnonomous mutations per nonsynonymous site to synonymous mutation per synonymous site dN/dS 
ratios (ω) still provides the most widely accepted and rigorous evidence for positive natural selection50,219-

222. 
 
Aim 3: Outcomes 
This DNA sequence information will allow insight into the evolutionary histories, describe modern fates 
and identify potentially adaptive roles for gene duplicates across the cichlid radiation. 
 
Aim 3: Further Considerations 
Substantial evidence suggests that expression patterns evolve rapidly for gene duplicates223-228, likely 
influenced by sequence changes in 5' region229, suggesting subfunctionalization. As such, gene expression 
profiling may augment the aCGH experiments proposed. Such a strategy would require an array designed 
to detect sequence differences among paralogs .The sequence information acquired in this aim is a 
necessary first step. 
 
The historical hybridization among cichlids28 means that lineages may not be completely independent, a 
violation of the assumptions underlying tests to detect signatures of selection230. While alternate 
comparative tests with different assumptions have been suggested, such as radical/conservative amino 
acid replacements231, controversial232-235 codon based methods230, recent genetic robustness tests236, and 
complex 3D-sliding window techniques237,238, these have not been thoroughly validated and will not be 
considered until other studies provide such techniques with the necessary experimental validation. 
 
Additional population level tests for adaptive evolution take advantage of the power gained by using 
sequence polymorphism data to look at levels of diversity in gene duplicates239,240 or to compare non-
synonymous to synonymous ratios between polymorphic and fixed differences241-245 for investigation of 
paralogs246 or orthologs247,248. Such tests may be applied in future studies that include a population level 
approach. We reserve sequencing of such intra-specific variation for future analysis. 
 
Aim 4: Test the Hypothesis that Sequence 
Divergence of Specific Gene Classes Occurs in 
Radiated Lineages or is Associated with 
Adaptive Phenotypes.  
Aim 4: Rationale for the identification of highly 
diverged genes 
In aCGH experiments, variation in hybridization 
signal also reveals sequence divergence among 
orthologs for single copy genes2. Because the cichlid 
radiation has occurred recently, there is very low 
genomic divergence between species (Fig. 4). 
However, aCGH can detect the small number of 
genes that show greater than 5% sequence 

Fig8: (A) Distribution of 
Gene divergence 
identified by aCGH  
(P<0.1 FDR) GEO: 
GSE19368 
(B) Box plots of 
hybridization ratio 
(black) and significance 
(grey) for diverged genes 
annotated to GO 
categories that are over 
(+) or under (-) 
represented among the 
radiated lineages  

A. 

B.  
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divergence3,113,117,127 (Fig. 8). Identification of genes that are evolving more rapidly than expected due to 
phylogeny alone may indicate genes under directional, or disruptive selection, and that may underlie the 
remarkable phenotypic diversity among cihclids (for example; substrate preference188; trophic 
structures189,190; breeding strategy13,191; courtship behavior192-194; coloration195-198). The several apparent 
instances of convergent evolution of phenotypic traits176 in these adaptive radiations provide an 
opportunity to identify divergent loci that underlie these traits. Using aCGH data generated in Aim1, we 
can identify diverged genes, map these against known phenotypes, and address biased divergence based 
on functional gene annotations. 
 
Aim 4: Preliminary results show shared divergence  
In our genome wide aCGH analysis of radiated and non-radiated cichlid species, we also identified highly 
diverged genes. The detection rate was congruent with our expectations based on analysis of available 
cichlid sequence by sequence alignment (Fig. 4). We find that the great majority of diverged genes are 
shared among all three radiated lineages, representing either ancestral sequence divergence predating the 
radiations, or loci that acquired mutations in parallel during the radiation process (Fig. 8A). This 
phylogenetic pattern differs from the largely lineage specific pattern observed for gene duplicates (Fig. 
5B). We found GO categories that were overrepresented (directional selection or reduced constraint) and 
categories that were underrepresented (constraint) among the diverged genes (Fig. 8B). 
 
Aim 4: Experimental design for microarray analysis 
The aCGH experiments from Aim1 will be interrogated for highly diverged genes using our conserved 
gene normalization proven effective for cross-species analysis1,249. Statistical determination of biased 
hybridization (i.e. divergence) will be conducted in R using LIMMA250 incorporating eBayes251 and FDR 
correction and the Fisher test to combine p-values across multiple probes for a single gene252. 
 
Gene Ontology analysis151 with traditional hyper-geometric tests will uncover trends among functional 
gene categories to suggest hypotheses about gene types or pathways under selection. Annotations 
according to KEGG155 or CoG156 databases and expression modules159-161 will also be addressed.  
 
Highly diverged genes will be mapped onto the phylogeny and phenotype to test for 1) association of 
phenotypic traits and sequence divergence in specific genes and 2) sub-branches of the phylogeny with 
rates of sequence divergence not expected by phylogenetic distance. These analyses will be conducted 
with permutation based tests253, such as Mantel tests, comparing the distance matrices constructed for 
each array feature based on hybridization ratio against the phylogenetic distance matrix in a two-way 
Mantel test, or against a phenotype distance matrix in a three-way Mantel test controlling for phylogeny, 
using the program PASSaGE254. Mantel tests offer an alternative to the well-accepted technique of 
Phylogeneticaly Independent Contrasts methods (PIC)255 and others like it256,257, which assume a 
Brownian motion model that is not appropriate for the directional nature of the evolution of sequence 
divergence. In each Mantel test, significance will be assessed by comparing the z-statistic of the actual 
matrices to the z-statistics from 9999 random permutations to identify array features for which sequence 
divergence is greater or lesser than would be expected by phylogenetic distance, and features for which 
divergence is associated with phenotypic trait, thus potentially indicating the contribution of natural 
selection258. It should be noted that aCGH provides only a crude measure of sequence divergence and 
cannot be directly related to characteristics of sequence differences. 
  
Aim 4: Outcomes for sequence divergence 
These data will provide a genome-wide perspective for broad patterns of sequence divergence across the 
cichlid radiations. 
 
Aim 4: Further Considerations for sequence analysis 
While cloning of diverged genes is possible, we do not include such work in this aim given the difficulty 
in cloning exactly those genes that are most diverged. Furthermore, the aCGH approach will miss minor 
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changes in DNA sequence that could have large effect on phenotype (e.g. stickleback Ectodysplasin 
armor alleles differ by only 22 nucleotides over 16Kb259).  
 
 
Possible Future Directions Include a Sequence Based Approach 
With the ever-dropping cost, increasing scope, and availability to non-model organisms, it is tempting to 
jump to the new DNA sequencing technology because the aCGH approach provides only relative 
quantitative information. The development of sequence based techniques to detect gene duplicates using 
depth of reads260 in combination with capture-array techniques to enrich the sample for DNA regions of 
interest261,262 could be used for gene duplicate identification and description of sequence divergence for 
loci of interest. Such analyses might also provide richer data with which to identify parent/daughter 
relations263, more definitive classification of neofunctionalization vs. subfunctionalization203, mutations in 
enhancer regions229 and signatures of selection in protein coding regions. Currently the cost and 
limitations on multiplexing make such approaches unfeasible. However, we will monitor the progress of 
technology and adapt our methods in each aim accordingly through frequent consultation with Broad 
Institute researchers who support the International Cichlid Genome Consortium. 
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