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Abstract

Here, we study the molecular evolution of a near complete set of genes that had functional evidence in the regulation of the
Drosophila germline and neural stem cell. Some of these genes have previously been shown to be rapidly evolving by positive selection
raising the possibility that stem cell genes as a group have elevated signatures of positive selection. Using recent Drosophila com-
parative genome sequences and population genomic sequences of Drosophila melanogaster, we have investigated both long- and
short-term evolution occurring across these two different stem cell systems, and compared them with a carefully chosen random set
of genes to represent the background rate of evolution. Our results showed an excess of genes with evidence of a recent selective
sweep in both germline and neural stem cells in D. melanogaster. However compared with their control genes, both stem cell systems
had no significant excess of genes with long-term recurrent positive selection in D. melanogaster, or across orthologous sequences
from the melanogaster group. The evidence of long-term positive selection was limited to a subset of genes with specific functions in
both the germline and neural stem cell system.
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Introduction

Stem cells are a unique group of undifferentiated cells capable
of undergoing asymmetric division to renew itself and/or gen-
erate a daughter cell that will undergo terminal differentiation.
How the stem cell is able to balance the transition from self-
renewal to differentiation has been extensively studied in var-
ious organisms. Specifically in Drosophila, studies have
hypothesized a microenvironment surrounding the stem cell
(termed the stem cell niche) controls the fate of the stem cell
through cell-cell interaction and asymmetric signaling (Losick
et al. 2011). In the adult Drosophila, the stem cell niche has
been found in various biological systems such as in the germ-
line, hematopoietic, intestinal, and neural tissues, suggesting
that the niche is a conserved mechanism that regulates the
development of most Drosophila stem cells (Yamashita et al.
2005; Morrison and Spradling 2008).

Developmentally all stem cells need to be tightly regulated
as uncontrolled differentiation leads to rapid depletion of stem
cells, whereas uncontrolled self-renewal leads to an excess of
stem cells resembling tumorigenesis. Thus, there are series of
intricate genetic pathways that assure the initiation of correct
self-renewal and differentiation after each stem cell division
(Doe 2008; Losick et al. 2011; Spradling et al. 2011; Lehmann

2012). Most mutations occurring across the genes that control
the stem cell development are then predicted to be strongly
deleterious, as perturbations would cause sterility or lethality.
Evolutionarily, the genes involved in regulation and develop-
ment of the stem cell system might thus be predicted to be
dominated by purifying selection, that is, selection purging
deleterious mutations, resulting in a slower rate of evolution
compared with the genomic background.

Targeted studies of several Drosophila germline stem cell
(GSC) regulating genes, however, have found several of these
genes to be evolving rapidly due to strong positive selection,
that is, selection favoring advantageous mutations (Civetta
et al. 2006; Bauer DuMont et al. 2007, Choi and Aquadro
2014; Flores, Bubnell, et al. 2015). In addition, population
genomic analysis of Drosophila melanogaster and Drosophila
simulans has shown an enrichment for gene ontology (GO)
categories related to oogenesis and spermatogenesis across
genes with evidence of positive selection (Begun et al. 2007
Langley et al. 2012; Pool et al. 2012). GSC regulating genes
are involved in the maintenance and differentiation of the
germline and in some cases, the expression of these genes
are so tightly regulated that even being one cell diameter
away from the germline cap cells leads to rapid differentiation
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(Li and Xie 2005; Lehmann 2012). Thus, these genes were
originally expected to be under evolutionary constraint.
However, evidence of rapid evolution in some of the GSC reg-
ulating genes raises the possibility that genes involved in GSC
function are actually enriched for positive selection, motivating
a system wide analysis of this specific group of genes.

The neural stem cell (NSC) is another Drosophila stem cell
system that has been extensively studied for its stem cell biol-
ogy (Doe 2008) but lacks characterization of its molecular
evolution in Drosophila. Interestingly, a study of the nematode
Caenorhabditis remanei showed that transcription factors
involved in the differentiation of chemosensory neurons
were rapidly evolving compared with other neural develop-
ment genes (Jovelin 2009). Thus, it would be important to
establish the extent of positive selection occurring across the
Drosophila NSC system as well.

The main goal of our study was to examine and compare
the evolution of genes involved in Both germline and neural
Stem Cell (BSC) regulation. Using genes identified from pre-
vious comparable high throughput genetic screens in the GSC
(Yan et al. 2014) and NSC (Neumdiller et al. 2011) system, we
have analyzed the evolution of genes that have functional
evidence in the GSC, NSC, and involved in BSC regulation.
We tested whether particular stem cell systems were enriched
for genes with evidence of positive selection by comparing the
evolution of each stem cell class to a carefully chosen set of
random genes that either 1) had similar sequence character-
istics to each stem cell regulating genes or 2) its genomic
position was close to each stem cell regulating genes. Using
existing and new draft Drosophila genome sequences
(Drosophila 12 Genomes Consortium et al. 2007; Chen
et al. 2014) and population genomic sequences from D. mel-
anogaster (Lack et al. 2015), we have examined both the long-
and short-term evolution occurring in genes with stem cell
developmental function.

Materials and Methods
GSC and NSC Regulating Genes Analyzed

Neumdiller et al. (2011) had screened 89% of the D. melano-
gaster annotated genes to identify 620 genes involved in the
regulation of NSCs (see supplementary table S2 from https:/
neuroblasts.imba.oeaw.ac.at/downloads.php, last accessed
November 2015 for full list of the NSC regulating genes),
whereas Yan et al. (2014) had screened 25% of the D. mel-
anogaster annotated genes to identify 366 genes involved in
the regulation of GSCs (see supplementary table ST of Yan
et al. 2014 for full list of the GSC regulating genes). Flybase ID
(i.e., FBgn number) for each stem cell regulating genes was
based on release 5.50 for the GSC genes and release 5.7 for
the NSC genes. To make the FBgn names comparable be-
tween the two data sets and identify genes involved in both
GSC and NSC regulation, all FBgn names were converted to

release 5.57. After converting the names, FBgn0036315 and
FBgn0052108, which were originally identified as two sepa-
rate NSC regulating genes from Neumdiller et al. (2011), were
in fact the same gene and named as FBgn0260965 in Flybase
release 5.57. Thus, there were in fact 619 genes involved in
the NSC regulation.

We have focused on stem cell regulating genes that have
been examined in both studies of Neumdiller et al. (2011) and
Yan et al. (2014), which comprised 262 GSC genes, 144 NSC
genes, and 104 BSC genes (full list of genes available at sup-
plementary table S1, Supplementary Material online). This was
necessary due to the lower total number of genes screened
genome-wide by Yan et al. (2014), where more than half of
the genes involved in the regulation of NSCs have not been
examined by Yan et al. (2014) for their potential function in
the GSC. We note that these numbers are slightly different
from that reported by Yan et al. (2014); however, numbers
from the former study were erroneously reported (Yan D,
personal communication).

Population Genetics of D. melanogaster Stem Cell
Regulating Genes

Filtering and Preparing the Population Data Set for
Downstream Analysis

Consensus sequences for the D. melanogaster population
genome data were obtained from the Drosophila Population
Genomics Project 3 study (Lack et al. 2015). We have examined
the genome sequences from lines originating from Siavonga,
Zambia, a location thought to represent the ancestral range of
D. melanogaster (Pool et al. 2012). Genomic regions with ev-
idence of identity-by-descent and admixture (Pool et al. 2012;
Duchen et al. 2013) were masked using the genome coordi-
nates and Perl scripts supplied by the Drosophila Genome
Nexus website (http:/johnpool.net/genomes.html, last accessed
November 2015). Genes located on the fourth chromosome
and in heterochromatic regions were excluded to avoid evolu-
tionary effects associated with linked positive and background
selection in regions with very low rates of recombination
(following Arguello et al. 2010 and Campos et al. 2012).
Only the coding DNA sequence (CDS) was analyzed for
each gene as we were mainly interested in the positive selec-
tion occurring across the amino acid coding sequences. Using
the D. melanogaster release 5.57 from Flybase, the longest
transcript for each gene was chosen for further analysis.
Custom filters were imposed to deal with sites that had miss-
ing information (“N"). Initially, if any individual sequence had
more than 5% of its sequence consisting of “N” that
sequence as a whole was removed. Next, we examined
every polymorphic site to check whether that polymorphic
site also had any individuals with “N.” In any case a polymor-
phic site had some individuals with “N,” we removed the
entire sequence of the individual with the missing site to
preserve the polymorphic site for downstream analysis.

3098  Genome Biol. Evol. 7(11):3097-3114.  doi:10.1093/gbe/ew207  Advance Access publication October 27, 2015


https://neuroblasts.imba.oeaw.ac.at/downloads.php
https://neuroblasts.imba.oeaw.ac.at/downloads.php
https://neuroblasts.imba.oeaw.ac.at/downloads.php
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://johnpool.net/genomes.html

Molecular Evolution of Drosophila Stem Cells

GBE

Finally after these two steps any sites that still have “N” are
monomorphic throughout the population except for the indi-
vidual with “N,"” thus we masked the entire codon in all the
individuals to prevent that codon from being analyzed. Due to
the varying number of individuals being filtered out in the
previous filtering step, sample sizes varied among genes. To
unify the sample size, we analyzed genes where we could
choose 50 random individual sequences. Interspecific
sequence divergence for each CDS was estimated by compar-
ing the D. melanogaster CDS with the orthologous Drosophila
yakuba CDS, which was aligned by using the codon aware
realignment program transAlign (Bininda-Emonds 2005).

Two random control genes were chosen for each stem cell
regulating gene. The first random control was selected on a
set of five stringent criteria: 1) Genes not identified as having a
stem cell regulatory function, 2) genes located on the same
chromosome as the stem cell regulating gene in question, and
3) similar recombination environment. Using genome-wide
recombination rate (cM/Mb) estimates from Comeron et al.
(2012), the recombination rate between the start codon and
the stop codon (which includes both exons and introns of
gene) of each stem cell regulatory gene was estimated. The
same was applied to estimate recombination rates for all
annotated genes in the D. melanogaster genome. Here, a
random gene was selected as a control gene when its esti-
mated recombination rate was within £25% of the stem cell
regulating genes’ recombination rate, 4) genes within £25%
of the stem cell regulating genes’ genomic size which ranges
from the start codon to the stop codon (this includes both
exons and introns of a gene), and 5) genes being within +25%
of the stem cell regulating genes’ CDS length. The second set
of random control genes was selected based on their physical
proximity to the stem cell gene, specifically with the criteria: 1)
Not identified as having a stem cell regulatory function, and 2)
not more than 5 kb away from the start or stop codon of the
stem cell gene. The population sequences that were used in
this study are available upon request.

DNA Sequence Statistics Calculation

Codon usage statistics for each gene were estimated using the
program CodonW (http://sourceforge.net/projects/codonw/,
last accessed November 2015) for the frequency of optimal
codon (Fop) (lkemura 1981) and the effective number of
codon (ENC) (Wright 1990) statistics. The codon usage table
of D. melanogaster (Shields et al. 1988; Akashi 1995) was
used for the estimates of Fop.

Recombination rate (cM/Mb) for each gene was calcu-
lated using the Perl scripts from D. melanogaster
Recombination Rate Calculator version 2.3 (http:/petrov.stan-
ford.edu/cgi-binfrecombination-rates_updateR5.pl, last accessed
November 2015) (Fiston-Lavier et al. 2010) using the high-res-
olution recombination maps from Comeron et al. (2012). The
full genomic location of each gene, which includes intron and

exon, starting from the start codon and ending at the stop
codon was used for estimating the rate of recombination. A
single midpoint estimate of the rate of recombination was as-
signed as each gene’s recombination rate.

DNA Sequence Polymorphism and Divergence Analysis

The population genetic analysis software suite from K.
Thornton (https:/github.com/molpopgen/analysis last accessed
November 2015) and his libsequence package (Thornton 2003)
was used for DNA polymorphism analysis. The polydNdS pro-
gram was used to estimate levels of synonymous and nonsy-
nonymous site polymorphism, whereas the gestimator program
was used to estimate d/ and dS between D. melanogaster and
D. yakuba using the method of Comeron (1995). The MKtest
program was used to estimate the values for the 2x 2 table of a
McDonald and Kreitman test (MK test) (McDonald and
Kreitman 1991). Custom Perl scripts were written to calculate
Tajima’s D (TajD) (Tajima 1989) and the normalized Fay and
Wu's H (FWH) (Fay and Wu 2000; Zeng et al. 2006).

To estimate the strength of recurrent positive selection, the
polymorphism and divergence table generated from the pro-
gram MKtest was used to estimate the direction of selection
(DoS) statistics (Stoletzki and Eyre-Walker 2011) for each
gene. As a variant of the neutrality index (Rand and Kann
1996), DoS measures the degree of positive selection but is
more robust to biases caused by low cell counts in the 2x2
MK-test table. Minor allele frequencies lower than 5% were
excluded from the polymorphism counts as these could
include slightly deleterious mutations (Fay et al. 2001).

The molecular evolutionary statistics for each stem cell class
(BSC, GSC, and NSC genes) were compared with its own set
of control genes, using a two-tailed Mann-Whitney U test
(MWU test).

Proportion of amino acid sites fixed by positive selection (a)
was estimated using the method of Messer and Petrov (2013).
Briefly, this method calculates o through a modification of the
traditional method of Smith and Eyre-Walker (2002) by bin-
ning according to the frequency of derived alleles. Assuming
constant purifying selection and rapid fixation of adaptive
mutations, as the derived allele frequency asymptotically
approaches 1 (fixation) the o estimated from binning the
derived allele frequency is predicted to converge with the
true value of . Here, the true value of o was estimated by
fitting an exponential function of form y=a + blexp(—cx)] to
the data, where y is the value of o when x is the derived allele
frequency, and a, b, and c¢ being the parameters to fit the
equation. Because different effective population sizes of the
autosome and X chromosomes can cause biased estimates of
o, only genes on the autosomes were used (we had too few
on the X for a meaningful comparison). o was estimated for
each stem cell class and its control genes, and the 95% con-
fidence interval for each o was calculated by generating boot-
strap samples with replacement.
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Estimating Genes with Evidence of Recent Selective
Sweeps

Because of the potentially reduced statistical power to detect
recent selective sweeps due to analyzing only the coding
region sequences of the GSC and NSC genes, we also include
here evidence of selective sweeps occurring across each
gene's larger genomic region using the results of Pool et al.
(2012). Their study reported whole-genome scans for evi-
dence of recent selective sweeps using the SweepFinder pro-
gram (Nielsen et al. 2005; Pavlidis et al. 2010) in the Rwanda
population sample of D. melanogaster. We note that although
this population is from a different locality compared with the
Zambia population we analyzed here, it is still part of the sub-
Saharan ancestral range of D. melanogaster (Pool et al. 2012).
If a stem cell gene or control gene overlapped the outlier
window identified from Pool et al. (2012), we here classified
the gene as having undergone a recent selective sweep.

We evaluated whether a stem cell class had an overrepre-
sentation of genes with selective sweeps by a permutation-
based test using the Pool et al. (2012) SweepFinder results. A
sample of genes that matched the total number of autosomal
and X chromosomal genes for each GSC, NSC, and BSC group
were randomly selected from all D. melanogaster genes. In
total, 1,000 of these random groups were generated and for
each group we counted the total number of genes with evi-
dence of a selective sweep from the study of Pool et al. (2012).
Because we were interested in the probability that a random
group of genes would contain more genes with evidence of a
selective sweep than our stem cell class, we used a one-tailed
test of significance.

Comparative Genomic Analysis of Stem Cell Regulating
Genes across the melanogaster Group

Identifying Orthologous Protein-Coding Sequences within
the 13 melanogaster Group Species

CDS data from each of the five Drosophila species (D. ananas-
sae, D. erecta, D. sechellia, D. melanogaster, and D. yakuba)
were downloaded from Flybase (St Pierre et al. 2014).
Additionally, the CDS data for eight newly sequenced
Drosophila genomes (D. biarmipes, D. bipectinata, D. elegans,
D. eugracilis, D. ficusphila, D. kikkawai, D. takahashii, and
D. rhopaloa) were downloaded from the Drosophila
modENCODE  website  (ftp:/ftp.hgsc.ocm.edu/DmodENC
ODE/maker_annotation/, last accessed November 2015). We
have focused only within the melanogaster group species to
avoid problems associated with the fact that synonymous sites
quickly reach saturation when comparing among more diver-
gent species (Barmina and Kopp 2007; Drosophila 12
Genomes Consortium et al. 2007).

As the D. melanogaster annotation is arguably the best
among the genome-sequenced Drosophila species, we used
CDS from the D. melanogaster release 5.57 to find orthologs

in non-D. melanogaster species. The CDS of the longest pro-
tein sequence for each gene was chosen and any internal stop
codons, due to sequencing errors or rare amino acids, were
removed as these cannot be analyzed in most evolutionary
analysis.

Orthologs were inferred using the reciprocal BLAST (Basic
Local Alignment Search Tool)-hit approach of the program
INPARANOID (Remm et al. 2001). Any orthologs that had
any evidence of paralogs were removed. Potential non-
D. melanogaster species’ ortholog was considered as a
D. melanogaster ortholog if the bootstrap values from the
INPARANOID analysis were 100%. For each gene, if there
were at least six orthologous sequences it was considered
for downstream analysis.

Orthologous Sequence Alignment and Filtering

We have realigned our ortholog data set using the phylogeny
aware realignment software PRANK (Loytynoja and Goldman
2008) that has been consistently shown to outperform most
realignment algorithms (Markova-Raina and Petrov 2011,
Jordan and Goldman 2012; Spielman et al. 2014). The CDS
of each gene’s orthologs was realigned using the codon
model of PRANK version 140603. After the alignment any
individual sequence that contained large regions of gap was
removed using the program maxAlign (Gouveia-Oliveira et al.
2007). Multisequence alignments where there were orthologs
from more than six species were further trimmed using the
program trimAl version 1.2rev59 (Capella-Gutiérrez et al.
2009). trimAl was used to delete sites in the multisequence
alignments where more than 20% of the sequences had gaps
because these regions could correspond to potentially misan-
notated regions of the gene. The multiple species alignments
that were used in this study are available upon request.

Analysis of the Ortholog Data Set Using Codon-Based
Models

Synonymous divergence (dS), nonsynonymous divergence
(dN), and their ratio d\/dS () were estimated using the pro-
gram CODEML from the package PAML version 4.8 (Yang
2007) using Model 0 (MO).

To infer evidence of positive selection across the multispe-
cies alignment, we have applied two codon model-based
methods from the software packages PAML and HYPHY ver-
sion 2.2 (Pond et al. 2005). First, CODEML from the PAML
suite was used to fit Model 8 (M8) (Yang et al. 2000). M8 fits a
model allowing ® to vary across the site following a beta
distribution with evidence of no positive selection (i.e.,
0<® < 1), while allowing a certain proportion of sites to be
under positive selection (w > 1). M8 was run under three dif-
ferent starting o values to ensure the global maxima had been
reached in the maximum-likelihood estimation. We have
inferred evidence of positive selection using the posterior
probabilities estimated from the Bayes Empirical Bayes (BEB)
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approach (Yang et al. 2005). A site was inferred to have sig-
nificant evidence of selection if the posterior probability was
greater than 0.9. We chose the Bayesian method of PAML to
allow comparisons to the method of the HYPHY suite as
described below, which also reports evidence of positive
selection in Bayesian statistics. The codon frequency model
F3x4 was fit to all multispecies alignments.

The second method for detecting evidence of positive
selection was using the hierarchical Bayesian method of
FUBAR (Murrell et al. 2013) from the HYPHY package.
Briefly, FUBAR fits a dense grid of a priori selected values of
dN and dS which are later then drawn to infer evidence of
selection for each site. For FUBAR, positive selection was
inferred for a site when dN — dS> 0 whereas evidence of
negative selection was inferred for a site with dN —dS <0.
For the Bayesian parameters, 400 grid points were assigned to
represent dN and dS while weights for each grid point were
determined using a Markov chain Monte Carlo (MCMCQ)
approach. Five independent MCMC chains were run to
ensure convergence while the length of each chain was set
at 10 million and a sample was drawn every 2,500 steps. Five
million samples were discarded as burn-in. Sites with posterior
probability of greater than 0.9 were assumed to have signif-
icant evidence of selection.

Method to Correct for Multiple Hypothesis Testing

To control the false positive rates involved with multiple
hypothesis testing, we have pooled all hypothesis tests result-
ing in a P value and applied the method of Benjamini and
Hochberg (1995) using the program R (https:/Avww.r-proj
ect.org/, last accessed November 2015).

Results

Analysis of Recent Positive Selection across D.
melanogaster Stem Cell Regulating Genes

We analyzed and compared the molecular population genetics
and evolution of three classes of stem cell genes, specifically 1)
those expressed only in GSC, 2) genes only expressed in NSC,
and 3) genes expressed in both GSC and NSC (abbreviated
here as BSC genes). Individual genes of each class were com-
pared with a control group of genes that was selected based
on several criteria outlined in Materials and Methods, which
we applied in an effort to control for regional gene differences
in factors such as recombination rate, nucleotide sequence
composition, substitution rate, and mutation rate.

After preprocessing, quality controlling, and selecting two
control genes for each stem cell gene, a total of 68 BSC, 159
GSC, and 88 NSC regulating genes were able to be assigned
appropriate control genes. Population genetic statistics for
each stem cell class and its controls are presented in table 1,
with statistics for all genes individually provided in supplemen-
tary data S1, Supplementary Material online. Despite the

several custom filters implemented on our population data
set, an average of 98% of the sites were retained and ana-
lyzed for all three stem cell gene classes (BSC, GSC, and NSC)
and their respective control genes (table 1). Thus, our data
filtering steps are unlikely to have significantly biased our
results.

As a recent selective sweep can lead to reductions in levels
of polymorphism, nucleotide diversity (0,;) was examined for
each stem cell class and its control genes (table 1). Compared
with their control genes the GSC class genes had a signifi-
cantly lower level of 6, across all nucleotide sites, as well as for
only the synonymous sites (FDR-corrected MWU test P values
of 0.0020 and 0.0071, respectively). In contrast, BSC and NSC
class genes did not differ significantly from their control genes.
Recent selective sweeps can also alter the site frequency spec-
trum leading to excesses of rare and high frequency-derived
alleles that can be detected using TajD and FWH test statistics,
respectively. No significant differences in TajD or FWH values
were observed between any of the three stem cell gene clas-
ses and their control genes when analyzing all sites across the
total CDS. However, analyzing only the putatively neutral syn-
onymous sites revealed that the GSC class genes did have
significantly more negative TajD values (table 1; FDR-corrected
MWU test P value = 0.019) compared with their control
genes, consistent with an elevated frequency of recent selec-
tive sweeps at or near GSC genes.

We also examined the genomic regions discovered by Pool
et al. (2012) to have evidence of selective sweeps using the
SweepFinder program, and tabulated our list of stem cell
genes they identified as within the swept regions
(see Materials and Methods). For this analysis we examined
members of the full list of stem cell regulating genes, except
genes on the fourth chromosome due to their low recombi-
nation rates (see Materials and Methods for detail), regardless
of whether we had found a suitable control gene. Ten of 100
(10%) BSC genes, 31 of 259 (12%) GSC genes, and 20 of 144
(14%) NSC genes were identified within the SweepFinder
outlier windows from Pool et al. (2012) (see table 2 for
full list of genes). We tested for an enrichment of sweep-
associated genes among the three stem cell gene classes by
comparing the observed numbers with those from a random
distribution. In total, 1,000 groups of genes were generated
where each group comprised randomly chosen genes from
the D. melanogaster genome that matched the total number
of autosomal and X chromosomal genes of each stem cell
class. Then for each group, the total numbers of genes with
evidence of selective sweeps identified by Pool et al. (2012)
were counted. This generated a distribution of the total
number of genes with evidence of a selective sweep in a ran-
domly selected group of genes. Compared with this random
distribution, the GSC and NSC classes were both significantly
overrepresented with genes with evidence of recent selective
sweeps (FDR-corrected P value=0.038; FDR P value=0.022,
respectively).
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Table 2

List of Stem Cell Regulating Genes with Evidence of a Recent Selective Sweep Based on the SweepFinder Results of Pool et al. (2012)

FBgn Name Gene Name Literature Annotated Function? GO Annotated Molecular Function®

Both stem cell
FBgn0002787 Rpn8 GSCmanT Endopeptidase activity
FBgn0003607 Su(var)205 GSCpyrr; Transcription and chromatin remodeling Chromatin binding
FBgn0010278 Ssrp GSCmaint; NSCpjrr; Transcription and chromatin remodeling Single-stranded DNA binding
FBgn0020306 dom GSCyant; Transcription and chromatin remodeling Helicase activity
FBgn0025832 Fen1 GSCpant; GSCer Endonuclease activity
FBgn0030086 CG7033 GSCyant; CELLge ATP binding
FBgn0259937 Nop60B GSCuant; CELLgr; NSCsg; Ribosome biogenesis Pseudouridylate synthase activity
FBgn0260399 gwl GSCpant; GSCer Protein ser/thr kinase activity
FBgn0261617 nej GSCpyrr; Transcription and chromatin remodeling Transcription coactivator activity
FBgn0265297 pAbp GSCumanT; Translation Protein binding

Germline stem cell
FBgn0000562 egl Translation mRNA binding
FBgn0000996 dup GSCyaNT DNA binding
FBgn0001215 Hrb98DE Splicing mRNA binding
FBgn0001233  Hsp83 — ATPase activity, coupled
FBgn0002791 mr GSCyant; CELLgr Ubiquitin protein ligase binding
FBgn0003676 T-cp1 GSCpaint; CELLgr Hydrogen-exporting ATPase activity
FBgn0004656  fs(1)h GSCpanT DNA binding
FBgn0004838  Hrb27C Splicing mRNA 3'-UTR binding
FBgn0004872 piwi — RNA binding
FBgn0011211 blw GSCprr; Mitochondrial function Hydrogen-exporting ATPase activity
FBgn0011785 BRWD3 GSCyaint; GSCer —
FBgn0013984 InR GSCpanT Insulin-activated receptor activity
FBgn0021796 Tor GSCpaint; CELLgr Protein kinase activity
FBgn0022943  Cbp20 GSCya; CELLgg; Translation RNA cap binding
FBgn0025724 beta'COP GSCpainT Structural molecule activity
FBgn0025830 IntS8 GSCyant; GSCer Molecular_function
FBgn0026252 msk GSCwmant; CELLgr Protein transmembrane transporter activity
FBgn0028411 Nxt1 GSCpmaint; CELLgr —
FBgn0029113 Uba2 GSCyant; GSCer Ubiquitin activating enzyme activity
FBgn0031493  CG3605 GSCyan; CELLgr Splicing —
FBgn0031883 CG11266 — mRNA binding
FBgn0032393 CG12264 GSCyant; CELLgr Cystathionine gamma-lyase activity
FBgn0035854 CG8005 — —
FBgn0039120 Nup98-96 Nuclear pore Protein binding
FBgn0053526  PNUTS GSCuaNT Protein phosphatase regulator activity
FBgn0086899 tlk — Protein ser/thr kinase activity
FBgn0260934 Par-1 GSCpant; CELLge Protein ser/thr kinase activity
FBgn0260936 scny GSCumant; CELLgr; Transcription and chromatin remodeling Ubiquitin-specific protease activity
FBgn0261797 Dhc64C GSCpirr; Kinetochore/Spindle ATPase activity, coupled
FBgn0262647 Nup160 GSCyant; CELLgr; Nuclear pore Protein binding
FBgn0262656 dm GSCyanT; Ribosome biogenesis DNA binding

Neural stem cell
FBgn0000413 da NCDpye DNA binding
FBgn0002917 na — Cation channel activity
FBgn0010328 woc — Protein binding
FBgn0015024 Cklo — Protein kinase activity
FBgn0020653  Trxr-1 — Protein homodimerization activity
FBgn0022238 lolal — Sequence-specific DNA binding transcription factor activity
FBgn0024921 Trn — Protein transmembrane transporter activity
FBgn0025463  Bap60 — Transcription coactivator activity
FBgn0025571 SF1 — Zinc ion binding
FBgn0025716  Bap55 — Transcription coactivator activity

(continued)
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Table 2 Continued

FBgn Name Gene Name

Literature Annotated Function®

GO Annotated Molecular Function®

FBgn0030208 PPP4R2r —
FBgn0031456  Trn-SR —
FBgn0032388 (CG6686 —
FBgn0035422  RpL28 —
FBgn0036248 ssp —
FBgn0038746  Surf6 —
FBgn0053100  4EHP —
FBgn0061200 Nup153 —
FBgn0261793 Trf2 —
FBgn0264962 Inr-a —

Protein phosphatase regulator activity

Protein binding

Structural constituent of ribosome

Beta-catenin binding
Heme transporter activity

Translation initiation factor activity

Zinc ion binding
Sequence-specific DNA binding transcription factor activity
RNA binding

Note.—CELLgr, germline general cell essential factor. GSCgr, germline stem cell specific essential factor. NSCcg, neural stem cell regulation of cell growth. NSCsg, neural
stem cell self-renewal. Note that these were analyzed from all stem cell regulating gene list identified from both Neumdiller et al. (2011) and Yan et al. (2014) regardless of

whether it was assigned a control gene or not from this study.

@Functional annotation based on the study of Neumdiller et al. (2011) and Yan et al. (2014).

BFunctional annotation based on GO categorization on Flybase.

differences in synonymous divergence (dS), Fop, or ENC sta-
tistics between the stem cell class genes and their control
genes (supplementary table S3, Supplementary Material
online).

Analysis of D. melanogaster Stem Cell Regulating Genes
without Random Control Genes

Although we favor our analysis of stem cell class genes relative
to sets of matched control genes, the inability to find appro-
priate control genes resulted in excluding a total of 27 BSC, 69
GSC, and 44 NSC genes from the previous polymorphism and
divergence analysis. For completeness, we have separately
examined 0., TajD, FWH, ®, and DoS values for the excluded
stem cell genes. Although excluded BSC genes without
controls showed lower total CDS 0, (FDR-corrected MWU
test P value=0.048) and excluded GSC genes without con-
trols showed significantly lower synonymous 6, (FDR-
corrected MWU test P value=0.038) compared with the
BSC or GSC genes with controls (supplementary fig. S1,
Supplementary Material online), the TajD, FWH, ®, and DoS
values showed no significant difference in any of the three
stem cell classes when comparing genes with and without its
control genes (supplementary fig. S1, Supplementary Material
online). Thus, results from the previous evolutionary analysis
do not appear to have been biased by a loss of power from
excluding stem cell genes without the appropriate control
genes.

Comparative Genetic Analysis of Stem Cell Requlating
Genes in the melanogaster Group

Long-term patterns of molecular evolution were also evalu-
ated for these same groups of stem cell genes across the 13
Drosophila species of the melanogaster group. For some indi-
vidual genes, clear orthologs could not be assigned in some
species and were thus excluded, resulting in a slightly smaller
number of genes being analyzed than were for the D.

melanogaster polymorphism-based analyses (67 BSC genes,
154 GSC genes, and 88 NSC genes with assigned control
genes).

No significant difference in  (the ratio of nonsynonymous
to synonymous substitutions) was observed between any of
the three stem cell classes and their control genes (table 4; see
supplementary data S2, Supplementary Material online, for
estimates of o for each gene). We observed no significant
difference in dS between the stem cell class genes and their
control genes (results not shown) suggesting that there are no
class-specific differences in positive or negative selection,
based on ®, on amino acid replacements across the analyzed
13 Drosophila species.

We tested for codon-specific positive and negative selec-
tion occurring on the amino acid coding sites using the meth-
ods M8 of PAML and FUBAR of HYPHY. Results showed that
the total number of codons with positive selection (»*) was
lower using HYPHY than using PAML; however, neither
method indicated a significant difference in total o™ between
any of the three stem cell classes and their respective control
genes (table 4; see supplementary data S2, Supplementary
Material online, for full list of genes with results from
HYPHY and PAML analysis). Using FUBAR codons estimated
to show significant evidence of negative selection (o < 1)
were also compared across all stem cell class genes and
their control genes. On average, 79% of the total examined
codons were under negative selection for each stem cell class
and this proportion was not significantly different from its
control genes (table 4).

Examining all stem cell regulating genes regardless of
having a control gene assigned, PAML M8 analysis showed
39 of 99 (39.4%) BSC genes, 89 of 244 (36.5%) GSC genes,
and 50 of 138 (36.2%) NSC genes with at least one codon
with significant evidence (posterior probability > 0.9) of posi-
tive selection. The HYPHY FUBAR analysis showed 26 of 99
(26.2%) BSC genes, 55 of 244 (22.5%) GSC genes, and 31 of
138 (22.5%) NSC genes with at least one codon with
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Table 3
List of Stem Cell Regulating Genes with Significant MK Test, Which Detects Recurrent Positive Selection, before and after False Discovery Rate
Correction
FBgn Name Gene DoSMAF MK Test MK Test FDR Literature Annotated Function® GO Annotated Molecular
Name P Values P Values Function®
Both stem cell
FBgn0004391 shtd 0.308 1.48E-12 4.49E-10 GSCmaint; CELLgg; NSCgg; Cell cycle Mitotic anaphase-promoting com-
activity plex activity
FBgn0053123 CG33123 0.195 4.65E-06 0.000269 NSCsg; ribosome associated process Leucine-tRNA ligase activity
FBgn0020306 dom 0.15 5.82E-06 0.000321 GSCyanT; Transcription and chro- Helicase activity
matin remodeling
FBgn0030241 feo 0.259 0.00042 0.0105 GSCuant; GSCer Microtubule binding
FBgn0015664 Dref 0.178 0.00377 0.055 GSCyanT; Transcription and chro- Sequence-specific DNA binding
matin remodeling transcription factor activity
FBgn0030500 Ndc80 0.176 0.0159 0.147 GSCpyrr; Kinetochore/Spindle —
FBgn0002183 dred 0.0906 0.0192 0.167 Transcription and chromatin DNA binding
remodeling
FBgn0085436 Not1 0.135 0.0212 0.174 GSCyanT; Transcription and chro- Protein binding
matin remodeling
FBgn0029672 CG2875 0.187 0.0296 0.223 — —
FBgn0260789 mxc 0.131 0.032 0.227 GSCymant; CELLgr; Transcription and DNA binding
chromatin remodeling
FBgn0024227 ial 0.136 0.0381 0.254 GSCer; NSCeg Protein serine/threonine kinase
activity
FBgn0027783 SMQC2 0.106 0.0386 0.254 GSCpmant; GSCer DNA binding
FBgn0032728 Tango6 —0.304 0.0415 0.263 CELLgr —
FBgn0053554 Nipped-A 0.154 0.0483 0.291 GSCyanT; Transcription and chro- Protein kinase activity
matin remodeling
Germline stem cell
FBgn0011230 poe 0.133 5.36E-11 1.09 E-08 GSCer Calmodulin binding
FBgn0032006 Pvr 0.295 7.58 E-11 1.32E-08 — Protein tyrosine kinase activity
FBgn0021761 Nup154 0.341 3.09E-09 3.13E-07 GSCpirr; Nuclear pore Structural constituent of nuclear
pore
FBgn0028982 Spté 0.288 3.48E-09 3.26 E-07 GSCwmant; CELLgr; Transcription and Chromatin binding
chromatin remodeling
FBgn0021796 Tor 0.165 2.57 E-06 0.000161 GSCpaint; CELLgr Protein kinase activity
FBgn0262647 Nup160 0.27 8.28 E-06 0.00042 GSCwmant; CELLgr; Nuclear pore Protein binding
FBgn0261854 aPKC 0.447 1.35E-05 0.000632 GSCpmaint; CELLgr Protein kinase C activity
FBgn0261954 east 0.32 1.95E-05 0.000877 GSCmainT —
FBgn0001624 dig1 0.354 5.46 E-05 0.00189 — Guanylate kinase activity
FBgn0261797 Dhc64C 0.0475  5.67E-05 0.00191 GSCpyrr; Kinetochore/Spindle ATPase activity, coupled
FBgn0082582 tmod 0.531 0.00015 0.00443 — Actin binding
FBgn0027537 Nup93-1 0.356 0.0002 0.00566 — Structural constituent of nuclear
pore
FBgn0033762 ZnT49B 0.264 0.00025 0.00673 GSCuanT Cation transmembrane transporter
activity
FBgn0040273 Spt5 0.143 0.00095 0.0206 CELLgg; Transcription and chroma- —
tin remodeling
FBgn0031119 CG1812 0.277 0.00286 0.0484 GSCpanT Actin binding
FBgn0038805 TFAM 0.361 0.00298 0.0493 GSCpan; Mitochondrial function Sequence-specific DNA binding
transcription factor activity
FBgn0260936 scny 0.243 0.00314 0.0509 GSCwmant; CELLgr; Transcription and Ubiquitin-specific protease activity
chromatin remodeling
FBgn0039680 Cap-D2 0.125 0.0032 0.0512 — —
FBgn0031344 CG7420 0.283 0.00414 0.0576 GSCyaint; CELLgr —
FBgn0010382 CycE 0.237 0.00414 0.0576 GSCpant; GSCer Cyclin-dependent protein ser/thr
kinase regulator activity
(continued)
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Table 3 Continued

FBgn Name Gene DoSMAF MK Test MK Test FDR Literature Annotated Function® GO Annotated Molecular
Name P Values P Values Function®
FBgn0050020 CG30020 0.223 0.00452 0.0604 GSCyanT; Transcription and chro- Nucleic acid binding
matin remodeling
FBgn0267350  Pl4Klllalpha  0.0671 0.00604 0.073 — 1-phosphatidylinositol 4-kinase
activity
FBgn0000158 bam 0.373 0.00729 0.0821 GSCprr; Translation Translation repressor activity
FBgn0011802 Gem3 0.131 0.00735 0.0821 GSCwmant; CELLg; Splicing RNA helicase activity
FBgn0039016 Dcr-1 0.0957 0.00825 0.0887 Translation Double-stranded RNA binding
FBgn0025815 Mcm6 0.13 0.0083 0.0887 GSCuant; GSCer; DNA replication Chromatin binding
FBgn0015245 Hsp60 0.183 0.0114 0.114 — Unfolded protein binding
FBgn0002174 1(2)tid 0.208 0.01294 0.124 GSCyanT; Transcription and chro- Patched binding
matin remodeling
FBgn0004856 Bx42 0.22 0.01781 0.158 GSCer Protein binding
FBgn0024177 zpg 0.2 0.02133 0.174 GSCyant; CELLgr Gap junction channel activity
FBgn0053526 PNUTS 0.155 0.02655 0.208 GSCumainT Protein phosphatase regulator
activity
FBgn0027055 CSN3 —0.857  0.02722 0.211 GSCer —
FBgn0041164 armi 0.172 0.02817 0.215 — DNA helicase activity
FBgn0052113 CG32113 0.0534 0.03186 0.227 GSCpainT —
FBgn0039120 Nup98-96 0.0951 0.0359 0.242 Nuclear pore Protein binding
FBgn0003277 RplI215 0.0825 0.0385 0.254 GSCpant; CELLgr DNA-directed RNA polymerase
activity
FBgn0025455 CycT 0.217 0.04489 0.274 GSCgf; Transcription and chromatin Protein kinase binding
remodeling
FBgn0033846 mip120 0.142 0.04827 0.291 Transcription and chromatin DNA binding
remodeling
FBgn0029113 Uba2 -0.18 0.04833 0.291 GSCpant; GSCer Ubiquitin activating enzyme
activity
FBgn0261938  mtRNApol 0.107 0.0491 0.294 GSCgr; Mitochondrial function DNA-directed RNA polymerase
activity
Neural stem cell
FBgn0001612 Grip91 0.443 2.75E-1 6.70 E-09 — Microtubule binding
FBgn0005630 lola 0.502 1.43E-10 2.17E-08 NSCpirr Protein binding
FBgn0030384 CG2577 0.354 2.29E-05 0.00096 — Protein serine/threonine kinase
activity
FBgn0263257 Cngl 0.218 2.21E-05 0.00096 — Intracellular cyclic nucleotide acti-
vated cation channel activity
FBgn0061200 Nup153 0.282 2.58 E-05 0.00104 — Zinc ion binding
FBgn0250847 CG14034 0.387 3.39E-05 0.00133 — Phospholipase activity
FBgn0264962 Inr-a 0.23 8.60 E-05 0.00275 —_ RNA binding
FBgn0041147 ida 0.196 0.00049 0.0116 NSCsg; Cell cycle activity Mitotic anaphase-promoting com-
plex activity
FBgn0001222 Hsf 0.263 0.00157 0.0314 —_ DNA binding
FBgn0037379 CG10979 —0.451 0.00333 0.0516 — Metal ion binding
FBgn0032683 kon 0.113 0.00416 0.0576 — Protein binding
FBgn0030706 CG8909 0.0659 0.00673 0.078 — Low-density lipoprotein receptor
activity
FBgn0040477 cid 0.405 0.00751 0.0831 — DNA binding
FBgn0003044 Pcl 0.188 0.00797 0.0867 — Protein binding
FBgn0031886 Nuf2 0.236 0.0108 0.109 — —
FBgn0036248 ssp 0.281 0.0118 0.117 — Beta-catenin binding
FBgn0259876 Cap-G 0.18 0.0141 0.134 —_ —_
FBgn0030951 CG6873 0.378 0.0205 0.171 — Actin binding
FBgn0035026 Fcp1 —0.242 0.0265 0.208 — CTD phosphatase activity

(continued)
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FBgn Name Gene DoSMAF MK Test MK Test FDR Literature Annotated Function® GO Annotated Molecular
Name P Values P Values Function®
FBgn0053100 4EHP 0.423 0.0307 0.226 — Translation initiation factor activity
FBgn0039475 CG6277 0.219 0.0322 0.228 — Phosphatidylcholine 1-acylhydrolase
activity
FBgn0039788 Rpt6R 0.138 0.0329 0.231 — ATPase activity
FBgn0036643 Syx8 —0.702 0.0346 0.241 — SNAP receptor activity
FBgn0250732 gfzf 0.287 0.0395 0.256 — Glutathione transferase activity
FBgn0011704 RnrS —0.229 0.0445 0.274 — Ribonucleoside-diphosphate reduc-

tase activity

Note.— CELLgr, germline general cell essential factor; GSCer, germline stem cell-specific essential factor; NSCcg, neural stem cell regulation of cell growth; NSCeg, neural
stem cell self-renewal; DoSMAF, DoS statistics calculated after excluding minor allele frequencies of 5%; MK-test FDR P values, MK-test P values after FDR corrections; Note
that these were analyzed from all stem cell regulating gene list identified from both Neumdiller et al. (2011) and Yan et al. (2014) regardless of whether it was assigned a
control gene or not from this study. Significant MK test P values after FDR correction are bolded.

®Functional annotation based on the study of Neumdiller et al. (2011) and Yan et al. (2014).

PFunctional annotation based on GO categorization on Flybase.

Table 4
Codon Model Based Test of Positive and Purifying Selection across the Three Stem Cell Classes and Their Corresponding Control Genes
Statistic Both Stem Cell Both Stem Germline Stem Cell Germline Stem Neural Stem Cell Neural Stem
Cell Control Cell Control Cell Control
PAML Model 0
® 0.032 (0.023, 0.041) 0.036 (0.027, 0.043) 0.033 (0.026, 0.042) 0.041 (0.036, 0.045) 0.03 (0.022, 0.043) 0.034 (0.030, 0.040)
PAML Model 8
o* 49 (0.096%) 116 (0.110%) 109 (0.090%) 213 (0.084%) 47 (0.086%) 113 (0.084%)
HYPHY FUBAR
o* 17 (0.033%) 27 (0.026%) 36 (0.030%) 89 (0.035%) 24 (0.044%) 51 (0.038%)
o 40,688 (80.0%) 84,593 (80.2%) 94,762 (78.6%) 200,475 (79.2%) 42,157 (77.5%) 106,005 (79.1%)

Total Codons 50,869 105,449

120,558

253,087 54,412 134,081

Note.—», median ratio of nonsynonymous divergence to synonymous divergence with 95% bootstrap confidence interval in parenthesis; »*, number of sites with
significant evidence (posterior probability > 0.9) of positive selection and its proportions are indicated in parenthesis; ®~, number of sites with significant evidence (posterior
probability > 0.9) of purifying selection and its proportions are indicated in parenthesis.

significant evidence (posterior probability > 0.9) of positive
selection. Both PAML Model 8 and HYPHY FUBAR analysis
had detected the same codons with significant evidence (pos-
terior probability > 0.9) of positive selection in 10 BSC genes,
27 GSC genes, and 17 NSC genes (see table 5 for complete list
of genes that had significant evidence of positive selection
after PAML and HYPHY analysis).

Analysis of Biological and Molecular Functions under
Selection in D. melanogaster Stem Cell Regulating Genes

To gain insight into the potential drivers of selection on the
GSC and NSC system, we have examined for enrichment of
genes with evidence of positive selection in specific molecular
and biological functions. Only the D. melanogaster lineage
was analyzed as the molecular and biological functions for
each stem cell regulating genes have been experimentally
determined only in this species.

The GSC class was initially examined based on the catego-
rization of Yan et al. (2014). Two biological functions involved
in the GSC were examined: 1) GSC specific essential factors

versus general cell essential factors and 2) GSC differentiation
versus GSC maintenance genes (see Yan et al. 2014 for fur-
ther detail).

No significant differences in synonymous TajD, FWH, or
DoS values were observed between GSC essential factor
genes and their control genes or between general cell essen-
tial factor genes and their control genes (supplementary fig.
S2, Supplementary Material online). However, the general cell
essential factor category had a significant excess of genes with
evidence of a recent selective sweep (13 of 63 genes; FDR P
value=0.049) based on the SweepFinder results from Pool
et al. (2012).

Contrasting GSC maintenance and differentiation genes,
we found the GSC maintenance genes had significantly more
negative synonymous TajD test statistics compared with their
control genes (supplementary fig. S3, Supplementary Material
online; FDR-corrected MWU test P value =0.038). However,
neither GSC differentiation nor maintenance functions
showed an excess of genes with SweepFinder evidence of
recent selective sweeps (based on Pool et al. 2012) compared
with a random group of genes.
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Table 5

List of Stem Cell Regulating Genes with Codons under Positive Selection
of Long-Term Positive Selection along the melanogaster Group

after PAML Model 8 and HYPHY FUBAR Analysis, Which Detects Evidence

FBgn Name Gene Name Codon Position PPyogel 8 PPrusar Literature Annotated Function® GO Annotated Molecular
Function®
Both stem cell
FBgn0000541 E(bx) 899 0.916 0.912 Transcription and chromatin Ligand-dependent nuclear receptor
remodeling binding
FBgn0003041 pbl 450 0.951 0.916 GSCpmant; NSCeg Guanyl-nucleotide exchange factor
activity
FBgn0003169 punt 49 0.994 0.995 — Activin binding
FBgn0003346 RanGAP 595 0.904 0.919 GSCuanT Ran GTPase activator activity
FBgn0004378 Klp61F 863 0.903 0.968 — Motor activity
FBgn0016983 smid 501 0.944 0.945 GSCpmant; CELLgr ATPase activity
FBgn0027587 CG7028 385 0.918 0.928 CELLgr Protein kinase activity
FBgn0030241 feo 627 0.967 0.947 GSCyant; GSCer Microtubule binding
FBgn0034528 CG11180 698 0.902 0.944 NSCsg; ribosome associated process Nucleic acid binding
FBgn0052183 Cen 315 0.971 0.928 GSCpirr; NSCpyrr Growth factor activity
345 0.947 0.933
Germline stem cell
FBgn0000392 cup 680 0.925 0.989 Translation Protein binding
FBgn0003090 pk 284 0.926 0.937 GSCuanT; CELLgr Zinc ion binding
FBgn0003732 Top2 903 0.925 0.966 GSCer DNA binding
913 0.947 0.921
1455 0.986 0.911
FBgn0004872 piwi 75 0.914 0.944 — RNA binding
FBgn0005632 faf 1199 0.978 0.918 — Ubiquitin-specific protease activity
FBgn0015245 Hsp60 494 0.962 0.992 — Unfolded protein binding
FBgn0015834 Trip1 3 0.934 0.913 GSCpanT; Translation Translation initiation factor activity
FBgn0021796 Tor 1654 0.934 0.948 GSCuanT; CELLgr Protein kinase activity
FBgn0023175  Prosalpha7 13 0.979 0.943 CELLgr; Proteasome Endopeptidase activity
FBgn0025830 IntS8 132 0.952 0.92 GSCpaint; GSCer —
FBgn0029840 raptor 372 0.954 0.934 GSCprr; GSCer —
FBgn0031119 CG1812 23 0.945 0.93 GSCpanT Actin binding
FBgn0031885 Mnn1 607 0.958 0.932 CELLgr —
FBgn0033185 CG1603 267 0.953 0.974 GSCyanT; Transcription and chro- Metal ion binding
matin remodeling
FBgn0035437 CG11526 37 0.912 0.941 — —
FBgn0035590 Prpk 118 0.936 0.908 GSCoyrr Protein tyrosine kinase activity
FBgn0039016 Dcr-1 780 0.993 0.959 Translation Double-stranded RNA binding
FBgn0050020 CG30020 112 0.957 0.91 GSCyanT; Transcription and chro- Nucleic acid binding
matin remodeling
FBgn0053556 form3 369 0.991 0.958 GSCer Actin binding
FBgn0260934 par-1 480 0.982 0.931 GSCumant; CELLge Protein serine/threonine kinase
activity
FBgn0260936 scny 700 0.925 0.929 GSCyaint; CELLgr; Transcription and Ubiquitin-specific protease activity
chromatin remodeling
FBgn0261954 east 810 0.967 0.97 GSCuaNT —
1516 0.927 0.921
FBgn0262647 Nup160 710 0.919 0.903 GSCyant; CELLgr; Nuclear pore Protein binding
FBgn0263102 psq 142 0.998 0.963 Transcription and DNA binding
258 0.999 0.974 chromatin remodeling
262 0.992 0.952
FBgn0263755 Su(var)3-9 373 0.994 0.92 GSCumant; GSCer; Transcription and Chromatin binding
chromatin remodeling
FBgn0264495 app 993 0.91 0.903 — Histone methyltransferase activity

(H3-K79 specific)

(continued)
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Table 5 Continued

FBgn Name Gene Name Codon Position PPyogel 8 PPrusar Literature Annotated Function® GO Annotated Molecular
Function®
FBgn0266557 kis 1974 0.969 0.903 — ATP-dependent helicase activity
Neural stem cell
FBgn0000287 salr 680 0.935 0.915 — Sequence-specific DNA binding
transcription factor activity
FBgn0004595 pros 120 0.941 0.922 NSCoee DNA binding
FBgn0010328 woc 1022 0.953 0.964 — Protein binding
1206 0.923 0.923
FBgn0020653 Trxr-1 93 0.99 0.926 — Protein homodimerization activity
FBgn0025571 SF1 19 0.948 0.939 — Zinc ion binding
FBgn0026722 drosha 102 0.986 0.946 — Ribonuclease Il activity
FBgn0030208 PPP4R2r 407 0.921 0.924 — Protein phosphatase regulator
activity
FBgn0033062 Ars2 449 0.929 0.951 — —
463 0.953 0.948
475 0.936 0.907
FBgn0037379 CG10979 887 0.979 0.954 — Metal ion binding
FBgn0038072 CG6225 198 0.96 0.937 — Aminopeptidase activity
FBgn0038499 Brf 346 0.968 0.954 — Transcription factor binding
FBgn0038874 ETHR 728 0.934 0.945 — G-protein-coupled peptide receptor
activity
FBgn0061200 Nup153 658 0.914 0.94 — Zinc ion binding
FBgn0250732 ofzf 989 0.984 0.989 — Glutathione transferase activity
FBgn0259876 Cap-G 909 0.989 0.932 — —
FBgn0260794 ctrip 27 0.971 0.952 — Ligand-dependent nuclear receptor
binding
FBgn0261793 Trf2 348 0.982 0.9 — Sequence-specific DNA binding

transcription factor activity

Note.—CELLgr, germline general cell essential factor; GSCg, germline stem cell-specific essential factor; NSCcg, neural stem cell regulation of cell growth; NSCsg, neural
stem cell self-renewal. Codon Position, position of the codon that had significant evidence of selection (posterior probability > 0.9) in both PAML Model 8 and HYPHY FUBAR
analysis. PPyodel 8 POsterior probability of the positively selected codon after the BEB method of PAML Model 8. PPrgar, posterior probability of the positively selected
codon after the HYPHY FUBAR analysis. Note that these were analyzed from all stem cell regulating gene list identified from both Neumdiller et al. (2011) and Yan et al.

(2014) regardless of whether it was assigned a control gene or not from this study.

®Functional annotation based on the study of Neumdller et al. (2011) and Yan et al. (2014).

PFunctional annotation based on GO categorization on Flybase.

Next, we examined nine molecular complexes/molecular
functions within the germline (see fig. 2e of Yan et al. 2014
for further detail). Molecular functions involved in the tran-
scription and chromatin remodeling of the GSC had signifi-
cantly higher DoS values compared with its control genes (fig.
1; FDR-corrected MWU test P value=0.0019). However, no
significant differences in synonymous TajD or FWH test statis-
tics were observed between genes grouped into any of the
nine molecular functions and their control genes (supplemen-
tary fig. S4, Supplementary Material online).

Finally, we examined the molecular evolution of specific
biological and molecular functions in the NSC system. To
group NSC genes according to their putative biological func-
tions, Neumdiller et al. (2011) used a hierarchical clustering
algorithm on a reduced set of NSC regulating genes’
mutant phenotypes, resulting in a cluster of three phenotypic
groups: NSC growth, NSC self-renewal, and NSC differentia-
tion (genes listed on supplementary fig. S4, figs. 5A and 6A,
respectively, in Neumduller et al. 2011). As many of the NSC

genes' biological and molecular functions overlapped with
each other, only the biological functions involved in the NSC
were examined (Neumdiller et al. 2011). No significant differ-
ences in synonymous TajD or FWH tests and DoS statistics
were observed between genes involved in the NSC growth,
NSC self-renewal, or NSC differentiation compared with
its respective controls genes (supplementary fig. S5,
Supplementary Material online). However, we caution further
interpretations as the sample sizes for each category were too
low resulting in reduced power to detect any potential signif-
icant differences.

Discussion

Based on its biological function and importance, stem cell
regulatory genes might be expected to be under evolutionary
constraint and evolve slower than most other nonstem cell
regulatory genes. However, evidence from several previous
population genetic studies targeting a few GSC regulating
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Fic. 1.—DoS values of various molecular functions within the germline stem cell genes (dark gray) and its control genes (white). Significant difference
(P value < 0.05) between stem cell group and its control genes is indicated with a star, whereas numbers in parentheses represent the number of genes

examined for each stem cell group.

genes (Civetta et al. 2006; Bauer DuMont et al. 2007; Choi
and Aquadro 2014; Flores, Bubnell, et al. 2015) suggests the
contrary, and compared with the genomic background the
stem cell system may in fact have an increased number of
genes that are adaptively evolving. Here, to elucidate the evo-
lution of stem cell regulating genes we have examined the
molecular evolution of a large set of genes that have func-
tional evidence regulating the Drosophila germline and neural
stem cell.

We find evidence that recent selective sweeps were
enriched in both GSC and NGS regulatory genes, but not
long-term and recurrent positive selection. These results for
NSCs were consistent with Pool et al. (2012) who also found
an excess of genes with selective sweeps associated with GO
terms relating to neurogenesis in the Rwanda D. melanogaster
population. We note that the Rwanda population has higher
proportions of cosmopolitan admixture compared with the
Zambia population that was analyzed in this study (Pool
et al. 2012; Lack et al. 2015). Thus, it is possible that the
genome-wide selective sweep analysis conducted by Pool
et al. (2012) was affected by the cosmopolitan admixture.
At least in human populations, recent admixture does not
increase the false positive rate of detecting selective sweeps
using site frequency-based neutrality tests (Lohmueller et al.
20711). Thus, our results corroborate those of Pool et al. (2012)
suggesting that both GSC and NSC have an excess of genes
with evidence of recent selection.

On the other hand, none of the three stem cell classes
(BSC, GSC, and NSC) showed an elevation, relative to their
respective control genes, of long-term recurrent positive
selection based on DoS or  estimates, MK tests, or PAML

and HYPHY analyses. Thus, despite the evidence of recent and
long-term positive selection in individual genes of the BSC,
GSC, and NSC system, there was no evidence to support
the hypothesis that the functional role involving stem cells
has led to a class-wide enrichment for positively selected
genes.

Our results may seem to contradict the findings of Langley
et al. (2012) who had conducted genome-wide-polarized MK
tests in an African population of D. melanogaster. Their results
have shown that genes with significant polarized MK test
were enriched for GO categories involved in stem cell mainte-
nance and neural and neural muscular development (see table
11 of Langley et al. 2012). We conducted GO enrichment
analysis (from the GO website: http://geneontology.org/, last
accessed November 2015) on our set of genes with significant
MK test result (table 3) and found significant enrichment for
categories such as “germarium-derived female germ-line cyst
formation,” “cystoblast division,” and “female germ-line cyst
formation” for the GSC genes; and “neurogenesis” for the
NSC genes. Thus, our results are consistent with Langley et al.
(2012) where among the genes with significant MK test, there
are enrichment for specific biological functions relating to
germline and neural stem cell functions. However, unlike bio-
logical systems such as the immunity where majority of its
composing genes have an elevated level of adaptive evolution
(Obbard et al. 2009), positive selection in both GSC and NSC is
only limited to a subset of genes.

Although neither stem cell system had evidence for an
enrichment of genes with long-term adaptive evolution, we
also did not find any evidence that the germline and neural
stem cell system had a deficit of adaptive evolution. Thus, the
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unique biological function of stem cells does not seem to
cause an overall constraint on the evolution of genes directly
involved in regulating the germline and neural stem cell sys-
tems. It will of course be important to examine these trends in
additional populations of D. melanogaster, as well as popula-
tions of species in other lineages across the genus as high
quality data become available. Newly available data sets
(Rogers et al. 2014; Garrigan et al. 2015; Grenier et al.
2015) are promising however, are limited in their SNP calls
due to low sequencing coverage and/or residual
heterozygosity.

Using population genetic tests that detect recent
(SweepFinder), recurrent (MK test), and long-term (HYPHY
and PAML) positive selection there were four genes that had
evidence of positive selection across all temporal scale: In the
GSC  regulating genes:  Tor (FBgn0021796), scny
(FBgn0260936), and Nup7160 (FBgn0262647); and in the
NSC regulating genes: Nup 153 (FBgn0061200). Multiple sig-
natures of positive selection suggests that these genes are
consistent targets of adaptive evolution in Drosophila and
will be further discussed below.

Molecular evolution of Tor (Target of Rapamycin) is consis-
tent with previous study that had also identified it under re-
current adaptive evolution in D. melanogaster (Alvarez-Ponce
et al. 2012). Functionally Tor is part of the insulin/TOR signal
transduction pathway that is commonly involved in various
physiological processes, such as metabolism, reproduction,
and growth (Oldham and Hafen 2003). Previous studies
have identified multiple genes comprising the insulin/TOR
pathway under positive selection in both invertebrate and ver-
tebrate lineages (Alvarez-Ponce et al. 2009, 2012; Luisi et al.
2012; McGaugh et al. 2015), suggesting that the genes of the
insulin/TOR pathway are strong targets of positive selection in
a wide group of organisms. The driver of selection of Tor in
Drosophila is unknown, but potentially due to its role in energy
metabolism and fecundity Tor had evidence of positive selec-
tion across multiple evolutionary time scale in our study.
During the wide geographical expansion of the genus
Drosophila, subsequent use of the diverse resources in those
novel environments (Markow and O'Grady 2008) could have
been the primary driver of positive selection for Tor across a
wide evolutionary time scale.

Our molecular evolutionary analysis of specific biological
functions within the GSC provides limited insight into the pos-
sible drivers of selection. However within the GSC, molecular
functions relating to transcription/chromatin remodeling was
the only category that had increased recurrent adaptive evo-
lution compared with a random group of genes. We note that
some of the functional categories had very small sample sizes
(fig. 1) resulting in lower power to determine the degree of
adaptive evolution. Nevertheless in Drosophila, genes involved
in transcription and chromatin remodeling were previously
identified as targets of rapid evolution (Vermaak et al. 2005;
Rodriguez et al. 2007; Levine and Begun 2008). The gene

scny, which had evidence of positive selection across all evo-
lutionary time scale in this study, also has a role in transcription
and chromatin remodeling as it encodes an ubiquitin specific
protease, and regulates the ubiquitylation of histones during
the chromatin remodeling stages (Buszczak et al. 2009). The
rapid evolution observed in genes regulating transcription
and chromatin remodeling is hypothesized to be due to
conflicts between transposable elements and its host (Lee
and Langley 2012). Due to its replicative mode of transmis-
sion, transposable elements can cause deleterious mutagenic
effects across the host genome (Finnegan 1992). Here, a
coevolutionary arms race is predicted to occur within the
host involving the suppression of these transposable ele-
ments from transmitting, while the elements themselves
evolving rapidly to evade the host defense (Kidwell and
Lisch 2001). Thus, transposable elements could be a major
driver of adaptive evolution across some of the GSC regulating
genes.

Nup153 and Nup160 are part of the nuclear pore complex
surrounding the nuclear membrane and mediates the import
and export of molecules being transported to the nucleus
(Tran and Wente 2006). Components of the nuclear pore
complex were under rapid adaptive evolution in Drosophila
(Presgraves et al. 2003; Presgraves and Stephan 2007,
Mensch et al. 2013) potentially due to its role in hybrid incom-
patibility, that is, sterility or inviability observed in a hybrid of
two diverged species (Tang and Presgraves 2009). Previously
many hybrid incompatibility genes were found rapidly evolv-
ing (Ting et al. 1998; Brideau et al. 2006; Maheshwari et al.
2008) likely from genetic conflicts between host and transpos-
able elements, meiotic drivers, and cytoplasmic—nuclear con-
flicts (Maheshwari and Barbash 2011).

Evolutionary conflict could also occur between germline
parasites, such as Wolbachia and Spiroplasma; and their
insect host GSCs (e.g., Bauer DuMont et al. 2007;
Engelstadter and Hurst 2009; Choi and Aquadro 2014;
Flores, Bubnell, et al. 2015; Flores, DuMont, et al. 2015).
These maternally inherited microbes have a selfish interest
for their own transmission and can manipulate the host
reproduction (Werren et al. 2008). One model of manipula-
tion proposes that in the host GSC, the germline parasite
could eliminate uninfected germ cells and effectively favor
the transmission of infected GSCs (Werren 2005). The eleva-
tion of recent selective sweeps that we have observed in GSC
regulating genes could reflect the host resisting this manipu-
lation and ultimately promoting the generation of uninfected
gametes. Given that phylogenetic studies of Wolbachia have
suggested turnovers of Wolbachia infections among its host
arthropods (e.g., Baldo et al. 2006), transient infections and
resulting transient evolutionary conflict could result in bursts
of recent selective sweeps in hosts such as that observed
across the D. melanogaster GSC regulating genes. However,
this would not lead to excess of recurrent adaptive evolution
on GSC genes as a class. Transient positive selection could also
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result from the fact that Wolbachia infection can provide pos-
itive reproductive benefits to its host Drosophila (e.g., Starr
and Cline 2002; Teixeira et al. 2008; Flores, DuMont, et al.
2015), and Carrington et al. (2011) have reported a decreased
intensity of reproductive manipulation evolving after a decade
in a Wolbachia strain infecting D. simulans. Thus even with a
persistent Wolbachia infection the coevolutionary arms race
could be short, leading only to transient positive selection
acting on the GSC regulating genes as appears to be
the case for bag of marbles (bam) in Drosophila (Civetta
et al. 2006; Bauer DuMont et al. 2007, Choi and Aquadro
2014).

The driver of selection across the NSC genes showing
recent selective sweeps or long-term positive selection is
unknown. A previous study of the D. melanogaster nervous
system has shown frequent emergence of new genes being
expressed in the neural tissues. Many of these were under
strong positive selection where the possible evolutionary
driver was proposed to be its role in regulating foraging
behavior (Chen et al. 2012). NSCs will differentiate into the
neurons and glia cells of the D. melanogaster nervous system
ultimately giving rise to all the cells existing in the adult
D. melanogaster brain (Doe 2008). Here, it is possible that
cellular regulation of neural differentiation associated with be-
havior could be driving the evolution of some of the NSC
regulating genes.

Finally, the BSC class of genes expressed in both GSC and
NSC was the only group showing no evidence of excess pos-
itive selection in either short- or long-term evolutionary time
scales. This is potentially due to the pleiotropic nature of the
BSC class as genes involved in multiple functions of a pathway
have previously shown to be under more constraint (Jeong
et al. 2001; Fraser et al. 2002; Kim et al. 2007; Greenberg
et al. 2008). Still, however, there were individual genes of the
BSC system that had evidence of positive selection in various
evolutionary time scales. A possible driver of selection here is
the competition stem cells have with each other for the niche
environment (Li and Xie 2005). In many biological systems,
cells are under constant competition with each other.
Specifically within the stem cell system, the “winner” stem
cell that displaces the “loser” stem cell would differentiate
and give rise to the entire adult organism (Johnston 2009).
In the Drosophila gonad, studies have shown that stem cells
from both somatic and germline tissues are able to compete
with each other to occupy their respective stem cell niche
(Nystul and Spradling 2007; Jin et al. 2008). These “selfish”
behaviors of stem cells could cause conflicts leading to antag-
onistic results to the overall organism (Werren 2011). Thus as
BSC regulating genes are involved in germline, neural, and
possibly other systems as well, at least some of the individual
genes that are rapidly evolving in this class could be a result
from the evolutionary conflict during the stem cell niche
competition.

Conclusion

In this study, we have examined the molecular evolution of
more than 500 genes that have functional evidence in the
regulation of the Drosophila germline and/or neural stem
cell. We found an enrichment of genes with evidence of
recent selective sweeps in each germline and neural systems.
However, there was no evidence to support the hypothesis
that germline and neural stem cell regulatory genes are in-
creased targets of recurrent and long-term positive selection.
We have also identified and listed the individual genes within
the germline and neural system that had evidence of positive
selection across various temporal scales. Further analysis sug-
gests that the rapid adaptive evolution of some stem cell reg-
ulatory genes is consistent with various genetic conflicts
between and within the stem cell.

Supplementary Material

Supplementary data S1 and S2, figures S1-S5, and tables
S1-S3 are available at Genome Biology and Evolution online
(http:/Avww.gbe.oxfordjournals.orgy).

Acknowledgments

This work was supported by the National Institute of Health
grant number RO1GMO095793 to C.F.A. and Daniel A.
Barbash, and by the Cornell Center for Comparative and
Population Genomics (3CPG) with a 3CPG Scholar Award to
J.Y.C. The authors thank Vanessa L. Bauer DuMont, Daniel
Barbash, Jaclyn Bubnell, Angela Early, Brian Lazzaro, and the
anonymous reviewers for their helpful discussions and
comments.

Literature Cited

Akashi H. 1995. Inferring weak selection from patterns of polymorphism
and divergence at “silent” sites in Drosophila DNA. Genetics
139:1067-1076.

Alvarez-Ponce D, Aguadé M, Rozas J. 2009. Network-level molecular evo-
lutionary analysis of the insulin/TOR signal transduction pathway
across 12 Drosophila genomes. Genome Res. 19:234-242.

Alvarez-Ponce D, et al. 2012. Molecular population genetics of the insulin/
TOR signal transduction pathway: a network-level analysis in
Drosophila melanogaster. Mol Biol Evol. 29:123-132.

Arguello JR, et al. 2010. Recombination yet inefficient selection along the
Drosophila melanogaster subgroup’s fourth chromosome. Mol Biol
Evol. 27:848-861.

Baldo L, et al. 2006. Multilocus sequence typing system for the en-
dosymbiont Wolbachia pipientis. Appl Environ Microbiol.
72:7098-7110.

Barmina O, Kopp A. 2007. Sex-specific expression of a HOX gene
associated with rapid morphological evolution. Dev Biol.
311:277-286.

Bauer DuMont VL, Flores HA, Wright MH, Aquadro CF. 2007. Recurrent
positive selection at bgcn, a key determinant of germ line differentia-
tion, does not appear to be driven by simple coevolution with its
partner protein bam. Mol Biol Evol. 24:182-191.

3112  Genome Biol. Evol. 7(11):3097-3114.  doi:10.1093/gbe/ew207 Advance Access publication October 27, 2015


http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv207/-/DC1
http://www.gbe.oxfordjournals.org/

Molecular Evolution of Drosophila Stem Cells

GBE

Begun DJ, et al. 2007. Population genomics: whole-genome analysis of
polymorphism and divergence in Drosophila simulans. PLoS Biol.
5:e310.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc
Series B Stat Methodol. 57:289-300.

Bininda-Emonds ORP. 2005. transAlign: using amino acids to facilitate the
multiple alignment of protein-coding DNA sequences. BMC
Bioinformatics 6:156.

Brideau NJ, et al. 2006. Two Dobzhansky-Muller genes interact to cause
hybrid lethality in Drosophila. Science 314:1292-1295.

Buszczak M, Paterno S, Spradling AC. 2009. Drosophila stem cells share a
common requirement for the histone H2B ubiquitin protease scrawny.
Science 323:248-251.

Campos JL, Charlesworth B, Haddrill PR. 2012. Molecular evolution in
nonrecombining regions of the Drosophila melanogaster genome.
Genome Biol Evol. 4:278-288.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldon T. 2009. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25:1972-1973.

Carrington LB, Lipkowitz JR, Hoffmann AA, Turelli M. 2011. A re-exami-
nation of Wolbachia-induced cytoplasmic incompatibility in California
Drosophila simulans. PLoS One 6:€22565.

Chen'S, et al. 2012. Frequent recent origination of brain genes shaped the
evolution of foraging behavior in Drosophila. Cell Rep. 1:118-132.
Chen Z-X, et al. 2014. Comparative validation of the D. melanogaster
modENCODE transcriptome annotation. Genome Res. 24:1209-

1223.

Choi JY, Aquadro CF. 2014. The coevolutionary period of Wolbachia
pipientis infecting Drosophila ananassae and its impact on the evolu-
tion of the host germline stem cell regulating genes. Mol Biol Evol.
31:2457-2471.

Civetta A, Rajakumar SA, Brouwers B, Bacik JP. 2006. Rapid evolution and
gene-specific patterns of selection for three genes of spermatogenesis
in Drosophila. Mol Biol Evol. 23:655-662.

Comeron JM. 1995. A method for estimating the numbers of synony-
mous and nonsynonymous substitutions per site. J Mol Evol.
41:1152-1159.

Comeron JM, Ratnappan R, Bailin S. 2012. The many landscapes
of recombination in Drosophila melanogaster. PLoS Genet.
8:21002905.

Doe CQ. 2008. Neural stem cells: balancing self-renewal with differentia-
tion. Development 135:1575-1587.

Drosophila 12 Genomes Consortium, et al. 2007. Evolution of genes and
genomes on the Drosophila phylogeny. Nature 450:203-218.

Duchen P, Zivkovic D, Hutter S, Stephan W, Laurent S. 2013. Demographic
inference reveals African and European admixture in the North
American Drosophila melanogaster population. Genetics 193:291-
301.

Engelstadter J, Hurst GDD. 2009. The ecology and evolution of microbes
that manipulate host reproduction. Annu Rev Ecol Evol Syst.
40:127-149.

Fay JC, Wu CI. 2000. Hitchhiking under positive Darwinian selection.
Genetics 155:1405-1413.

Fay JC, Wyckoff GJ, Wu Cl. 2001. Positive and negative selection on the
human genome. Genetics 158:1227-1234.

Finnegan DJ. 1992. Transposable elements. Curr Opin Genet Dev. 2:861—
867.

Fiston-Lavier A-S, Singh ND, Lipatov M, Petrov DA. 2010. Drosophila mel-
anogaster recombination rate calculator. Gene 463:18-20.

Flores HA, Bubnell JE, Aquadro CF, Barbash DA. 2015. The Drosophila
bag of marbles gene interacts genetically with Wolbachia and
shows female-specific effects of divergence. PLoS Genet.
11:21005453.

Flores HA, DuMont VLB, et al. 2015. Adaptive evolution of genes involved
in the regulation of germline stem cells in Drosophila melanogaster
and D. simulans. G3 (Bethesda) 5:583-592.

Fraser HB, Hirsh AE, Steinmetz LM, Scharfe C, Feldman MW. 2002.
Evolutionary rate in the protein interaction network. Science
296:750-752.

Garrigan D, Kingan SB, Geneva AJ, Vedanayagam JP, Presgraves DC.
2015. Genome diversity and divergence in Drosophila mauritiana: mul-
tiple signatures of faster X evolution. Genome Biol Evol. 7:1331.

Gouveia-Oliveira R, Sackett PW, Pedersen AG. 2007. MaxAlign: maximiz-
ing usable data in an alignment. BMC Bioinformatics 8:312.

Greenberg AJ, Stockwell SR, Clark AG. 2008. Evolutionary constraint and
adaptation in the metabolic network of Drosophila. Mol Biol Evol.
25:2537-2546.

Grenier JK, et al. 2015. Global diversity lines—a five-continent reference
panel of sequenced Drosophila melanogaster strains. G3 (Bethesda)
5:593-603.

lkemura T. 1981. Correlation between the abundance of Escherichia coli
transfer RNAs and the occurrence of the respective codons in its pro-
tein genes: a proposal for a synonymous codon choice that is optimal
for the E. coli translational system. J Mol Biol. 151:389-4009.

Jeong H, Mason SP, Barabasi AL, Oltvai ZN. 2001. Lethality and centrality in
protein networks. Nature 411:41-42.

Jin Z, et al. 2008. Differentiation-defective stem cells outcompete normal
stem cells for niche occupancy in the Drosophila ovary. Cell Stem Cell
2:39-49.

Johnston LA. 2009. Competitive interactions between cells: death,
growth, and geography. Science 324:1679-1682.

Jordan G, Goldman N. 2012. The effects of alignment error and alignment
filtering on the sitewise detection of positive selection. Mol Biol Evol.
29:1125-1139.

Jovelin R. 2009. Rapid sequence evolution of transcription factors control-
ling neuron differentiation in Caenorhabditis. Mol Biol Evol. 26:2373—
2386.

Kidwell MG, Lisch DR. 2001. Perspective: transposable elements, parasitic
DNA, and genome evolution. Evolution 55:1-24.

Kim PM, Korbel JO, Gerstein MB. 2007. Positive selection at the protein
network periphery: evaluation in terms of structural constraints and
cellular context. Proc Natl Acad Sci U S A. 104:20274-20279.

Lack JB, et al. 2015. The Drosophila genome nexus: a population
genomic resource of 623 Drosophila melanogaster genomes, includ-
ing 197 from a single ancestral range population. Genetics 199:1229-
1241.

Langley CH, et al. 2012. Genomic variation in natural populations of
Drosophila melanogaster. Genetics 192:533-598.

Lee YCG, Langley CH. 2012. Long-term and short-term evolutionary
impacts of transposable elements on Drosophila. Genetics
192:1411-1432.

Lehmann R. 2012. Germline stem cells: origin and destiny. Cell Stem Cell
10:729-739.

Levine MT, Begun DJ. 2008. Evidence of spatially varying selection acting
on four chromatin-remodeling loci in Drosophila melanogaster.
Genetics 179:475-485.

Li L, Xie T. 2005. Stem cell niche: structure and function. Annu Rev Cell
Dev Biol. 21:605-631.

Lohmueller KE, Bustamante CD, Clark AG. 2011. Detecting directional
selection in the presence of recent admixture in African-Americans.
Genetics 187:823-835.

Losick VP, Morris LX, Fox DT, Spradling A. 2011. Drosophila stem cell
niches: a decade of discovery suggests a unified view of stem cell
regulation. Dev Cell. 21:159-171.

Léytynoja A, Goldman N. 2008. Phylogeny-aware gap placement prevents
errors in sequence alignment and evolutionary analysis. Science
320:1632-1635.

Genome Biol. Evol. 7(11):3097-3114.  doi:10.1093/gbe/ew207 Advance Access publication October 27, 2015 3113



Choi and Aquadro

GBE

Luisi P, et al. 2012. Network-level and population genetics analysis of the
insulin/TOR signal transduction pathway across human populations.
Mol Biol Evol. 29:1379-1392.

Mackay TFC, et al. 2012. The Drosophila melanogaster genetic reference
panel. Nature 482:173-178.

Maheshwari S, Barbash DA. 201 1. The genetics of hybrid incompatibilities.
Annu Rev Genet. 45:331-355.

Maheshwari S, Wang J, Barbash DA. 2008. Recurrent positive selection of
the Drosophila hybrid incompatibility gene Hmr. Mol Biol Evol.
25:2421-2430.

Markova-Raina P, Petrov D. 2011. High sensitivity to aligner and high rate
of false positives in the estimates of positive selection in the 12
Drosophila genomes. Genome Res. 21:863-874.

Markow TA, O'Grady P. 2008. Reproductive ecology of Drosophila. Funct
Ecol. 22:747-759.

McDonald JH, Kreitman M. 1991. Adaptive protein evolution at the Adh
locus in Drosophila. Nature 351:652-654.

McGaugh SE, et al. 2015. Rapid molecular evolution across amniotes of
the IIS/TOR network. Proc Natl Acad Sci U S A. 112:7055-7060.
Mensch J, Serra F, Lavagnino NJ, Dopazo H, Hasson E. 2013. Positive
selection in nucleoporins challenges constraints on early expressed
genes in Drosophila development. Genome Biol Evol. 5:2231-2241.

Messer PW, Petrov DA. 2013. Frequent adaptation and the McDonald-
Kreitman test. Proc Natl Acad Sci U S A. 110:8615-8620.

Morrison SJ, Spradling AC. 2008. Stem cells and niches: mechanisms that
promote stem cell maintenance throughout life. Cell 132:598-611.

Murrell B, et al. 2013. FUBAR: a fast, unconstrained Bayesian approxima-
tion for inferring selection. Mol Biol Evol. 30:1196-1205.

Neumdiller RA, et al. 2011. Genome-wide analysis of self-renewal in
Drosophila neural stem cells by transgenic RNAi. Cell Stem Cell
8:580-593.

Nielsen R, et al. 2005. Genomic scans for selective sweeps using SNP data.
Genome Res. 15:1566-1575.

Nystul T, Spradling A. 2007. An epithelial niche in the Drosophila ovary
undergoes long-range stem cell replacement. Cell Stem Cell 1:277-
285.

Obbard DJ, Welch JJ, Kim K-W, Jiggins FM. 2009. Quantifying adaptive evo-
lution in the Drosophila immune system. PLoS Genet. 5:1000698.

Oldham S, Hafen E. 2003. Insulin/IGF and target of rapamycin signaling: a
TOR de force in growth control. Trends Cell Biol. 13:79-85.

Pavlidis P, Jensen JD, Stephan W. 2010. Searching for footprints of positive
selection in whole-genome SNP data from nonequilibrium popula-
tions. Genetics 185:907-922.

Pond SLK, Frost SDW, Muse SV. 2005. HyPhy: hypothesis testing using
phylogenies. Bioinformatics 21:676-679.

Pool JE, et al. 2012. Population genomics of sub-Saharan Drosophila mel-
anogaster: African diversity and non-African admixture. PLoS Genet.
8:21003080.

Presgraves DC, Balagopalan L, Abmayr SM, Orr HA. 2003. Adaptive evo-
lution drives divergence of a hybrid inviability gene between two spe-
cies of Drosophila. Nature 423:715-719.

Presgraves DC, Stephan W. 2007. Pervasive adaptive evolution among
interactors of the Drosophila hybrid inviability gene, Nup96. Mol Biol
Evol. 24:306-314.

Rand DM, Kann LM. 1996. Excess amino acid polymorphism in mitochon-
drial DNA: contrasts among genes from Drosophila, mice, and
humans. Mol Biol Evol. 13:735-748.

Remm M, Storm CE, Sonnhammer EL. 2001. Automatic clustering of
orthologs and in-paralogs from pairwise species comparisons. J Mol
Biol. 314:1041-1052.

Rodriguez MA, Vermaak D, Bayes JJ, Malik HS. 2007. Species-specific
positive selection of the male-specific lethal complex that participates
in dosage compensation in Drosophila. Proc Natl Acad Sci U S A.
104:15412-15417.

Rogers RL, et al. 2014. Landscape of standing variation for tandem dupli-
cations in Drosophila yakuba and Drosophila simulans. Mol Biol Evol.
31:1750-1766.

Shields DC, Sharp PM, Higgins DG, Wright F. 1988. “Silent” sites in
Drosophila genes are not neutral: evidence of selection among synon-
ymous codons. Mol Biol Evol. 5:704-716.

Smith  NGC, Eyre-Walker A. 2002. Adaptive protein evolution in
Drosophila. Nature 415:1022-1024.

Spielman SJ, Dawson ET, Wilke CO. 2014. Limited utility of resi-
due masking for positive-selection inference. Mol Biol Evol.
31:2496-2500.

Spradling A, Fuller MT, Braun RE, Yoshida S. 2011. Germline stem cells.
Cold Spring Harb Perspect Biol. 3:a002642.

Starr DJ, Cline TW. 2002. A host parasite interaction rescues Drosophila
oogenesis defects. Nature 418:76-79.

Stoletzki N, Eyre-Walker A. 2011. Estimation of the neutrality index. Mol
Biol Evol. 28:63-70.

St Pierre SE, Ponting L, Stefancsik R, McQuilton P, FlyBase Consortium.
2014. FlyBase 102—advanced approaches to interrogating FlyBase.
Nucleic Acids Res. 42:D780-D788.

Tajima F. 1989. Statistical method for testing the neutral mutation hypoth-
esis by DNA polymorphism. Genetics 123:585-595.

Tang S, Presgraves DC. 2009. Evolution of the Drosophila nuclear pore
complex results in multiple hybrid incompatibilities. Science 323:779—
782.

Teixeira L, Ferreira A, Ashburner M. 2008. The bacterial symbiont
Wolbachia induces resistance to RNA viral infections in Drosophila
melanogaster. PLoS Biol. 6:e2.

Thornton K. 2003. Libsequence: a C++ class library for evolutionary ge-
netic analysis. Bioinformatics 19:2325-2327.

Ting CT, Tsaur SC, Wu ML, Wu Cl. 1998. A rapidly evolving homeobox at
the site of a hybrid sterility gene. Science 282:1501-1504.

Tran EJ, Wente SR. 2006. Dynamic nuclear pore complexes: life on the
edge. Cell 125:1041-1053.

Vermaak D, Henikoff S, Malik HS. 2005. Positive selection drives the evo-
lution of rhino, a member of the heterochromatin protein 1 family in
Drosophila. PLoS Genet. 1:96-108.

Werren JH. 2005. Heritable microorganisms and reproductive
parasitism. In: Sapp J, editor. Microbial phylogeny and evolution: con-
cepts and controversies. New York: Oxford University Press. p. 290
315.

Werren JH. 2011. Selfish genetic elements, genetic conflict, and evolu-
tionary innovation. Proc Natl Acad Sci U S A.. 108(Suppl 2):10863—
10870.

Werren JH, Baldo L, Clark ME. 2008. Wolbachia: master manipulators of
invertebrate biology. Nat Rev Microbiol. 6:741-751.

Wright F. 1990. The “effective number of codons” used in a gene. Gene
87:23-29.

Yamashita YM, Fuller MT, Jones DL. 2005. Signaling in stem cell niches:
lessons from the Drosophila germline. J Cell Sci. 118:665-672.

Yan D, et al. 2014. A regulatory network of Drosophila germline stem cell
self-renewal. Dev Cell. 28:459-473.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood. Mol
Biol Evol. 24:1586-1591.

Yang Z, Nielsen R, Goldman N, Pedersen AM. 2000. Codon-substitution
models for heterogeneous selection pressure at amino acid sites.
Genetics 155:431-449.

Yang Z, Wong WSW, Nielsen R. 2005. Bayes empirical Bayes inference of
amino acid sites under positive selection. Mol Biol Evol. 22:1107-1118.

Zeng K, Fu Y-X, Shi S, Wu C-I. 2006. Statistical tests for detecting positive
selection by utilizing high-frequency variants. Genetics 174:1431-1439.

Associate editor: Michelle Meyer

3114  Genome Biol. Evol. 7(11):3097-3114.  doi:10.1093/gbe/ew207 Advance Access publication October 27, 2015



