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Elucidating the connection between genotype, phenotype, and
adaptation in wild populations is fundamental to the study of
evolutionary biology, yet it remains an elusive goal, particularly for
microscopic taxa, which comprise the majority of life. Even for
microbes that can be reliably found in the wild, defining the
boundaries of their populations and discovering ecologically
relevant phenotypes has proved extremely difficult. Here, we have
circumvented these issues in the microbial eukaryote Neurospora
crassa by using a “reverse-ecology” population genomic approach
that is free of a priori assumptions about candidate adaptive
alleles. We performed lllumina whole-transcriptome sequencing
of 48 individuals to identify single nucleotide polymorphisms. From
these data, we discovered two cryptic and recently diverged pop-
ulations, one in the tropical Caribbean basin and the other endemic
to subtropical Louisiana. We conducted high-resolution scans for
chromosomal regions of extreme divergence between these pop-
ulations and found two such genomic “islands.” Through growth-
rate assays, we found that the subtropical Louisiana population has
a higher fitness at low temperature (10 °C) and that several of the
genes within these distinct regions have functions related to the
response to cold temperature. These results suggest the divergence
islands may be the result of local adaptation to the 9 °C difference
in average yearly minimum temperature between these two pop-
ulations. Remarkably, another of the genes identified using this
unbiased, whole-genome approach is the well-known circadian
oscillator frequency, suggesting that the 2.4°-10.6° difference in
latitude between the populations may be another important
environmental parameter.
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iscovering the genetic basis behind adaptive phenotypes has
long been considered the holy grail of evolutionary genetics.
Although there are now several studies that have succeeded in
identifying genes responsible for such phenotypes, the majority
of them use a “forward-ecology” approach whereby candidate
genes are identified on the basis of their having a function re-
lated to conspicuous traits, such as pigmentation (1-4). A paucity
of obvious phenotypic traits has been a major impediment for
studying adaptation in microbes because these organisms are, by
nature, inconspicuous. However, next-generation sequencing
technology has made it possible for individual laboratories to
acquire whole-genome sequence information across populations.
This innovation has enabled an unbiased “reverse-ecology” ap-
proach whereby genes with functions related to ecologically re-
levant traits can be identified by examining patterns of genetic
diversity within and between populations and identifying candi-
date genes as those showing the signature of recent positive se-
lection and/or divergent adaptation between populations (5).
The feasibility of such an approach has been illustrated by
several recent studies in macrobes including plants (6), insects (7,
8), mice (9), and fish (10). However, even in these cases, pop-
ulations had been identified a priori on the basis of candidate
phenotypes associated with tolerance for serpentine soil (6),
assortative mating in nature (7, 8), the extremes of latitudinal
clines (8), or morphology and geographic isolation (9, 10). By
contrast, here we use comparative population genomics to simul-
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taneously recognize populations de novo and identify candidate
adaptive phenotypes.

We chose the filamentous, fungal genus Neurospora for this
study because it is an ideal system for studying the evolutionary
genomics of wild populations. Species within the genus are hap-
loid, free-living heterotrophs with two sexes (mat a and mat A)
and relatively small genomes (40 Mb) (11). Thousands of wild
strains have been collected from around the world and are
available from the Fungal Genetic Stock Center (FGSC), several
phylogenies have been published that together provide broad
taxon sampling across the genus (12-14), and there is a nearly
complete gene deletion collection for Neurospora crassa (15).

Although Neurospora is a microbe, in terms of evolution, it is
very similar to more developmentally complex animals. The genus
is broadly distributed but also shows patterns of geographic ende-
mism, and both intrinsic and extrinsic barriers to reproduction
are acting to maintain species boundaries (12, 16). Additionally,
Dettman et al. (17) have shown that reproductive isolation arises
between strains of Neurospora evolved in the laboratory under
different selective regimes, suggesting that local adaptation may be
an important contributor to divergence between Neurospora pop-
ulations in nature. Finally, unlike yeast, there is evidence that most
species of Neurospora (including N. crassa) are highly outbred (18).

Here, we have discovered two previously unknown and re-
cently diverged populations of N. crassa (Ascomycota) by rese-
quencing transcriptomes from 48 individuals collected from the
Caribbean basin. These two populations are exposed to different
local environments (subtropical vs. tropical) and exhibit “is-
lands” of divergence in genomic regions containing genes whose
functions, patterns of nucleotide polymorphism, and null phe-
notype are consistent with local adaptation.

Results and Discussion

Population Genomics. We genotyped 48 isolates of Neurospora
crassa from the Caribbean basin, South America, and Africa (Table
S1) by identifying ~135,000 SNPs from Illumina mRNA sequence
tags. We estimated a SNP false-positive rate of 1/18,000 by se-
quencing mRNA from the reference strain (11). Using Bayesian
clustering of allele frequencies (19) (Fig. S1) and phylogenetic in-
ference using Bayesian methods (20) (Fig. 1), we found strong
support for two cryptic populations in the dataset: one endemic
to Louisiana and the other including isolates from Florida, Haiti,
and the Yucatan (referred to as the Caribbean population). This
genetic structure is also supported by our relatively high Fst es-
timate of 0.19. These populations were not found by previous
phylogenetic studies (12) and, in laboratory crosses, between-
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Fig. 1. Unrooted Bayesian phylogeny showing cryptic population structure.

The tree was inferred from 135,035 polymorphic sites. The support values
are clade posterior probabilities (converted to decimal) and values less than
0.75 are not shown. Each taxon is colored according to collection locality.
The pink semicircle and dashed ellipse correspond to the Louisiana and Ca-
ribbean (Florida, Haiti, Yucatan) populations, respectively. The remaining
clades likely represent additional populations that we are unable to resolve
given their small sample size.

population reproductive compatibility is indistinguishable from
that within populations (16).

We used a diffusion-based approach implemented in the soft-
ware package dadi (21) to infer demographic parameters for these
two populations under an isolation with asymmetric migration
model (Fig. 2 and Table 1). To assess the goodness of fit of this
model and to obtain uncertainty estimates for the demographic
parameters, we used the Neurospora parameters to simulate 100
datasets in ms (22). The optimized log-likelihood and the sum-of-
squares of the residuals for the real data fall within the boundaries
of those values from the simulated data, implying that our model
is not grossly inappropriate for our data, nor is it an example of
extreme overfitting (Fig. 2B). However, as shown in the heat-maps
(Fig. 24), there is an excess of high-frequency derived alleles in
our data compared with what is predicted by the model. To de-
termine whether this pattern was an artifact resulting from the
misidentification of ancestral alleles, we fit our model to two
additional datasets: in the first we included two outgroups (Neu-
rospora tetrasperma and Neurospora discreta) (23, 24) and re-
stricted our dataset to include only those SNPs for which both
outgroups shared the same allele. In the second, we applied the
misidentification correction that is part of the dadi package. We
still observed an excess of high-frequency derived alleles in both of
these cases, suggesting that this pattern is not an artifact (Fig. S2).
A similar pattern has been found in wild populations of Arabi-
dopsis and Oryza (25, 26), and Caicedo et al. (26) found that this
pattern could be explained by either a complex demographic
history including population bottlenecks and high migration rates
or pervasive genome-wide positive selection in the form of se-
lective sweeps, both of which are plausible scenarios for our
Neurospora populations.
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Fig. 2. Comparison of the N. crassa joint allele frequency spectrum with
that expected under an isolation with migration demographic model. To
determine whether our model of isolation with asymmetrical migration is
appropriate for our data, we used two metrics to compare the joint allele
frequency spectrum for the Louisiana and Caribbean populations of Neu-
rospora with that expected under our model: (A) visual examination of the
allele frequency spectra and calculation of the residuals between model and
data, and (B) log-likelihood and Pearson’s XZ goodness-of-fit tests. (A) Heat-
maps showing the joint allele frequency spectrum for the Louisiana and
Caribbean populations compared with that expected under a simple iso-
lation with migration model. The color of a cell at position [X,Y] in the
matrix corresponds to the number of derived alleles (relative to N. tetra-
sperma; Materials and Methods) that are at frequency X in the Caribbean
population and frequency Y in the Louisiana population. The residuals
represent the difference in the number of alleles predicted by the model
compared with that found in the data for each bin in the spectrum (red,
model predicts too many; blue, model predicts too few). The cluster of blue
bins in the upper right corner of the heat-map of residuals implies that the
model predicts too few high-frequency derived alleles, or in other words,
there is an excess of high-frequency derived alleles in the data. (B) Goodness-
of-fit tests using the likelihood and Pearson’s y? statistics and based on the
results of 100 coalescent simulations in ms (22) under the demographic
parameters inferred for the two Neurospora populations. Better fits have
likelihood and yx? values closer to zero. The values from fitting the real data
are shown by the red line.

We infer a relatively high population migration rate from
Louisiana into the Caribbean (0.77 effective migrants per gen-
eration) and approximately one sixth that rate in the other di-
rection (Table 1). We also inferred a relatively recent divergence
time (~0.4 Mya) between the two populations, in agreement with
the small proportion of fixed differences (9.4%; Table 2). Al-
though we cannot eliminate the possibility that these populations
diverged in complete allopatry, this scenario seems unlikely given
the high dispersal potential of fungi (27) and the fact that the
Louisiana population is closer to the Caribbean population
(*1,000 km) than some of the Caribbean localities are to each
other (x1,000-1,600 km). However, the strong support for
population structure from multiple methods and the migration
estimates from dadi both suggest that current migration is not
sufficient to overcome genetic drift.
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Table 1. Population demographic parameters Table 3. Summary of SNPs

Parameter Point estimate Mean SD Category Percentage of total SNPs
Ancestral Ne 344,049 343,700 9,822.7 Fixed in both populations 9.4

LA N, after split 1,151,961 1,211,000 488,347.4 Polymorphic in both populations 48.7

CARIB N, after split 364,841 387,000 209,200.4 Fixed in LA, polymorphic in CARIB 19.0
Divergence time 494,547 514,500  165,472.5 Fixed in CARIB, polymorphic in LA 229

Effective migration rate: CARIB into LA 0.1297 0.1639 0.1376 } i - -
Effective migration rate: LA into CARIB 0.7651 0.9032 0.4705 We identified 135,035 SNPs from the pooled sequence information

Table shows the maximum-likelihood parameter estimates for an isola-
tion with asymmetrical migration model fitted to the joint allele frequency
spectrum for the Caribbean (CARIB) and Louisiana (LA) N. crassa populations.
Uncertainty estimates were obtained by calculating the mean of the point
estimate and the corresponding SD for each model parameter from 100
datasets simulated in ms (22) using the Neurospora maximum-likelihood
parameters. N, effective population size.

Comparisons with Saccharomyces. This dataset also provides an
important benchmark for comparison with the recent Saccharo-
myces population genomic study (28) (Table 3). Our population
genetic summary statistics indicate that, as predicted previously,
Neurospora is much more outbred than Saccharomyces (18).
Linkage disequilibrium decays to half its maximum value at
a physical distance of ~0.78 kb, compared with ~3 kb in Sac-
charomyces cerevisiae and ~9 kb in Saccharomyces paradoxus.
Additionally, nucleotide diversity within each Neurospora pop-
ulation is more than twofold greater than that found in the UK
population of S. paradoxus and the Wine/European cluster of
S. cerevisiae. We have also used the same approach as in Liti et al.
(28) to estimate the number of deleterious nonsynonymous
polymorphisms segregating in the Neurospora populations. Con-
sistent with Neurospora being more outbred, we estimate that
~34% of nonsynonymous polymorphisms are deleterious in the
two Neurospora populations, which is approximately half the
amount estimated in Saccharomyces (28).

Finally, ~50% of the SNPs we identified are still segregat-
ing within each of the two Neurospora populations, whereas the
majority of polymorphisms identified by Liti et al. are fixed within
each nonmosaic S. cerevisiae lineage. Given that their effective
population sizes are approximately an order of magnitude smaller
than the estimates for S. cerevisiae (29) and S. paradoxus (30), the
amount of ancestral variation that remains within these two
Neurospora populations implies that they are much more recently
diverged than any found in the Saccharomyces study. Such recent
divergence makes these populations an ideal system for the study
of incipient speciation and adaptation.

Genomic Islands of Divergence Between Populations of Neurospora.
To identify candidate genomic islands of divergence, we conducted
sliding window estimates of three different population genetic
parameters: Fgr (31), Tajima’s D (32), and Dxy (33). For each

Table 2. Population genetic summary statistics

Populations Fst Or LD decay (kb) D.S. (%)
Caribbean NA 0.0023 0.85 34.0
Louisiana NA 0.0024 0.70 33.1
Interpopulation 0.191 0.0029 NA NA
S. paradoxus (U.K.) NA 0.0010 ~9.0 NA
S. cerevisiae (W/E) NA 0.0011 ~3.0 61.0

Summary statistics for the Caribbean and Louisiana populations of N.
crassa compared with those for the Wine/European population of S. cerevi-
siae (W/E) and the UK population of S. paradoxus calculated by Liti et al. (28).
Or is the average number of pairwise differences between individuals; LD
decay is the average physical distance over which the coefficient of linkage
disequilibrium (&) decays to half its maximum value; and deleterious SNPs
(D.S.) are an estimate of the number of amino acid changing polymorphisms
that are deleterious, calculated as in Liti et al. (28). NA indicates that either
the statistic is not applicable or the value was not calculated by Liti et al. (28).
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obtained from all isolates used in this study. This table shows the percentage
of the total SNPs that fall into a given category. LA, Louisiana population;
CARIB, Florida-Haiti-Yucatan population.

parameter, we identified empirical outliers in the 0.5% quantile.
Fst measures relative divergence and is the most commonly used
metric in studies of heterogeneous genomic divergence (34). We
additionally use Dxy, a measure of absolute divergence, following
the recommendation of Noor and Bennet (35). To our knowledge,
Tajima’s D has not been previously used for this purpose but, in
principle, scans of the combined populations should produce large
positive values for regions showing low within-population poly-
morphism and high between-population divergence, making it
similar to a relative divergence measure.

We were surprised to discover little overlap between the sig-
nificant regions identified by the three different metrics. Out of
a total of 37 regions, only two were identified by all three metrics
(Fig. S3). Interestingly, removing from analysis the sites that fell
within these regions still resulted in a phylogeny with strong
support for the two populations (Fig. S4). As such, these two
major loci are not the sole drivers for the population structure
that we observe. This finding is consistent with the results of
Bayesian clustering of allele frequencies (Fig. S1) whereby the
two populations were delineated only according to differences in
allele frequencies and lends credence to our model in which,
despite the presence of gene flow between populations, genetic
drift and/or natural selection has resulted in genome-wide dif-
ferences in allele frequencies between populations.

Apart from these two candidate islands of divergence, we
observed little overlap between the top-scoring regions across
the three different metrics of population divergence applied to
the data. A total of 35 regions were called significant in some but
not all analyses. To investigate these discrepancies, we examined
these regions in more detail.

Genomic loci that did not achieve consensus across our tests for
divergence fit into three major classes: A, block-like haplotypes
that do not perfectly sort by population; B, regions where relative
divergence is high but absolute divergence does not stand out
from the genomic background; and C, regions where absolute
divergence is high but relative divergence does not stand out from
the genomic background (Fig. S5). Patterns A and B were pre-
dicted by Noor and Bennett (35) and may result from an inversion
or other barrier to recombination that was segregating in the
ancestral population. In pattern A, both haplotypes are still seg-
regating in each population. In pattern B, relative divergence is
high because alternate haplotypes have become fixed in each
population, but absolute divergence does not stand out from the
genomic background because the region itself contains few
polymorphic sites. Finally, the pattern described in C was only
seen in Dxy outliers. Absolute divergence is high because there
are a large number of polymorphisms in the region but relative
divergence does not stand out from the genomic background
because most of the polymorphisms are still segregating in both
populations. We conclude that analyses of interpopulation di-
vergence using only a single measure (e.g., Fst) are susceptible to
the identification of false positives. This result is troubling be-
cause it suggests that any such study, along with those using
datasets of much lower resolution, will be unable to distinguish
these misleading divergence outliers from true islands of di-
vergence, potentially drastically overestimating the prevalence of
this phenomenon (35).
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Genes Inside Divergence Islands Have Functions and Patterns of
Variation Consistent with Local Adaptation. The difference in lati-
tude between the Louisiana and Caribbean populations suggests
that they may have experienced differences in selective forces
related to environmental parameters such as day length and
average yearly minimum temperature [5.0 °C for Welsh, Loui-
siana and 13.8 °C for Homestead, Florida (36)]. We sought to
investigate whether our candidate genomic islands of divergence
between these two populations could harbor genetic factors that
are locally adapted.

The first divergence island is on chromosome 3 and contains
a pattern of nucleotide variation consistent with independent
selective sweeps within each population: an excess of variants
segregating at low frequency and reduced = (average number of
intrapopulation pairwise differences) within both populations,
relative to the flanking regions (Fig. 3 and Fig. S6). We find both
the Caribbean and Louisiana haplotypes present among the
outgroup strains (Fig. 3), but strains from the same locality always
have the same haplotype. These facts are consistent with either
a history of gene migration among populations or the presence of
both haplotypes in the ancestral population, followed by the
sweeping of a single haplotype to fixation within populations.

This region contains the genes plc-1 (phospholipase C), an
MRH4-like mitochondrial DEAD box RNA helicase, and the
unnamed gene NCU06247 [inferred to encode an outer mito-
chondrial membrane protein (37)]. Coincidentally, Gavric et al.
(38) observed this same pattern of divergence in N. crassa plc-1,
but, lacking the context of the two different populations and the
genome-wide sampling presented here, could not explain it. We
also found another mitochondrial DEAD box RNA helicase
(homolog of the yeast gene MSS116) as one of 12 genes in the
Louisiana population that show the signature of positive selec-
tion by the McDonald-Kreitman (MK) test (39) (Table S2). We
did not expect to find the MRH4-like RNA helicase in this case
because the MK test is confounded by the reduced within-
population polymorphism in the genomic islands of divergence.

RNA helicases are key factors in the microbial cold response
(40), making it tempting to speculate that they are important to
Louisiana N. crassa, which experience minimum temperatures
almost 9 °C lower than their Caribbean relatives.

The second divergence island is on chromosome 7 and was
identified by the highest observed values of all three divergence
measures. It shows an unusually large number of variable sites, the
majority of which are fixed between populations (Fig. 3). As in the
chromosome three region, this pattern seemed to be consistent

A plc-1 MRH4-like ~ NCU06247

B COG3-like FMP25-like

with the action of repeated selective sweeps within each pop-
ulation. This prediction holds true for the Louisiana population, in
which Tajima’s D for the region is negative and = decreases rela-
tive to the flanking regions (Fig. S7). This pattern, however, is not
seen in the Caribbean Basin population (Fig. S7). Additionally, all
non-Louisiana strains have the same haplotype, and the bound-
aries of the distinct region in the Louisiana population vary among
individuals (Fig. 3). Together, these observations point to the in-
trogression of a genomic region as a single “migrant tract” (41)
into Louisiana from a more genetically diverged population or
species that we did not sample. Under this model, the introgressed
haplotype would have rapidly spread through the Louisiana pop-
ulation, explaining why nucleotide polymorphism within this re-
gion is reduced in this population but not the Caribbean, whereas
the nonuniformity of the region’s boundaries could be due to re-
combination that occurred after the introgression (41).

The sweep to fixation of this region within the Louisiana
population implies that it contains a gene that may confer a local
selective advantage over the ancestral haplotype. Among the five
genes in this region is the circadian oscillator gene frequency
(frg), the subject of a significant body of work using N. crassa as
a model for understanding the circadian clock (e.g., refs. 42—44).
Also present are an NSLI-like kinetochore MIND complex
subunit, a SECI4-like phosphatidylinositol/phosphatidylcholine
transfer protein, a PACI0-like prefoldin-a subunit, and a gene of
unknown function (NCUO02261). As with the helicases, it is
tempting to speculate that frg is involved in adaptation, in this
case related to differences in local photoperiod associated with
the 2.4°-10.6° difference in latitude between the Louisiana
population and various Caribbean population localities.

Characterizing the Candidate Adaptive Phenotypes. The distri-
butions of these two populations in conjunction with the RNA
helicase and major circadian oscillator that we find within these
genomic islands of divergence suggest two major environmental
factors that may be promoting local adaptation: temperature and
day length. Here we have chosen to focus on the response to low
temperature. We chose to focus only on low temperature, rather
than both low and high temperature, for several reasons. The
global distribution of N. crassa is mainly tropical, implying that
the extension of its range into more temperate Louisiana is
a derived condition (45). In addition, there is a 9 °C difference in
the mean annual minimum temperature between Welsh, Loui-
siana and Homestead, Florida, but only a 0.7 °C difference in the
mean annual maximum temperature (36). Thus, although winter

PAC10-like ~ SEC14-like NSL1 like

NCU02261
-~

LA
Carib
Out

Fig. 3. Genomic islands of divergence genotype matrices. Each column is a polymorphic site, and each row contains the genotype for a particular strain. The
flanking regions surrounding the divergence outliers are shaded and are shown to accentuate the distinct patterns of nucleotide polymorphism within the
divergence outlier regions. Strains are grouped by population of origin. LA, Louisiana; Carib, Caribbean (Florida, Haiti, and the Yucatan); Out, outgroups from
Central America, South America, and Africa. The matrix in A is the 10-kb divergence island on chromosome 3. The matrix in B is the 27-kb divergence island on
chromosome 7. *The function of NCU06247 is unknown, but the protein localizes to the outer mitochondrial membrane (37).
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in Louisiana is noticeably cooler than winter in the tropics, the
summers are equally warm.

We predicted that individuals from the Louisiana population
would exhibit higher fitness in cold temperature relative to indi-
viduals from the Caribbean. To test this prediction, we measured
the growth rate of 10 randomly chosen individuals from the
Louisiana population and 10 from the Caribbean population at
10 °C and 25 °C. For each individual, we calculated its growth rate
at 10 °C as a percentage of its growth rate at 25 °C and found, as
predicted, that the reduction in growth rate at 10 °C for strains
from the Louisiana population is significantly less than that for
strains from the Caribbean population, consistent with Louisiana
strains exhibiting higher fitness at lower temperatures (P = 0.031;
one-sided Mann-Whitney U test; Fig. 44).

To begin to address the potential role in cold adaptation of the
candidate genomic islands of divergence identified by our se-
quence analysis, we used strains from the N. crassa deletion
collection (15) to determine whether genes in these islands were
involved in low-temperature growth.

Preliminary growth experiments on null mutants of each locus at
10 °C suggested a cold temperature growth defect in deletions of
the MRH4-like RNA helicase, the PAC10-like prefoldin subunit,
and the unannotated gene NCU06247 (Fig. S8). To control for
unlinked lesions introduced during generation of the deletion
strains, and to verify reproducibility, we crossed each marked de-
letion strain to an unmarked tester strain and compared the growth
rate of progeny with and without the deletion marker cassette. This
experiment confirmed significant growth defects resulting from
deletion of either of the two annotated genes but not NCU06247
(Fig. 4 B-D). The importance of the MRH4-like RNA helicase
for growth at cold temperature in N. crassa is consistent with work
on RNA helicases in many other systems (40, 46, 47), although the
relatively modest effect of deleting this locus may be a conse-
quence of functional redundancy among the 18 known helicases in
the N. crassa genome, as has been suggested in Arabidopsis (47).
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Fig. 4. Adaptation to cold temperature and functional characterization of
genes within divergence islands. (A) For 10 strains from each population,
growth rate at 10 °C was calculated as a percentage of that at 25 °C. Strains
from Louisiana grow significantly faster than those from the Caribbean at
10 °C (P = 0.031; one-sided Mann-Whitney U test). (B-D) Three null mutant
strains were crossed to the fluffy mating-type tester strain, and the growth
rates of progeny with the hygromycin resistance deletion cassette were com-
pared with progeny with the wild-type allele (hygromycin sensitive). The
growth rate at 10 °C was calculated as a percentage of that at 25 °C. The
progeny with the PACT10-like null allele and the MRH4-like null allele grew
significantly slower at 10 °C, whereas those with the NCU06247 null allele
did not (one-sided Mann-Whitney U test; P = 0.05, P = 0.048, and P = 0.5,
respectively; sample size = 3 wild-type and 3 mutant progeny for B, 5 wild-
type and 5 mutant progeny for C and D).
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Taken together, our results indicate that the MRH4-like RNA
helicase and the PAC10-like prefoldin subunit are critical for wild-
type growth in cold temperatures in N. crassa, lending credence to
the model that these genomic islands of divergence are the result
of adaptation to low temperature. It should be noted, however,
that large-scale fluctuations in climate have taken place since the
divergence of these populations ~0.4 Mya (48). Although there
have been four major glacial events during this period, at 0.4 Mya
the planet was in the middle of an interglacial period with an ice
volume and surface temperature that is remarkably similar to
current levels (48). In addition, although temperatures were
cooler in absolute terms during the glaciations, paleontological
studies based on pollen and plant microfossils indicate that the
relative difference in temperature between the Florida peninsula
and that of Louisiana was still present during the last glacial
maximum (49). There is no evidence that this most recent glacial
period was much more severe than those that preceded it (48),
indicating that the Florida/Louisiana temperature difference likely
was maintained since the divergence of these two populations.

Future work will be needed to establish the relationship be-
tween sequence variants at these loci, cold tolerance, and other
environmental parameters, such as day length, that are relevant
to the Caribbean and Louisiana populations. It is especially
interesting to consider the possibility that the genes in these
distinct genomic regions may be interacting in both the response
to cold and the circadian rhythm given that the circadian clock of
N. crassa exhibits temperature compensation and can be en-
trained by temperature in addition to light (50).

Conclusion

Here we have illustrated the utility of combining a “reverse
ecology” genome-scan approach with functional characterization
of the resulting candidate genes to identify ecologically relevant
phenotypes in organisms that are difficult to study in nature. The
major benefit of this approach, compared with a purely candidate
gene approach, is that it provides a relatively unbiased look across
the whole genome, allowing for identification of genes whose role
in adaptation may not have been expected a priori. As it becomes
easier to obtain large amounts of DNA sequence data, this type of
approach is becoming increasingly common and will help facili-
tate the study of ecologically important nonmodel systems.
Although this approach has been demonstrated in other sys-
tems (6-10), here it has been used with a microbe, which is where
it may prove to be the most useful. It can be difficult to apply this
type of approach to populations of nonmodel organisms because
it generally needs to be combined with a nearly complete ref-
erence genome assembly or an unfinished assembly paired with
a genetic map (51). However, compared with macrobes, most
microbes have smaller genomes with a lower repeat density, and
low-cost, high-quality de novo genome assemblies from short
reads have been achieved for both fungi (52) and bacteria (53).
These features of microbes suggest that it is feasible to produce
a reference genome assembly from a single individual while
additionally resequencing many other individuals at low coverage
to obtain polymorphism data that can be used for the genome
scan. Furthermore, microbes are generally more amenable to
genetic transformation, which may aid in the functional charac-
terization of the candidate genes identified in the genome scan.

Materials and Methods

Identification of SNPs. Messenger RNA-Seq reads that did not map uniquely
were discarded. Read alignments from each strain were pooled, and SNPs
were identified using a Bayesian approach implemented in the program
GigaBayes (54). To be included in the final set of high-quality SNPs, a can-
didate site was required to be biallelic and needed to meet or exceed the
following criteria: coverage of five reads per allele, individual base qualities
of 10, aggregate base qualities of 40, and Bayesian genotype probability of
0.90. To further reduce the number of potential false positives, singletons
were discarded. Sites with missing data (i.e., the allele of one or more
individuals was unidentifiable because it did not meet the above criteria)
were excluded from analysis. Using these criteria, we found 5,640 genes that
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had at least one SNP out of the ~9,800 genes in the genome. These 5,640
genes had an average of 14.4 SNPs per gene.

Analysis of Population Demographics. Demographic parameters were esti-
mated from the Louisiana and Caribbean joint allele frequency spectrum
using a diffusion-based approach implemented in the program oadi (21). To
control for the potential misidentification of ancestral states, we fit the
model to two additional datasets: one in which we used two outgroups
[N. tetrasperma FGSC #2508 (23) and N. discreta FGSC #8579 (24)] and one in
which we applied a correction that is part of the dadi package. The results
were nearly identical (Fig. S2), and we report the parameters estimated from
the uncorrected spectrum.

Growth Rate Assays. All strains used in the growth rate assays were a mating
type. The location of the hyphal front was recorded at regular intervals
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until it reached the other end of the tube. Each strain was grown in
triplicate in constant darkness inside 25 °C and 10 °C incubators. Crosses
involving null mutants were made to the fluffy mating type tester strain.
The fluffy strain contains a mutation at a single locus that makes it aco-
nidate and highly fertile (55). All progeny used in growth rate assays were
screened to ensure that they produced macroconidia and thus did not
have the fluffy mutation.
See S/ Materials and Methods for more details.

ACKNOWLEDGMENTS. We thank M. Slatkin and D. Matute for helpful
discussion and reading an earlier version of the manuscript; R. Gutenkunst
for help with dadi; and the Fungal Genetic Stock Center for providing the
strains used in this study. This work was supported by National Institutes of
Health Grant NIGMS RO1RGM081597 (to R.B.B., N.L.G, and J.W.T.) and the
Chang-Lin Tien Graduate Fellowship (to C.E.E.).

28. Liti G, et al. (2009) Population genomics of domestic and wild yeasts. Nature 458:
337-341.

29. Skelly DA, Ronald J, Connelly CF, Akey JM (2009) Population genomics of intron
splicing in 38 Saccharomyces cerevisiae genome sequences. Genome Biol Evol 1:
466-478.

30. Tsai lJ, Bensasson D, Burt A, Koufopanou V (2008) Population genomics of the wild
yeast Saccharomyces paradoxus: Quantifying the life cycle. Proc Natl Acad Sci USA
105:4957-4962.

31. Wright S (1950) Genetical structure of populations. Nature 166:247-249.

32. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123:585-595.

33. Nei M (1987) Molecular Evolutionary Genetics (Columbia Univ Press, New York).

34. Beaumont MA (2005) Adaptation and speciation: What can F(st) tell us? Trends Ecol
Evol 20:435-440.

35. Noor MA, Bennett SM (2009) Islands of speciation or mirages in the desert? Examining
the role of restricted recombination in maintaining species. Heredity 103:439-444.

36. Oregon Climate Service (2003) PRISM. Available at http:/svww.prismclimate.org. Ac-
cessed January 15, 2010.

37. Schmitt S, et al. (2006) Proteome analysis of mitochondrial outer membrane from
Neurospora crassa. Proteomics 6:72-80.

38. Gavric O, dos Santos DB, Griffiths A (2007) Mutation and divergence of the
phospholipase C gene in Neurospora crassa. Fungal Genet Biol 44:242-249.

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

40. Hunger K, Beckering CL, Wiegeshoff F, Graumann PL, Marahiel MA (2006) Cold-
induced putative DEAD box RNA helicases CshA and CshB are essential for cold
adaptation and interact with cold shock protein B in Bacillus subtilis. J Bacteriol 188:
240-248.

41. Pool JE, Nielsen R (2009) Inference of historical changes in migration rate from the
lengths of migrant tracts. Genetics 181:711-719.

42. McClung CR, Fox BA, Dunlap JC (1989) The Neurospora clock gene frequency shares
a sequence element with the Drosophila clock gene period. Nature 339:558-562.

43. Aronson BD, Johnson KA, Loros JJ, Dunlap JC (1994) Negative feedback defining a
circadian clock: Autoregulation of the clock gene frequency. Science 263:1578-1584.

44. Merrow M, Brunner M, Roenneberg T (1999) Assignment of circadian function for the
Neurospora clock gene frequency. Nature 399:584-586.

45. Turner BC, Perkins DD, Fairfield A (2001) Neurospora from natural populations: A
global study. Fungal Genet Biol 32:67-92.

46. Schade B, Jansen G, Whiteway M, Entian KD, Thomas DY (2004) Cold adaptation in
budding yeast. Mol Biol Cell 15:5492-5502.

47. Kim JS, Kim KA, Oh TR, Park CM, Kang H (2008) Functional characterization of DEAD-
box RNA helicases in Arabidopsis thaliana under abiotic stress conditions. Plant Cell
Physiol 49:1563-1571.

48. Petit JR, et al. (1999) Climate and atmospheric history of the past 420,000 years from
the Vostok ice core, Antarctica. Nature 399:429-436.

49. Jackson ST, et al. (2000) Vegetation and environment in Eastern North America
during the Last Glacial Maximum. Quat Sci Rev 19:489-508.

50. Liu Y, Bell-Pedersen D (2006) Circadian rhythms in Neurospora crassa and other
filamentous fungi. Eukaryot Cell 5:1184-1193.

51. Storz JF, Wheat CW (2010) Integrating evolutionary and functional approaches to
infer adaptation at specific loci. Evolution 64:2489-2509.

52. Nowrousian M, et al. (2010) De novo assembly of a 40 Mb eukaryotic genome from
short sequence reads: Sordaria macrospora, a model organism for fungal morpho-
genesis. PLoS Genet 6:e1000891.

53. Reinhardt JA, et al. (2009) De novo assembly using low-coverage short read sequence
data from the rice pathogen Pseudomonas syringae pv. oryzae. Genome Res 19:
294-305.

54. Hillier LW, et al. (2008) Whole-genome sequencing and variant discovery in C.
elegans. Nat Methods 5:183-188.

55. Lindegren CC (1933) The genetics of Neurospora Ill: Pure bred stocks and crossing over
in N. crassa. Bull Torrey Bot Club 60:133-154.

Ellison et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014971108/-/DCSupplemental/pnas.201014971SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014971108/-/DCSupplemental/pnas.201014971SI.pdf?targetid=nameddest=STXT
http://genome.jgi-psf.org/Neute_matA2/Neute_matA2.home.html
http://genome.jgi-psf.org/Neute_matA2/Neute_matA2.home.html
http://genome.jgi-psf.org/Neudi1/Neudi1.home.html
http://genome.jgi-psf.org/Neudi1/Neudi1.home.html
http://www.prismclimate.org
www.pnas.org/cgi/doi/10.1073/pnas.1014971108

L T

/

D\

Supporting Information

Ellison et al. 10.1073/pnas.1014971108

SI Materials and Methods

Strain Collection. Isolates of Neurospora crassa were provided by
the Fungal Genetic Stock Center (FGSC) and were chosen with
the goal of deeply sampling the diversity available from the
Caribbean basin and broadly including strains from South and
Central America, as well as Africa (Table S1).

Library Preparation and Sequencing. Neurospora strains were ini-
tially germinated on Vogel’s minimal medium (1). After growth
was observed, a hyphal plug was transferred to a Petri dish
containing Bird medium (2) overlaid by cellophane and left to
grow under constant light for 24 h before harvesting. Total RNA
was extracted from the mycelia by bead-beating in TRIzol (In-
vitrogen Life Science Technologies) with zirconia/silica beads
(0.2 g, 0.5-mm diameter; Biospec Products). Messenger RNA
was purified using oligo (dT) beads (Invitrogen Life Science
Technologies) according to the manufacturer’s protocol. Illu-
mina sequencing libraries were prepared from mRNA using the
Illumina sample prep kit. Sequencing produced between 5.7
million and 16.7 million, 36-bp reads per strain.

Identification of SNPs. Messenger RNA-Seq reads from each strain
were mapped to version 9 of the reference strain (V. crassa FGSC
#2489) (3) genome assembly. Mapping was performed using the
program MOSAIK (version 1) (4) allowing up to four mismatches
per 36-bp read. Reads that did not map uniquely were discarded.
Read alignments from each strain were pooled, and SNPs were
identified using a Bayesian approach implemented in the program
GigaBayes (4). To be included in the final set of high-quality
SNPs, a candidate site was required to be biallelic and needed to
meet or exceed the following criteria: coverage of five reads per
allele, individual base qualities of 10, aggregate base qualities of
40, and Bayesian genotype probability of 0.90. To further reduce
the number of potential false positives, singletons were discarded.
Sites with missing data (i.e., the allele of one or more individuals
was unidentifiable because it did not meet the above criteria)
were excluded from analysis. Using these criteria, we found 5,640
genes that had at least one SNP out of the ~9,800 genes in the
genome. These 5,640 genes had an average of 14.4 SNPs per gene.
After a preliminary phylogenetic analysis, the dataset was clone-
corrected by discarding strains with nearly identical genotypes
(i.e., those on very short branches). The false-positive rate was
estimated by running the SNP-calling pipeline on five lanes of
RNA-Seq reads from biological replicates of the reference strain
(N. crassa FGSC #2489) (3).

Identification of Population Structure. The presence of population
structure was inferred according to the results from Bayesian
clustering of allele frequencies and phylogenetic inference.
Clustering of allele frequencies was performed using the program
Bayesian Analysis of Population Structure (BAPS) (5) on a set of
3,590 unlinked (separated by at least 5 kb) sites. The phylogeny
was estimated using the same set of unlinked sites, as well as
the entire dataset using the Bayesian method implemented in
Mr. Bayes (6). We also inferred a phylogeny for the same dataset
except excluding sites within the two genomic islands of di-
vergence using the combined rapid bootstrap and maximum-
likelihood search algorithm in RAXML on the Cyberinfras-
tructure for Phylogenetic Research (CIPRES) webserver (7).

Analysis of Population Demographics. Demographic parameters
were estimated from the Louisiana and Caribbean joint allele
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frequency spectrum using a diffusion-based approach imple-
mented in the program odadi (8). Singletons were masked because
their identification is prone to false positives. The joint frequency
spectrum data were polarized using the Neurospora tetrasperma
genome sequence (FGSC #2508) (9) and were fit to the split_mig
demographic model (customized to allow for asymmetric mi-
gration rates). To control for the potential misidentification of
ancestral states, we fit the model to two additional datasets: one
in which we used two outgroups [N. tetrasperma FGSC #2508 (9)
and Neurospora discreta FGSC #8579 (10)] and one in which we
applied a correction that is part of the dadi package. The results
were nearly identical (Fig. S2), and we report the parameters
estimated from the uncorrected spectrum. The maximum-like-
lihood estimates of the demographic parameters of this model
were inferred using the Nelder-Mead optimization method in
0adi, and the resulting estimates were used to simulate 100 da-
tasets in ms (11). As in refs. 8 and 12, these simulations were
used to check the goodness of fit of the model to the data and to
generate uncertainty estimates for the demographic parameters.
Divergence time in generations was converted to real time using
a mutation rate estimate of 7.82 x 10~ obtained from the av-
erage sequence divergence (7.27%) and divergence time (4.65
Mya) between N. crassa and N. tetrasperma (13).

Identifying Signals of Positive Selection. We performed sliding
window calculations of Tajima’s D and 6z within each population
to identify signals of recent selective sweeps. To identify genes
showing an excess of amino acid substitutions, we conducted the
McDonald-Kreitman (MK) test using N. fetrasperma as an out-
group and the perl script used in (14). We filtered the results to
exclude genes that showed limited variability as explained in refs.
15 and 16 and corrected for multiple hypothesis testing using the
Benjamini-Hochberg method (17).

Genome Scans for Divergence. We calculated each divergence
measure for 10-kb overlapping windows across the genome. We
used the method described previously (18) to calculate Fgt and
the Bio::PopGen module in BioPerl (19, 20) to calculate 6z and
Tajima’s D. We calculated Dxy as the average number of pair-
wise differences between populations using a custom perl script.
We set a cutoff for outliers for each parameter by examining the
distribution of values from each window and finding the value
that is larger than 99.5% of the data (the 0.5% quantile).

Temperature Data. The mean annual minimum and maximum
temperatures of Homestead, Florida and Welsh, Louisiana (cal-
culated for the time period 1971-2000) were accessed via the
PRISM Climate Group website (21) (version 2 of the 800m
PRISM data set).

Growth Rate Assays. All strains used in the growth rate assays were
a mating type. Each strain was germinated on a Vogel’s minimal
medium (VMM) (1) Petri dish and, after growing overnight,
a hyphal plug was transferred to a race tube (22) containing
VMM. The location of the hyphal front was recorded at regular
intervals until it reached the other end of the tube. Each strain
was grown in triplicate in constant darkness inside 25 °C and 10 °C
incubators. Crosses involving null mutants were made on syn-
thetic crossing medium (23) to the fluffy mating type tester strain.
The fluffy strain contains a mutation at a single locus that makes it
aconidate and highly fertile (24). All progeny used in growth rate
assays were screened to ensure that they produced macroconidia
and thus did not have the fluffy mutation.
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BAPS admixture clustering. Using 3,590 unlinked sites, we clustered isolates by allele frequencies for K (number of partitions/populations) equal to

1 through 10. K = 3 had the highest log-likelihood and is shown here. Each population is represented by a different color, and each individual corresponds
to a vertical bar. Bars are split into different colors if there is evidence of admixture. Outgroups: A-D: Panama; E: Costa Rica; F: Ivory Coast; G: Costa Rica;
H: Guyana; I: Venezuela; J: Guyana.
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Fig. S2. Assessing the possibility of misidentification of ancestral states in dadi. To determine whether the excess of high-frequency derived alleles observed in
our data could be due to misidentification of ancestral alleles, we fit the isolation with migration model to two additional datasets. In A we included an
additional outgroup (N. discreta FGSC #8579) and restricted our set of SNPs to include only those in which the two outgroups had the same allele. In B we used
a correction for ancestral misidentification that is part of the dadi package. The excess of high-frequency derived alleles is still present in both cases, suggesting

that this pattern is not an artifact.
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Fig. $3. Genomic regions showing significant interpopulation divergence. Three population genetic parameters were used to quantify interpopulation di-
vergence: Fst (shown as dashed red lines), Tajima’s D (solid black lines), and Dxy (dotted blue lines). Values of each measure have been scaled by their
maximum, and only significant outliers are shown (0.5% quantile). *Regions that are supported by all three measures.
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Fig. S4. Phylogenetic support for population structure is maintained after excluding SNPs from within the genomic islands of divergence. This phylogeny was
inferred with the same dataset as in Fig. 1, except that the polymorphic sites residing within the two genomic islands of divergence were excluded. The tree
was inferred using the RAXML combined rapid bootstrap and maximum-likelihood search algorithm. Bootstrap support values have been multiplied by 100.
Values less than 80 are not shown. The colors shown here are equivalent to those in Fig. 1.
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Fig. S5. Examples of the three types of divergence outliers that were not truly distinct between populations. Each matrix covers a 10-kb genomic region.
Matrix rows contain the genotype for an individual, whereas columns contain the alleles found at each polymorphic site. (A) This pattern was found in outliers
for all three divergence measures and shows a genomic region where two distinct haplotypes are segregating within each population at opposite frequencies.
(B) This pattern was found in Fst divergence outliers and shows a region where haplotypes are fixed between populations but there are few polymorphic sites
within the 10-kb genomic region (absolute divergence is not unusual). (C) This pattern was found in Dxy divergence outliers and shows a genomic region that is
unusually SNP-dense but relative divergence between populations is not unusual. Regions shown: A, chromosome 1: 2541000-2551000; B, chromosome
4: 2221000-2231000; C, chromosome 1: 6281000-6291000.
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Fig. S6. Within-population Tajima’s D and 0x for the island-like region on chromosome three. Each graph shows the results for a 10-kb sliding window
calculation centered on the outlier region on chromosome three. Each calculation was performed within the Louisiana and Caribbean populations separately.
The average number of pairwise differences (0x) is shown in A, whereas the within-population value of Tajima’s D is shown in B. Each vertical bar represents the
value for a single 10-kb window, and the red arrow points to the first window that encompasses the outlier region. Regions without vertical bars represent
windows whose number of polymorphic sites falls below an arbitrary threshold (Tajima’s D: 10; 0x: 5). Here, both the Louisiana population and the Caribbean
population show an excess of low-frequency alleles and a reduction in nucleotide diversity around the outlier region, consistent with independent selective
sweeps within each population.
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Fig. S7. Within-population Tajima’s D and 6r for the island-like region on chromosome seven. Each graph shows the results for a 10-kb sliding window
calculation centered on the chromosome seven outlier region. Each calculation was performed within the Louisiana and Caribbean populations separately. The
average number of pairwise differences (0x) is shown in A, whereas the within-population value of Tajima's D is shown in B. Each vertical bar represents the
value for a single 10-kb window, and the red arrow points to the first window that encompasses the outlier region. Regions without vertical bars represent
windows whose number of polymorphic sites falls below an arbitrary threshold (Tajima’s D: 10; 6x: 5). By comparing the graphs, it is apparent that the
Louisiana population shows an excess of low-frequency alleles and a reduction in nucleotide diversity around the outlier region, consistent with a recent
selective sweep, whereas the Caribbean population does not.
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Fig. S8. Growth rate at 10 °C of null mutants for genes within divergence islands. Null mutants for each gene within the two divergence islands were grown in
triplicate at 10 °C along with the wild-type laboratory strain FGSC #2489.
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Table S1. Strains used in this study

Strain

Strain no. FGSC Perkins Mat provenance Collection site Substrate

D110 8870 4448 A Dettman, J. Franklin, Louisiana Sugarcane

D111 8871 4449 a Dettman, J. Franklin, Louisiana Sugarcane

D112 8872 4453 A Dettman, J. Franklin, Louisiana Sugarcane

D114 8874 4464 A Dettman, J. Franklin, Louisiana Sugarcane

D116 8876 4481 a Dettman, J. Franklin, Louisiana Sugarcane

D118 8878 4491 a Dettman, J. Franklin, Louisiana Sugarcane

D23 8783 1409 A Dettman, J. Homestead, Florida Grass

D24 8784 1410 A Dettman, J. Homestead, Florida Grass

D27 8787 1417 A Dettman, J. Homestead, Florida Grass

D29 8789 1465 A Dettman, J. Homestead, Florida Grass

D30 8790 1470 a Dettman, J. Homestead, Florida Grass

D56 8816 3424 A Dettman, J. Carrefour Dufort, Haiti Grass

D59 8819 3427 a Dettman, J. Carrefour Dufort, Haiti Sugarcane

D69 8829 3684 a Dettman, J. Tiassale, lvory Coast Grass

D85 8845 4130 a Dettman, J. Kabah, Yucatan, Mexico Soil isolation, unburnt

D88 8848 4150 a Dettman, J. Sayil, Yucatan, Mexico Soil isolation, unburnt

D90 8850 4154 A Dettman, J. Uxmal, Yucatan, Mexico Soil isolation, unburnt

D91 8851 4155 A Dettman, J. Uman, Yucatan, Mexico Soil isolation, unburnt

JWO1 851 A Welch, J. Costa Rica Unknown

JWO03 1131 A Welch, J. Panama Unknown

JWO05 1133 a Welch, J. Panama Unknown

JWo7 1165 a Welch, J. Panama Unknown

JWO09 2229 A Welch, J. Welsh.LA Burned grass

JW10 2229 A Welch, J. Welsh, LA Burned grass

JW15 1132 a Welch, J. Panama Unknown

JW22 3223 A Welch, J. Elizabeth, LA Pine burn

JW28 3968 A Welch, J. Okeechobee, FL Unknown

JW35 3975 a Welch, J. Florida Reeds, grass burn

Jw39 4708 A Welch, J. Haiti Wood, grass burn

Jw43 4712 a Welch, J. Haiti Sugarcane burn

Jwas 4713 A Welch, J. Haiti Cane, grass burn

Jw47 4715 a Welch, J. Haiti Cane, grass burn

Jw49 4716 A Welch, J. Haiti Grass burn

JW52 4730 A Welch, J. Venezuela Grass burn

JW54 4824 A Welch, J. Haiti Bushes burn

JW56 5910 A Welch, J. Digitima Creek,Guiana Vegetation burn

JW57 5914 A Welch, J. Torani Canal,Guiana Palm wood burn

JW59 3200 a Welch, J. Coon.LA Burned stumps

JW66 3211 a Welch, J. Sugartown,LA Pine burn

JW70 3199 A Welch, J. Coon.LA Burned stumps

JW75 3943 a Welch, J. Houma,LA Sugarcane burn

JW77 6203 A Welch, J. Aguda Rd, Costa Rica Wood burn
4450 a Perkins, D. Franklin, Louisiana Sugarcane burn
4452 a Perkins, D. Franklin, Louisiana Sugarcane burn
4455 a Perkins, D. Franklin, Louisiana Sugarcane burn
4465 a Perkins, D. Franklin, Louisiana Sugarcane burn
4476 a Perkins, D. Franklin, Louisiana Sugarcane burn
4496 a Perkins, D. Franklin, Louisiana Sugarcane burn

NCU02261A 16978 a FGSC Marrero, Louisiana Unknown

NSL1-like NCU02262A 16925 a FGSC Marrero, Louisiana Unknown

SEC14-like NCU02263A 16212 a FGSC Marrero, Louisiana Unknown

PACT10-like NCU02264A 16061 a FGSC Marrero, Louisiana Unknown

frqg NCU02265A 11554 a FGSC Marrero, Louisiana Unknown

plc-1 NCU06245A 11411 a FGSC Marrero, Louisiana Unknown

MRH4-like NCU06246A 12864 a FGSC Marrero, Louisiana Unknown

NCU06247A 12056 a FGSC Marrero, Louisiana Unknown

fluffy 4317 a FGSC Marrero, Louisiana Unknown

WT strain 74-OR8-1a 988 a FGSC Marrero, Louisiana Unknown

WT strain 74-OR23-1VA 2489 A FGSC Marrero, Louisiana Unknown

All strains were provided by the FGSC.
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Table S2. Genes under positive selection as identified by the MK test

Gene ID Protein function LA P value Carib P value
NCUO01104 RNA helicase MSS116 0.027 NS
NCU02325 GMP synthase <0.005 <0.005
NCUO03539 Ribonucleoside-diphosphate reductase large chain (un-24) <0.005 0.001
NCU04349 Proteinase inhibitor PBI2, a-ketoacid dehydrogenase kinase <0.005 <0.005
NCU04837 Mitochondrial oxodicarboxylate carrier 0.005 0.014
NCU05006 Fatty acid omega-hydroxylase (P450foxy) 0.003 0.034
NCUO05425 Oxoglutarate dehydrogenase precursor <0.005 0.002
NCU06871 Glucan synthase 0.005 NS
NCU06877 Phosphatidylinositol transfer protein 0.017 0.030
NCU02505 Probable PYC2 Pyruvate carboxylase 2 <0.005 0.012
NCUO08336 Succinate dehydrogenase (ubiquinone) flavoprotein precursor, mitochondrial NS 0.016
NCU09209 Galactose oxidase precursor 0.027 NS

MK test identifies genes showing a significant excess of amino acid substitutions. The test was conducted using polymorphism
information for each population separately. The P values shown are the result of using the Benjamini-Hochberg correction for multiple

hypothesis testing using a cutoff of P = 0.05. LA, Louisiana; Carib, Caribbean; NS, not significant.
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