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Hybridization between species of pathogens has the potential to speed evolution of virulence by providing the raw material
for adaptation through introgression or by assembling new combinations of virulence traits. Fungal diseases are a source high
morbidity, and remain difficult to treat. Yet the frequency of hybridization between fungal species has rarely been explored, and
the functional role of introgressed alleles remains largely unknown. Histoplasma mississippiense and H. ohiense are sympatric
throughout their range in North America and have distinct virulence strategies, making them an ideal system to examine the role
introgression may play in fungal pathogens. We identified introgressed tracts in the genomes of a sample of H. mississippiense
and H. ohiense isolates. We found strong evidence in each species for recent admixture, but introgressed alleles were present
at low frequencies, suggesting that they were deleterious. Consistent with this, coding and regulatory sequences were strongly
depleted within introgressed regions, whereas intergenic regions were enriched, indicating that functional introgressed alleles
were frequently deleterious in their new genomic context. Surprisingly, we found only two isolates with substantial admixture:
the H. mississippiense and H. ohiense genomic reference strains, WU24 and G217B, respectively. Our results show that recent
admixture has occurred, that it is frequently deleterious and that conclusions based on studies of the H. mississippiense and H.

ohiense type strains should be revisited with more representative samples from the genus.
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Impact Summary

Fungal diseases are difficult to treat since their cell biology
is more similar to humans than bacteria. This means that the
potential for new fungal diseases is particularly troubling. Hy-
bridization between two closely related species of fungi could
create a new fungal disease with the virulence traits of each
species, but we do not know in which species this is likely to
happen. This study used a population genetic method to ana-
lyze the genomes of individuals from two species of closely
related fungi in the genus Histoplasma that coexist in North
America to look for evidence that they mated in the past. Our
data show that the species hybridized recently, which means
that there is the potential for a dangerous hybrid to emerge in
the future.

The extent to which differentiated species exchange genes
when they are in contact likely depends on a number of factors in-
cluding the taxa, the geographical distribution of the species, and
the divergence time between the potentially hybridizing species.
However, our knowledge of this aspect of speciation genetics is
generally lacking in fungi. Most—but not all—studies investi-
gating gene flow across fungal species have done so by using
low resolution markers (e.g. (Devier et al. 2017; Gladieux et al.
2017; Heil et al. 2017) reviewed in (Schardl and Craven 2003;
Stukenbrock 2013, 2016)). Although these studies provided ev-
idence consistent with introgression, they are unable to rule out
alternative explanations for tracts of shared ancestry and cannot
determine which alleles have crossed species boundaries. The use
of population-level sampling and whole-genome sequences can
address these limitations.
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INTROGRESSION IN FUNGAL PATHOGENS

Introgression and gene exchange may be important for un-
derstanding the emergence of virulence in pathogens and closely
related species. There are at least two scenarios whereby gene
flow across species boundaries can influence the evolution of
virulence. First, species that are disease agents can potentially ex-
change genes with nonpathogenic species through hybridization.
Genetic variation that is introduced into a population through gene
exchange could then act as the raw material for adaptation, and
could even transmit virulence traits directly from one species to
another (Coyne and Orr 2004; Arnold 2006). Second, if closely
related species of pathogens differ in their virulence strategies,
then introgression could lead to hybrids with the virulence fac-
tors of both species. Thus, quantifying the magnitude of gene
exchange between closely related species is at the interface of
speciation genetics and the molecular genetics of virulence, and
has the potential to inform our understanding of the dynamics of
the evolution of virulence. Species from the genus Histoplasma
are an ideal system to investigate the possible role of introgression
on pathogen evolution because they are closely related enough to
exchange genes, diverged enough to enable introgression to be
detected, and differ in their virulence strategies (Kasuga et al.
1999; Sepilveda et al. 2014, 2017).

Histoplasma is a genus of dimorphic fungi. Histoplasma
species are the causal agents of histoplasmosis, a lung disease
with a high morbidity around the world (Knox 2014). Histo-
plasmosis is one of the most common pulmonary diseases, with
hundreds of thousands of new infections occurring annually in
the United States alone. Histoplasmosis is particularly common
in immunosuppressed patients; up to 25% of the HIV-positive
population develops histoplasmosis, which frequently turns fatal
(Knox 2014; Hage et al. 2015; Wheat et al. 2016). Histoplasma is
an ideal model system to understand dimorphic fungal pathogens.
The yeast stage is unicellular, uninucleate, and haploid, mak-
ing it amenable to a broad range of molecular genetic strategies
(Carr and Shearer 1998; Woods et al. 1998; Rappleye et al. 2004;
Sepulveda et al. 2014). Hypotheses generated by genomic studies
can be functionally validated in Histoplasma using gene disrup-
tion or RNAI, and fine scale population genetics can be applied
in a way that is challenging in diploid organisms. Furthermore,
mice are natural hosts for Histoplasma and can be used for ex-
perimental infections to test virulence of genetically manipulated
strains (Ajello and Runyon 1953; Williams et al. 1978; Sebghati
et al. 2000). Thus, Histoplasma is considered one of the premier
model genetic system for fungal pathogenesis.

Histoplasma is composed of at least four species but it is
likely to harbor more (Kasuga et al. 1999, 2003; Balajee et al.
2013; Sepilveda et al. 2017). A highly divergent African lin-
eage seems to have diverged from all the four endemic American
species over 10 mya (Sepulveda et al. 2017). One of these species,
H. suramericanum, is restricted to South America (Sepilveda

et al. 2017). Histoplasma capsulatum sensu stricto is found in
Panama and the northern portion of South America. The remain-
ing two species, H. ohiense and H. mississippiense, coexist in
North America—a region of the world with numerous reported
cases of histoplasmosis (Graybill 1988; Wheat 2003; Freifeld et al.
2005; Hage et al. 2015). These latter two species provide an un-
precedented opportunity to assess the possibility of gene exchange
between fungal pathogens because they are fully sympatric across
their whole range, are the most closely related species of Histo-
plasma, and are one of the most recently diverged species pairs
of pathogenic fungi. Furthermore, they strongly differ in their vir-
ulence strategies and resistance to antifungals. Histoplasma mis-
sissippiense is more resistant to commonly used antifungals than
H. ohiense (Goughenour et al. 2015) and (as most Histoplasma
species) uses a-(1,3)-glucan in its cell wall to avoid immune
recognition by the host, making the presence of this polysaccha-
ride essential for virulence (Marion et al. 2006; Sepulveda et al.
2014). Histoplasma ohiense, on the other hand, is the only Histo-
plasma species that lacks a-(1,3)-glucan in its cell wall, and is the
only one to use Yps3p, a homolog of the Blastomyces dermati-
tidis adhesin Badlp, as a yeast-specific virulence factor (Bohse
and Woods 2007). Thus, gene flow is not only possible between
these species, but it could have a substantial impact on the evolu-
tion of pathogenesis in these species.

Our previous work confirmed that admixture does occur be-
tween H. ohiense and H. mississippiense, but it did not identify the
precise alleles that had crossed the species boundary (Sepilveda
et al. 2017). In order to elucidate the role of introgression on
the evolution of pathogenesis, the identity and frequency of in-
trogressed alleles must be established. In this report, we identify
the precise alleles that have crossed the species boundary in this
species pair of pathogenic fungi. We find introgression in the two
directions of the cross and present both strong evidence that the
admixture event that led to the formation of these advanced in-
tercrosses is recent and that introgressed functional elements are
selected against in hybrids. Surprisingly, and rather ironically, the
vast majority of introgressed material is present in only one indi-
vidual per species: the genomic reference strain for each species.
Thus, the reference strains for these species are actually advanced
intercrosses between the two species.

Methods

GENOMIC DATA

We obtained 11 H. ohiense genomes and 10 H. mississip-
piense genomes (Sepulveda et al. 2017). These 21 genomes
were sequenced in parallel with similar target average coverage.
Tables 1 and 2 show the list of genomes included in this study and
their accession numbers.
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Table 1. Characteristics of the introgressed genetic material from
H. ohiense into H. mississippiense described for each isolate.

Percentage Maximum

Number of haplotype
of Cumulative introgressed length
Individual tracts length (bp) genome (bp)
505 1 842 0.0022 842
CL19 0 0 0 0
CI.22 0 0 0 0
CIl24 0 0 0 0
Cl.42 1 842 0.0022 842
CI.43 0 0 0 0
CL7 1 803 0.0021 803
DOWNS 1 803 0.0021 803
UCLA531 0O 0 0 0
Wwu24 151 6,325,384  16.688 187,896

Each row represents a single H. mississippiense isolate. Introgression is rare
in most isolates with the clear exception of WU24, an outlier isolate with
more than 150 putative introgressions. N = 10 individuals were analyzed.

Table 2. Characteristics of the introgressed genetic material from
H. mississippiense into H. ohiense described for each isolate.

Number Percentage of Maximum

of Cumulative introgressed haplotype
Individual tracts length genome length
1986 3 33,891 0.0894 28,087
CL_10 2 1125 0.003 582
CL.17 3 13,138 0.0347 7625
CL.18 1 543 0.0014 543
CI.30 3 3380 0.0089 1762
CI.35 1 995 0.0026 995
ClL4 2 1125 0.003 582
CL6 1 2178 0.0057 2178
CL9 2 1542 0.0041 870
G217B 209 2,222,320 5.863 99,973
G222B 1 2615 0.0069 2615

Introgression is rare in most isolates with the clear exception of G217B,
an outlier isolate with more than 200 putative introgressions. Each row
represents a single H. ohiense isolate. N = 11 individuals were analyzed.

READ MAPPING AND VARIANT CALLING

Reads were mapped to the Histoplasma H88 genome (Septlveda
etal. 2017) using bwa version 0.7.12 (Li and Durbin 2009, 2010).
Bam files were merged using Samtools version 0.1.19 (Li et al.
2009). Indels were identified and reads were locally remapped in
the merged bam files using the GATK version 3.2-2 RealignerTar-
getCreator and IndelRealigner functions (McKenna et al. 2010;
DePristo et al. 2011). We used GATK UnifiedGenotyper to call
SNPs (parameter het = 0.01). We filtered the vcf file with the fol-
lowing paramters: QD = 2.0, FS_filter = 60.0, MQ_filter = 30.0,
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MQ_Rank_Sum_filter = —12.5, and Read_Pos_Rank_Sum_filter =
—8.0. Finally, we used two filters based on coverage. We excluded
sites covered by fewer than five reads, and sites with a coverage
greater than the 99" quantile of the genomic coverage distribution.

INT-HMM

Selecting markers for the hidden Markov model: Previous
work based on the ABBA-BABA D statistic suggested that intro-
gression has occurred between H. ohiense and H. mississippiense
(Sepulveda et al. 2017). However, although the ABBA-BABA D
statistic can evaluate whether introgression has occurred, it does
not determine specific regions of the genome that have crossed
the species boundary. To address this question, we used a hidden
Markov model (HMM) originally designed to detect introgres-
sion in diploids (i.e., Int-HMM; (Turissini and Matute 2017)) to
identify introgressed regions in individuals from these two Histo-
plasma species. We adapted this model to detect introgression in
haploids by assuming no heterozygous states. The HMM iden-
tifies introgressions between a pair of diverged population or
species: a donor, and a recipient (i.e., that admixed individual) by
inferring the ancestry of every SNP in the genome. Then it iden-
tifies a consecutive group of SNPs from the donor in the recipient
background. Donor markers had to satisfy two criteria. First, they
had to be monomorphic in the donor species. Second, they had
to have an allele frequency difference between the two species
greater of at least 30%. We also required that every individual
in the donor species and at least one individual in the recipient
species had a called genotype.

Transition Probabilities: Int-HMM is a tool developed for
the detection of introgression in diploids. We modified the model
to detect introgression in haploids like Histoplasma. The likeli-
hood of the HMM in the tool to move between hidden states is
controlled by the transition probabilities between sites. The start-
ing probabilities and separate transition between states depends
on the physical distance between markers and are calculated for
each marker in the genome. We assumed that the per-site starting
probabilities follow a Poisson distribution with a constant equal
to the per site recombination rate, c, times the distance between
the two adjacent sites. We used ¢ = 1077, The base transition
probabilities for nonerror (a) were determined by:

ai = c(x; —xj_)e Ty

as in (Turissini and Matute 2017). Since Int-HMM was initially
formulated for diploids, we modified the transition probabilities of
the model to account for two possible states, donor (d) and recipi-
ent (r). The transition probability matrix represents the probability
of transferring from the state denoted by the row to that of the
column:
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State (i)
d (Donor) r (Recipient)

l—a,- a;
a; l—a,-

State (i-1) d (Donor)

r (Recipient)

Note that this transition probability matrix is similar to the
one originally formulated for Int-HMM (Turissini and Matute
2017) but does not include heterozygous states.

Emission Probabilities: The modified version of Int-HMM
only used biallelic sites as stated immediately above. All emis-
sion probabilities were calculated as specified originally in
Int-HMM.

IDENTIFYING INTROGRESSION TRACTS

Int-HMM determined the most probable genotype for each marker
in each individual. We defined tracts as contiguous markers with
the same genotype, and applied filters to the raw results to smooth
haplotypes and infer the minimal number of introgressed seg-
ments. We defined introgressed SNPs as those with an emission
probability for the introgression state (d) (i.e., from the donor)
higher than 50%. In cases where we identified a region of d with
at least 10 introgressed SNP markers flanked on one side by a
small tract (under 10 SNPs) from the recipient that in turn was
flanked by a single larger tract that was completely d, the two
introgressed regions were merged and consolidated into a single
tract. We applied this filter four times, to allow identification of
larger introgressed tracts that were broken up by small sections
of the recipient species. These broken regions might be caused
by gene conversion, double recombination events, or sequencing
error (Fig. 1, Panel A shows an example).

APPROXIMATE AGE OF THE ADMIXTURE EVENT

We used the average length of the introgression tracts to perform a
first-order estimate of the number of generations of recombination
that occurred between hybridization and the present. We use the
relationship between ancestry tract length and time since a single
admixture event (Gravel 2012; Jin et al. 2014; Schumer et al. 2016)
to solve for the number of generations of recombination given the
average ancestry tract length of donor and the recombination rate:

Tadmix =1 / (LM *pB)

where Tagmix is the number of generations since admixture,
Ly is the average tract length in Morgans of the minor parent
and pg is the proportion of the genome derived from the major
parent (probability of recombining). Histoplasma does reproduce
sexually—although the frequency of sexual reproduction is un-
known (Kwon-Chung 1972, 1973, 1975; Kwon-Chung and Weeks

1974). The rate of recombination has also not been measured in
Histoplasma, so we used the rate of recombination measured in
tetrad analyses in two other ascomycetes: Schizosaccharomyces
pombe and Saccharomyces cerevisiae. In both species, the average
recombination rate is 0.4 cM/kb (Rattray and Symington 1993;
Turney et al. 2004). Other calculations suggest similar rates (in
terms of the order of magnitude) for other ascomycete filamentous
fungi (mean recombination rate in Zymoseptoria and Neurospora
is both on the order of 0.1 cM/kb; Croll et al. 2015, Gladieux
et al. 2015). It is worth noting that there is extensive variation in
recombination rates in fungi. The minimum and maximum value
known for the group (0.877 cM/kb and 0.008 cM/kb; Stapley
et al. 2017) differ by three orders of magnitude. For example,
Filobasidiella neoformans—Basidiomycetes—, and Phycomyces
blakesleeanus—Zygomycetes— have mean recombination rates
that are an order of magnitude lower than those observed in as-
comycetes (Hsueh et al. 2006; Chaudhary et al. 2013). Due to
this variation across Fungi, all calculations regarding the timing
of introgression should be consider qualitative and not a point
estimate.

Given the lack of overlap between introgressions in the two
reciprocal directions of introgression, we treated each direction
as an independent event. Since only one isolate per species shows
evidence of introgressions (see Results), we did not use the mean
haplotype length per species but rather used mean haplotype
length for the two admixed individuals. Thus, our estimates are
for the time to most recent admixture.

This estimate’s accuracy relies on three assumptions that
could be violated in our data: (i) that selection has not been acting
on introgressed regions (i.e., they are neutral), (ii) that there is
no bias in the detection of introgressions, and (iii) that there was
only a single admixture event. The first assumption is almost
certainly violated in this case, given the evidence for selection
against introgressed regions (see below).

Given that the vast majority of introgression we detected was
confined to a single individual in each species, we took advantage
of the information provided by the percentage of genome intro-
gressed in the admixed lines to calculate what generation of ad-
mixture they were if they were the result of a single hybridization
and then repeated backcrossing. The amount of residual admix-
ture after a single hybridization event and repeated backcrossing
follows:

l t
Residual admixture = (§>

where  is the number of generations of backcrossing.

Both these approaches should be viewed as a first approxi-
mation and be treated more as a qualitative contextualization of
our data than as a precise date.
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Figure 1. Int-HMM uses a Hidden Markov model to detect introgressed haplotypes. (A) The algorithm uses ancestry information and
coverage on each site to infer tracts of introgression. “Probabilities” are the output probabilities returned by Int-HMM for the two states
at each site (light blue: recipient, red: donor). Int-HMM has two more possible states, donor error state, and recipient error state, which
we did not observed (See also Files S1 and S2). “Unfiltered” represents the raw tracks obtained by grouping contiguous blocks of SNPs
with the same most probable state. White space in this panel indicates no information for ancestry. “Tracts” are the inferred tracts after
applying the filters listed in “Identifying introgression tracts” (i.e., connecting small haplotypes). (B) An example of an introgression. The
inferred introgressed haplotype from H. mississippiense into H. ohiense contains three genes (HCEG_06471, HCEG_06472, and HCEG_06473)

present only in the isolate G217B (H. ohiense).

ENRICHMENT BY SEQUENCE TYPE

If introgression was generally deleterious, it is reasonable to as-
sume that selection would operate most efficiently against regions
encoding functional elements (e.g. coding sequences, promoters,
etc.). To testif a particular type of sequence was more or less prone
to appear in introgressed regions, we partitioned the genome by
sequence type into one of the following seven categories using H.
capsulatum var. duboisii H88 genome annotations: CDS (coding
sequence), 5’ -UTR, 3’ -UTR, intron, 2kb upstream inter (inter-
genic sequence 2kb upstream of a gene), 10kb inter (intergenic
sequence within 10kb of a gene excluding 2kb upstream of a
gene), and intergenic (intergenic sequence more than 10kb from a
gene). Using H. capsulatum var. duboisii H88 annotations meant
that errors in annotation would likely be present in both H. ohiense
or H. mississippiense, thus removing bias. Introgressions present
in more than one individual but with different endpoints among
isolates were broken into blocks, and these blocks were treated
separately in the permutation test.

We calculated a summary statistic for each of the seven cate-
gories using the following definitions: “Introgressed percentage”
is the percentage of introgressions overlapping a given sequence
type that occurred in any of the four possible introgression direc-
tions (two different species pairs and two reciprocal directions),
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“Genomic percentage” is the percentage of the genome repre-
sented by a given sequence type, and “Enrichment” is the ratio
between the percentage of introgressions of a given sequence
type and the percentage of the genome encompassed by the same
sequence type. To assess the significance of the “Enrichment”
ratio, we calculated the likelihood that a randomly generated set
of haplotypes, with the same size distribution of the introgressed
haplotypes, showed the observed “Enrichment” value. We resam-
pled the genome 10,000 times to create a distribution of resampled
enrichments for each of the six sequence types. If introgressions
are more likely than expected by random chance to occur within
a certain type of sequence, then that sequence type should show
an “Enrichment” value larger than 1. If introgressions are less
likely than expected by random chance to occur within a type
of sequence, then that sequence type will have an “Enrichment”
value lower than 1. P-values were calculated by permutations on
the randomly generated distribution (i.e., 10,000 resamplings).

Results

Previous analyses of genetic variation across populations using
PCA and Treemix suggested that the vast majority of the genetic
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Figure 2. Distributions of the size of introgressed haplotypes in two species of Histoplasma identified using Int-HMM. The Int-HMM

algorithm was run on each individual separately and the distribution of haplotype sizes was computed for each of the two directions of

introgression. (A) Size distribution of introgressed haplotypes from H. mississippiense into H. ohiense. (B) Size distribution of introgressed
haplotypes from H. ohiense into H. mississippiense. In the two reciprocal directions, there are large introgressions (over 50 kb) but the

majority of the introgressions are small.

variation in Histoplasma is portioned across species, but also
found evidence of shared genetic ancestry that was likely caused
by introgression (Sepulveda et al. 2017). We used a probabilistic
framework to detect introgressions at the individual level using
genome wide data for 11 H. ohiense and 10 H. mississippiense
individuals. An example of this approach is shown in Figure 1. Our
goal was to detect the precise genomic location of introgressions
and their allele frequency in the two species.

INTROGRESSED TRACTS ARE SEGREGATING AT LOW
FREQUENCY IN EACH SPECIES

We inferred the average amount of introgressed material in each of
the two reciprocal directions. As predicted by genome-wide anal-
yses (Sepulveda et al. 2017), we find evidence for introgressions
that all occur at low frequency (see below). All the introgres-
sions are shown in Files S1 and S2. Only one isolate from each
species has a significant amount of introgression, and the amount
of introgression in these isolates differs between species. The H.
mississippiense isolate WU24—an isolate from Missouri, USA—
carries 16.7% of genetic material from H. ohiense (Table 1). The
H. ohiense isolate G217B carries 5.7% of genetic material from H.
mississippiense (Table 2). All other isolates carry less than 0.1%
of introgression in their genome, generally less than five tracts
per isolate that usually differed between isolates. These results
indicate that introgressions are segregating at low frequency in

these species.

LARGE INTROGRESSED TRACTS INDICATE RECENT
ADMIXTURE

We characterized the haplotype size frequency distribution and the
location of introgressions between H. ohiense and H. mississip-

piense. We found that the majority of introgressed haplotypes are
small, but that there is a long tail of larger introgressions in both
directions (Fig. 2). The average size of a H. mississippiense-to-H.
ohiense introgression was 10.0 kb (Fig. 2A). In the reciprocal di-
rection, H. ohiense—to-H. mississippiense, the average size of an
introgression was 40.8 kb (Fig. 2B). This difference in haplotype
size suggests that the admixture events that led to shared ancestry
might have occurred at different times, or that the tolerance to in-
trogressions differs in the genomes of H. mississippiense and H.
ohiense (see below). We found that all the major supercontigs have
introgressions (supercontigs 1-10) (Fig. 3), which is seemingly
different from a previous report (Sepulveda et al. 2017) in which
the phylogenetic signal of shared ancestry was found exclusively
in the smaller supercontigs (e.g., 11-14). However, these results
are not inconsistent. Rather, they stem from the manner in which
the D statistic infers the existence of introgression. The smaller
contigs have a greater proportion of introgression—perhaps by
chance, and therefore the phylogenetic signature of introgression
is strongest. Thus, Int-HMM can better detect introgression since
it does not require a preponderance of introgressed regions in any
contig.

Some of the introgressions were large haplotypes. In the
single isolate of H. mississippiense with substantial admixture,
WU24, we found eight haplotypes larger than 50 kb (File S1),
and in the admixed isolate of H. ohiense, G217B, we found two
(File S2). If we assume a similar recombination rate to that mea-
sured in other ascomycetous fungi (Saccharomyces cerevisiae and
Schizosaccharomyces pombe, both with an average recombination
rate of 0.4 cM/kb), each of these haplotypes represents ~12 cM.
We calculated an approximate time for the admixture event us-
ing the mean haplotype size of the introgressions found in each
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Figure 3. Genomic distributions of introgression tracts in two species of Histoplasma. We plotted the number of introgressions on each
supercontig by counting the number of introgressed tracts in 500 kb windows. Each supercontig is represented by either a gray or white

rectangle with the exception of supercontigs 2.11-2.16 that are small (collectively represent 1.4% of the genome) and were pooled

together. Each panel shows a direction of introgression. Note the y-axis differ. (A) Genome wide frequency of introgressions from H.

mississippiense into H. ohiense. (B) Genome wide frequency of introgressions from H. ohiense into H. mississippiense.

direction. We restricted these analyses to the two admixed individ-
uals from the two species. We assumed that the rate of recombi-
nation in Histoplasma was similar to known recombination rates
in other ascomycetous fungi: ~0.4 cM/kb (Rattray and Syming-
ton 1993; Turney et al. 2004). These calculations suggest that
introgression from H. ohiense into H. mississippiense occurred
1.64 £+ 1.34 generations ago and introgression from H. mississip-
piense into H. ohiense occurred between 4.1 & 2.2 generations
ago. These age estimates are not statistically different from each
other (Two-Sample Fisher-Pitman Permutation Test, Z = 3.811,
P = 0.14). The percentage of introgressed genome indicates that
WU24 and G217B are likely to be the result of four and six
generations of backcrossing, respectively. Since the landscape of
recombination remains unknown in Histoplasma, and there is sub-
stantial variation in recombination rates across species (Stapley
etal. 2017), within species (Smukowski and Noor 2011, Ritz et al.
2017), and within genomes (e.g., Brion et al. 2017), these calcu-
lations should be considered a qualitative estimate of the recency
of gene flow, and not a precise estimate of the time of admix-
ture. Regardless of the precise age of admixture, the large size of
the haplotypes indicates that hybridization occurred recently and
rules out the possibility of retention of ancestral polymorphism
(i.e., segregating variation that predates speciation).

FUNCTIONAL GENOMIC ELEMENTS STRONGLY
DEPLETED IN INTROGRESSED REGIONS IN BOTH
SPECIES

We assessed whether any type of sequence was more likely to be
found in introgressed regions than others. We divided the genome
into seven categories: (1) 10 kb intergenic (intergenic sequence
within 10 kb of a gene excluding 2 kb upstream of a gene), (2)
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2 kb upstream intergenic (intergenic sequence 2 kb upstream of
a gene), (3) 3’-untranslated region (UTR), (4) 5’-UTR, (5) in-
trons, (6) coding sequences (CDS), and (7) intergenic (regions
over 10 kb from a gene). (This analysis does not incorporate
transposable elements or repetitive regions.) Functional elements
are likely contained in the first six categories, whereas intergenic
regions are less likely to be functional. For simplicity, we will
refer to the first six categories as “functional elements,” although
we stress that this is only a claim about the probability that an
element is functional. In both reciprocal directions, we find that
only intergenic sequences are overrepresented (~3.5 and fourfold
enrichment; Table 3). In contrast, all other regions, which har-
bor functional elements (CDS, 10 kb intergenic, 2 kb upstream
intergenic, 3’-UTR, 5’-UTR, introns) are significantly underrep-
resented in introgressed regions (e.g., 20- and 40-fold depletion
of CDSs; Table 3). Note that the significant enrichments and de-
pletions remain significant even using a Bonferroni correction for
multiple testing. Taken together, these results strongly suggest
negative selection against functional elements once introgressed.

Discussion

In this study, we investigate the timing of introgression and the
identity of introgressed alleles in two species of the pathogenic
fungus Histoplasma: H. ohiense and H. mississippiense. These
are the only known species of Histoplasma to extensively share a
geographic range and to co-occur in the same locations. Previous
studies have suggested that Histoplasma species could exchange
genetic material, and that the most likely explanation for shared
ancestry between Histoplasma species is introgression and not
incomplete lineage sorting (Sepilveda et al. 2017). Our study
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Table 3. Introgressions are more likely to occur in noncoding regions of the genome.

Sequence Length Introgressed Genomic
Direction type (kb) percentage percentage Enrichment P-value
H. ohiense-into-H. mississippiense 10kb inter 269.2 6.4 15.0 0.42 0.52
H. ohiense-into-H. mississippiense 2kb upstream 89.0 2.1 19.0 0.11 <0.0001
inter
H. ohiense-into-H. mississippiense 3’ -UTR 1.4 0.0 3.0 0.01 <0.0001
H. ohiense-into-H. mississippiense 5’ -UTR 0.7 0.0 1.1 0.01 <0.0001
H. ohiense-into-H. mississippiense CDS 26.1 0.6 33.2 0.02 <0.0001
H. ohiense-into-H. mississippiense intergenic 3832.5 90.8 21.1 4.31 <0.0001
H. ohiense-into-H. mississippiense intron 35 0.1 7.2 0.01 <0.0001
H. mississippiense -into-H. ohiense 10kb inter 232.7 16.4 15.0 1.09 0.45
H. mississippiense -into-H. ohiense 2kb upstream 112.0 7.9 19.0 0.42 0.24
inter
H. mississippiense -into-H. ohiense 3’ -UTR 1.0 0.1 3.0 0.02 <0.0001
H. mississippiense -into-H. ohiense 5" -UTR 0.3 0.0 1.1 0.02 <0.0001
H. mississippiense -into-H. ohiense CDS 25.6 1.8 33.2 0.05 <0.0001
H. mississippiense -into-H. ohiense intergenic 1040.6 73.4 21.1 349 <0.0001
H. mississippiense -into-H. ohiense intron 4.9 0.3 7.2 0.05 <0.0001

We studied what functional categories were more likely to be found in introgressions. We portioned the Histop/lasma genome by sequence type in one of

seven categories: 10 kb inter (intergenic sequence within 10 kb of a gene), 2 kb upstream inter (intergenic sequence 2 kb upstream of a gene), 3'-UTR, 5'-UTR,

CDS (coding sequence), intergenic (intergenic sequence more than 10 kb from a gene), and intron. “Length (kb)” is the cumulative amount of introgressed

DNA in each of the seven functional categories. “Introgressed percentage” is defined as the percentage of introgressions that contain each sequence type,

“Genomic percentage” is the percentage of the genome in each of the seven categories, and “Enrichment” is defined as the ratio of introgressed percentage

to genomic percentage. P-values were calculated with permutation tests (see Methods for a full description). Overrepresented categories are bolded.

extends these results by examining the precise location of intro-
gressions and their characteristics. We confirm that H. ohiense and
H. mississippiense have exchanged genes, but that introgression is
likely to be generally deleterious. Surprisingly, the vast majority
of introgressed material is found only in the genomic reference
strains for each species. Our results establish the frequency and
fitness consequences of introgression in H. ohiense and H. mis-
sissippiense and suggest that caution is warranted in extending
the phenotypes ascribed to the genomic reference strains of these
species to the species more broadly.

We identified specific introgression tracts across species to
examine general patterns of gene exchange. The majority of in-
trogressions in either species are both large and at low frequency
in our sample. Based on the size of the introgressions and the
percentage of introgression in the genomes, we conclude that at
least one admixture event between the Histoplasma species very
likely occurred just a few sexual generations ago. Yet these intro-
gressions are at low frequency, with the majority of them present
in only a single individual. This suggests that many introgressions
are deleterious or lethal in their new genomic context. Consistent
with this, functional elements (CDSs, promoter regions, etc.) are
underrepresented in the introgressed segments of the genomes of
each species. Instead, most of the genetic material that has crossed
species boundaries is located in intergenic regions. These regions
are less likely to be functional and thus less likely to interact

negatively with other elements in their new genomic context. A
parsimonious explanation of these results is recent admixture fol-
lowed by the rapid purging of functional introgressed alleles in
each species.

In contrast to similar explorations of the introgression land-
scape in Coccidioides (Neafsey et al. 2010) and Cryptococcus
(Desjardins et al. 2017), where introgression is found in small
haplotypes, we found large shared haplotypes between H. mis-
sissippiense and H. ohiense. This size distribution seems to be
more akin to the patterns found across species of Neurospora
(Corcoran et al. 2016) and Magnaporthe (Gladieux et al. 2018),
where large introgressions also have been observed. Defining the
introgression landscape in fungi requires additional full genome
sequences and clearly we cannot draw conclusions from such a
small number of cases. A larger number of systematic studies
of fungal introgression will reveal whether there are generalities
(i.e., types of genes, or functional categories, more likely to cross
species boundaries) or particularities that differentiate fungi from
other taxa.

Perhaps the most important implication of our study is the
urgent need to rethink the current isolates used as representatives
in Histoplasma. The representative isolate for H. mississippiense
in recent years has been WU24, while the representative isolate
for H. ohiense is G217B. Both are the reference genome for their
respective species. These isolates were used as the gold standards
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for the genus Histoplasma even before a taxonomical rearrange-
ment of the genus was proposed. Yet both of these isolates carry
large introgressions. WU24, the representative of H. mississippi-
ense, carries as much genetic material (16.7%) from H. ohiense
as an individual after two rounds of back-crossing would. G217B,
the representative of H. ohiense catries as much genetic material
(5.7%) from H. mississippiense as a sixth-generation backcross.
Furthermore, these two isolates are the only isolates that carry
substantial introgressions within those species as introgressions
in other isolates cover less than 0.1% of their genomes. These
results are important because hybrid individuals (even when they
are advanced intercrosses) show aberrant or transgressive traits.
The possibility of transgressive segregation of traits is intriguing
given the well-established divergent virulence strategies between
these isolates. Our results indicate the need to verify the genetic
ancestry of isolates before they become entrenched as the repre-
sentative of a species.

Conclusions

Histoplasma is a diverse genus that harbors species that differ in
their virulence strategies. Even though their taxonomic status was
elevated recently (Sepulveda et al. 2017), the species of the genus
have long been recognized to differ in key components of their
pathogenicity, virulence, and drug resistance. In spite of stark dif-
ferences between them, individuals from different species of the
genus are able to interbreed and have done so recently. However,
most alleles of functional elements in the genome have been ex-
punged in the hybrids, strongly suggesting that they have been
purged by selection. Similar patterns have been observed in sex
chromosomes of organisms with heterogametic sexes where intro-
gression is less frequent than in autosomes (Carneiro et al. 2010,
2014; Phifer-Rixey et al. 2014; Maroja et al. 2015; Muirhead
and Presgraves 2015; Turissini and Matute 2017) and in humans
and Neanderthals where an underrepresentation of introgressed
alleles involved in spermatogenesis has been interpreted as sug-
gestive evidence of hybrid sterility (Sankararaman et al. 2016).
An alternative explanation involves differences in mutational load
in the two hybridizing lineages (Harris and Nielsen 2013; Juric
et al. 2016; Steinrticken et al. 2018). A full assessment of the
demographic history of the two species, and the identification
of potential defects in hybrid progeny will be necessary before
establishing which of these two options is more likely.

Our results have implications not only for fungi but pathogens
in general. In cases where hybrid breakdown is not too severe, ad-
mixture is considered a possible source of introduced variation.
This idea has been proposed as a possible source of concern in
pathogens that might develop new mechanisms of pathogenesis or
acquire drug resistance by the introduction of alleles from a differ-
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ent species (Stukenbrock 2013, 2016). The introgressed regions in
hybrid Histoplasma are enriched for those alleles that would seem
least likely to affect virulence. However, gene exchange does oc-
cur, and our results do not rule out alleles that do affect virulence.
Furthermore, each of these isolates is in fact virulent, indicating
that hybrids can at least retain virulence traits. Therefore, moni-
toring gene exchange in pathogens is an imperative need to avoid
the emergence of new health threats.
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FILE S1. Inferred introgressions from H. ohiense into H. mississippiense inferred using Int-HMM. Blue markers represent the H. mississippiense
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size, number of SNPS used to infer it —max_introgress_snps—). ‘i ind’ refers to the number of individuals (i) that show any evidence for shared ancestry in
the shown genomic window. Sections of the genome with no evidence for introgression are not shown. The only isolate that shows evidence for extensive

FILE S2. Inferred introgressions from H. mississippiense into H. ohiense inferred using Int-HMM. Blue markers represent the H. ohiense background;
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