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ABSTRACT

Stewart, J. E., Thomas, K. A., Lawrence, C. B., Dang, H., Pryor, B. M.,
Timmer, L. M., and Peever, T. L. 2013. Signatures of recombination in
clonal lineages of the citrus brown spot pathogen, Alternaria alternata
sensu lato. Phytopathology 103:741-749.

Most Alternaria spp. are considered asexual but recent molecular
evolution analyses of Alternaria mating-type genes show that the mating
locus is under strong purifying selection, indicating a possible role in
sexual reproduction. The objective of this study was to determine the mode
of reproduction of an Alternaria alternata sensu lato population causing
citrus brown spot in central Florida. Mating type of each isolate was
determined, and isolates were sequenced at six putatively unlinked loci.
Three genetically distinct subpopulations (SH1, SH4A, and SH4B) were
identified using network and Bayesian population structure analyses. Re-
sults demonstrate that most subpopulations of A. alternata associated
with citrus are clonal but some have the ability to extensively recombine
through a cryptic sexual cycle or parasexual cycle. Although isolates were

sampled in close physical proximity (=2,500-m? area), we were able to
reject a random mating model using multilocus gametic disequilibrium
tests for two subpopulations, SH1 and SH4B, suggesting that these sub-
populations were predominantly asexual. However, three recombination
events were identified in SH1 and SH4B and localized to individuals of
opposite mating type, possibly indicating meiotic recombination. In
contrast, in the third subpopulation (SH4A), where only one mating type
was present, extensive reticulation was evident in network analyses, and
multilocus gametic disequilibrium tests were consistent with recombi-
nation. Recombination among isolates of the same mating type suggests
that a nonmeiotic mechanism of recombination such as the parasexual
cycle may be operating in this subpopulation. The level of gene flow
detected among subpopulations does not appear to be sufficient to prevent
differentiation, and perhaps future speciation, of these A. alternata
subpopulations.

Additional keywords: diversity, index of association.

Many fungi have the capacity for both sexual and asexual
development, and fungi with mixed reproductive modes are
generally more genotypically diverse and may adapt more rapidly
to novel environments compared with exclusively asexual
organisms (44,79). Although teleomorphs have been described for
many plant-pathogenic ascomycetes, it is not clearly known how
often the teleomorph occurs and to what extent meiosis con-
tributes to the natural biology of the pathogen. Many putatively
asexual fungi have been shown to have recombined population
structures or recombinant genomes, possibly indicative of an ac-
tive sexual stage and meiotic recombination (17,41,44,51,75,79).
This growing list of putatively asexual fungi bearing signatures of
recombination highlights the need for a more thorough investi-
gation of the mode of reproduction of putatively asexual fungi.

The majority of Alternaria spp. are considered exclusively
asexual or clonal in their reproductive mode (26,73,74). Evidence
for asexuality in Alternaria spp. includes a lack of teleomorph
connections, lack of reports of the sexual stage from nature, and
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lack of success in inducing laboratory crosses (8,12). Despite the
apparent lack of meiotic recombination, high levels of genotypic
diversity have been found in some Alternaria alternata popula-
tions using random amplified polymorphic DNA (RAPD), ampli-
fied fragment length polymorphism (AFLP), restriction fragment
length polymorphism, and microsatellite markers sampled from
various hosts, including tomato (47), pistachio (5), and Pinus sp.
(23), and the closely related A. fenuissima on wheat (22) and A.
helianthi on sunflower (65). Similarly, a recent population study
of A. brassicicola found a large number of multilocus haplotypes
using AFLP and microsatellite markers, possibly indicative of
meiotic or mitotic recombination within this putatively asexual
species (9,50). Both meiotic and mitotic recombination can lead
to populations with high genotypic diversity and linkage equi-
librium, whereas asexual populations are characterized by strong
associations among loci and multiple occurrences of the same
haplotype composed of unique combinations of alleles (35,44).
The recent discovery of a teleomorphic stage for the putatively
asexual fungus Aspergillus fumigatus (54) suggests that the high
levels of genotypic diversity observed in populations of Alter-
naria alternata could be derived from cryptic sexual reproduction
or through mitotic mechanisms of recombination such as the
parasexual cycle (62).

Several studies have examined the role of mating genes in
putatively asexual Alternaria spp. Arie et al. (6) demonstrated that
mating genes are expressed in A. alternata, and Stewart et al. (76)
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showed that over half the codon sites in both mating genes were
under strong purifying selection. Together, these results suggest
that these loci are not evolving neutrally, as might be expected in
a species where sex does not occur and where mating genes might
be predicted to be redundant and nonfunctional. These patterns of
selection could be explained by the existence of a cryptic con-
temporary sexual cycle, a recent sexual past, or the involvement
of the mating type loci in other critical cellular functions.

Previous population studies of the citrus brown spot pathogen,
A. alternata, strongly supported an asexual or clonal reproductive
model (57,60). Isolates sampled from a single grove of ‘Min-
neola’ tangelo in central Florida could be differentiated into two
well-supported genetic groups and, subsequently, into distinct
phylogenetic lineages named SH1 and SH4 based on sequence
data from an endo-polygalacturonase (endoPG) gene (58,61). Cur-
rently, it is unclear whether these phylogenetic lineages should be
considered population diversity or discrete species (3). Previous
population structure studies of Alternaria spp. infecting citrus
have suggested asexuality (57,60); however, the mode of repro-
duction of this fungus has not been critically tested. Within the
SH1 and SH4 groups, both mating types were present but in highly
skewed ratios (T. L. Peever, unpublished data), supporting a
clonal reproductive model. A 1:1 ratio of mating types was re-
jected in population SH1 but could not be rejected in the SH4
population, likely due to small sample size and type II statistical
error. Interestingly, MATI-1 isolates predominated in the SHI1
population, whereas MATI-2 isolates predominated in the SH4
population. Mating types were perfectly correlated to multilocus
haplotype (16 putative loci) in both populations, again providing
strong support for a lack of contemporary recombination in this
sample. Limitations of the Peever et al. (57) study included lack
of information concerning linkage relationships among RAPD
loci and between the RAPD loci and the mating type locus and
small sample sizes. Furthermore, phylogenetic studies of small-
spored Alternaria taxa, including isolates causing brown spot of
citrus, have revealed putative intragenic recombination events
within particular regions of the A. alternata genome (3) sug-
gesting that recombination may be more common than previously
thought.

Citrus are long-lived, evergreen species, and the longevity of
the interaction between these hosts and Alternaria spp. makes it
an ideal system for exploring the mating system and potential
recombination in a single population from a single geographic
location. The objective of this study was to ascertain the mode of
reproduction and detect recombination in a large sample of Alter-
naria isolates infecting citrus. The development of several physi-
cally unlinked variable genomic regions allowed for the assess-

ment of the mating system and potential recombination using multi-
locus sequence typing in a large, well-characterized population of
Alternaria spp. from citrus.

MATERIALS AND METHODS

Sampling. In all, 105 isolates of A. alternata sensu lato were
randomly sampled from a 2,500-m? area within a single citrus
grove (Shinn Grove) in central Florida planted to Minneola
tangelo (Citrus reticulata x C. paradisi (Macfad.)) in 1999. This
same location was sampled previously, in 1996 (57). A single
infected leaf was sampled from each tree and a single hyphal
isolate of the pathogen was obtained from each leaf. A single-
conidial isolate was derived from each mass-hyphal isolate and
stored following the procedures of Peever et al. (57,61).

DNA extraction. Fungi were cultivated in potato dextrose
broth (VWR International, Radnor, PA) for 5 to 7 days at room
temperature on an orbital shaker at 150 rpm. Phenol and
chloroform were used to extract genomic DNA from powdered,
lyophilized mycelium following the methods of Peever et al. (57),
quantified using a NanoDrop spectrophotometer ND-1000
(NanoDrop, Wilmington, DE), and used as template for poly-
merase chain reaction (PCR).

Selection of subsample for sequencing and analysis. Prior to
sequencing and phylogenetic analyses, all 105 isolates were charac-
terized for mating type (MATI-1 or MATI-2) using mating type-
specific PCR. Primers used were ALMAT-L/AA-MAT1-867 and
AA-MAT2-1691/AsM1-8 (Table 1) designed to the MATI-I
(GenBank AB009451) and MATI-2 (GenBank AB009452) idio-
morphs, respectively, of the Japanese pear pathotype of A. alter-
nata (6). Sampled isolates were assigned to one of two previously
defined phylogenetic lineages, SH1 and SH4 (59), using the
sequence characterized amplified region (SCAR) marker OPB-4-1
(2) (Table 1). The OPB-4-1 primer set was designed to a cloned
RAPD-PCR amplicon previously described by Andrew et al. (3)
and resulted in amplification of a 648-bp PCR product from
isolates of the SH1 lineage and no amplicon from isolates of the
SH4 lineage. PCR reaction mixtures (20 pl) contained 20 ng of
genomic DNA, 1x PCR buffer (New England Biolabs [NEB],
Ipswich, MA], 4 nmol each ANTP (NEB), 50 pmol primer, and
1 U of Taq polymerase (NEB). Cycling conditions consisted of
denaturation at 94°C for 4 min; 44 cycles of 94°C for 1 min, 58 or
55°C for 30 s, and 72°C for 2 min; and final extension at 72°C for
7 min, optimized slightly for each primer set. Amplification
products were visualized in 2% ethidium bromide-stained agarose
gels. Among 105 isolates originally sampled, a subsample of 50
representative isolates was selected for further characterization

TABLE 1. Primers used to amplify genomic regions for phylogenetic and population genetic analyses of lineages of the citrus brown spot pathogen, Alternaria

alternata
Locus Location Primers Primer sequence Reference
MATI1-1-1 Mating type gene ALMAT-L/AA-MAT1-867 GCAAGATTCTAGGCCCAACG/
TGCGGTGGGGAGTAGTGT This study
MATI1-2-1 Mating type gene AA-MAT2-1691/AsM1-8 CAGCACCCCGACTACAAGTAT/
GGTCGTGAGTCGTGATCG This study
OPB-4-1 Non-protein coding region OPB4-1F/OPB4-1R GGACTGGAGTTGAAAAGTTCAGA/
GGACTGGAGTGGAGACTTCCT 2
Endo-polygalacturonase Protein coding-region PG3/PG2b TACCATGGTTCTTTCCGA/
GAGAATTCRCARTCRTCYTGRTT 58
AA-Flank-F3 Microsatellite flanking region Flank3F/Flank3R AGCCAAAACACGTTGATACC/
ATCCGCAGCGAAAAGAACT This study
AA-Flank-F13 Microsatellite flanking region Flank13F/Flank13R CGGGTTCGCTATGTAAAAAG/
ACTGGAATTGCGACCAAAAC This study
OPA-5a Non-protein coding region SCARS5aF/SCAR5aR GGTGACCGTATCGGTACTAGTGATT/
TGACCGTGACTCAGGTGAAC 2
OPA-9a Non-protein coding region SCAR9aF/SCAR9aR CAAACGTCGGCAACTGTAGTG/
CAAACGTCGGTGTCATAAACA 2
OPA-11a Non-protein coding region SCARI11aF/SCAR11aR CAAACGTCGGCTGGACAGT/
CAAACGTCGGGCACACAA 2
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and will be referred to hereafter as the “population”. Based on
mating type and lineage characterization with the SCAR marker,
these 50 isolates represented the entire spectrum of genetic
diversity present in the larger original sample. Sequence data can
be assessed in GenBank (accessions JN122026 to JN122275) and
TreeBASE (accession number 11709).

Sequencing. Six fast-evolving loci, including a gene coding for
an endoPG, three anonymous noncoding regions (OPA-5A, OPA-
9A, and OPA-11A) (3), and two noncoding microsatellite flank-
ing regions (Flank-F3 and Flank-F13), were selected for sequenc-
ing the 50 isolates. Microsatellite flanking regions were identified
and primers designed based on GenBank accessions DQ272483
to DQ272487 containing microsatellite motifs (82). Primers were
designed to amplify the microsatellite flanking regions using
Primer 3 (67) and the primers used to amplify these genomic re-
gions are listed in Table 2. For PCR, 20-ul PCR reaction mixtures
contained 20 ng of genomic DNA, 1x PCR buffer (NEB), 4 nmol
each dNTP (NEB), 50 pmol primer, and 1 U of Taq polymerase
(NEB). Cycling conditions consisted of denaturation at 94°C for
4 min; 44 cycles of 94°C for 1 min, 55°C for 30 s, and 72°C for
2 min; and final extension at 72°C for 7 min, depending on the
optimal conditions for each primer set. PCR products were
sequenced directly on both strands following treatment with
EXOSAP-IT (USB, Cleveland) using the Big Dye terminator kit
(Applied Biosystems, Foster City, CA). Sequence reads were per-
formed on a PE Biosystems model 3700 automated DNA Se-
quencer by the Laboratory for Biotechnology and Bioinformatics
at Washington State University, Pullman.

Physical linkage of sequenced loci. Because no genetic map is
available for A. alternata, we attempted to maximize the prob-
ability that the sequenced loci represented a physically unlinked
set of genetic loci by BLASTing each genomic region to contigs
of the newly sequenced genomes of A. fenuissima and A. alter-
nata (C. Lawrence, unpublished data). These contigs (<250,000
bp) were then BLASTed to the larger scaffolds of A. brassicicola
genome (http://www.jgi.doe.gov/) to infer linkage relationships
by synteny among the six genomic regions and to select a set of
genetic loci with high probability of mapping to different chromo-
somes (Table 3).

Bayesian population structure inference and phylogenetic
analyses. Sequence data were aligned, edited, and concatenated
manually and using ClustalW (80) as implemented in BioEdit
v7.0.53 (24). Population structure was inferred for the con-
catenated data set using BAPS v5.3 (78). Cluster analyses at the
individual level were completed using the clustering with linked
loci function, allowing for linked and unlinked loci within a
population. Gene flow among genetically distinct subpopulations
was also estimated using an admixture analysis as implemented in
BAPS (15). Haplotype networks were estimated using con-
catenated data sets independently for each genetic subpopulation
defined by BAPS using statistical parsimony analysis as imple-
mented in TCS using a 92% parsimony criterion (14).

Associations of alleles among loci. Genetic diversity and
associations of alleles among loci were estimated within the
population and the three subpopulations as defined by BAPS

above. DnaSP v.5 (66) was used to estimate the number of unique
multilocus sequence types and also number of segregating sites
(S) for each locus and the combined data set for each sub-
population (Table 2). Linkage disequilibrium was tested using the
index of association (I,). I, is based on the observation that a
sexually recombining population will have pairwise genetic dis-
tances between loci that are normally distributed but, in a clonal
population, the variance of genetic distances is skewed (1,39,
40,79). I, was estimated using concatenated data sets for the
population and within subpopulations, including SH1, SH4,
SH4A, and SH4B, using the standardized I, (I°y and 74) (11,40)
for allelic profiles as implemented in LIAN 3.0 (25) (http://
pubmlst.org) and as single-nucleotide polymorphisms (SNPs)
using Multilocus version 1.3b (1). The null hypothesis is that
Vobs = Vexp = 0. I is dependent on number of loci analyzed, and
74 was introduced by Apagow and Burt (1) to remove this de-
pendency. SNPs from each locus were treated as a single linkage
group, and comparisons were made between linkage groups. Tests
of significance were performed by comparing the original ob-
served data set to 1,000 simulated randomly recombining data
sets.

Tests for recombination. Putative intragenic and intergenic
recombination events in the population were identified using the
concatenated data set with the Recombination Detection Program
(RDP) v3.44 (33,37) and Bayesian recombination analyses tracker
(BRAT) (39). RDP implements several recombination detection
methods and allows for comparable searches to be performed on
sequence data. Recombination events were identified using five
recombination algorithms: RDP (37), maximum % test (MaxChi)
(38), maximum mismatch x> (Chimaera) (64), gene conversion
(GENECONV) (69), and Seq3 methods (10). The analysis op-
tions for RDP were adjusted to the following general settings:
sequences were considered linear, the P value cutoff was set to
0.05, the Bonferroni correction was applied, consensus daughter
sequences were found, breakpoints were polished, and only re-
combination events detected with two or more methods were
listed.

To further validate our inferences of recombination, phylo-
genetic analyses were conducted to test for topological incon-
gruence between the concatenated data set and one of the putative
intergenic recombination segments. Maximum parsimony and
Bayesian phylogenies were estimated with two different data sets.

TABLE 3. Location of sequenced regions in Alternaria alternata, A. tenuis-
sima, and A. brassicicola genomes

Contig (size, bp)

Locus A. alternata A. tenuissima A. brassicicola
endoPG? 00436 (774,102) 00686 (253,069) 3(1,771,757)
AA-Flank-F3 00333 (128,142) 00079 (666,611) 6 (1,122,016)
AA-Flank-F13 00405 (395,009) 00059 (336,922) 2(2,633,681)
AA-SCAR-5A 00052 (556,629) 00764 (557,574) 1 (3,441,849)
AA-SCAR-9A 00103 (203,451) 00647 (244,188) 2(2,633,681)
AA-SCAR-11A 00148 (11,514) 00087 (205,636) 9 (591,262)

4 Endo-polygalacturonase gene.

TABLE 2. Sequence variability of multilocus sequence type loci for the population of 50 isolates (P) and SH1 (S1) and SH4 (S4) subpopulations of Alternaria

alternata
Subpopulation®
Combined EndoPG OPA-5A OPA-9A OPA-11A Flank-F3 Flank-F13
Statistic? P S1 S4 P S1 S4 P S1 S4 S1 S4 P S1 S4 P S1 S4 P S1 S4
Sequence 2790 435 684 676 586 146 263
Var. sites 135 55 83 11 1 10 50 29 27 12 29 21 9 12 5 3 2 4 1 3
Haplo 42 13 29 9 2 7 14 5 9 6 14 14 5 9 5 3 3 5 2 3

4 Sequence = sequence length; Var. sites = number of variation nucleotide sites, with gaps and missing data removed; and Haplo = number of haplotypes.
b Sample sizes for each population or subpopulation are P (50 isolates), SH1 (14 isolates), and SH4 (36 isolates). endoPG = endo-polygalacturonase gene.
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The first was of the concatenated data set without the putative
intragentic recombination segment and the second data set con-
sisted of only the recombination segment. Comparison of phylo-
genies estimated from these two data sets allowed an assessment
of incongruence between the data sets and the effect of this
recombination even on phylogenetic reconstruction. DT-ModSel
(46) was used to estimate the best-fit nucleotide substitution models
for each data set. Analyses were performed in PAUP*4b 10 (77)
and MrBayes 3.0 (32). Maximum parsimony analyses were
performed using the heuristic search option with 1,000 random
addition sequences using the TBR branch swapping with the
MULPARS option on, and all characters were weighted equally.
Robustness and support for clades were assessed using 1,000
bootstraps with random addition (10 replicates) for each heuristic
search. The Kishino-Hasegawa (KH) (36) and Shimodaira-Hasegawa
(SH) (72) tests of topological congruence were conducted on the
maximum likelihood phylogenies as implemented in PAUP with
RELL 1000 resampling replicates. Bayesian analyses were per-
formed with settings suggested by the selected models. For
Bayesian analyses, the Markov chain Monte Carlo search was run
with four chains for 3,000,000 generations, generating 30,001
trees, and the first 6,000 trees were discarded as “burnin” of the
chains.

RESULTS

Sequencing population. Of 105 isolates originally sampled, 50
were selected for sequencing and detailed genetic analyses
(Supplemental Table 1). Isolates that belonged to SH1 represented
13% (14 of 105) of isolates. Of the 92 remaining SH4 isolates,
15% (14 of 92) carried MAT1-2, whereas 85% (78 of 92) carried
MATI-1. Because of the highly skewed ratio of SH1 to SH4
isolates, all isolates from SH1 were included and all isolates from
SH4 carrying MATI-1 were included. The remaining SH4 isolates
(=36) carrying MATI-2 were selected at random. Therefore, the
studied population consisted of 50 isolates, including 14 isolates
from SH1 lineage (13 MATI-1 and 1 MATI-2 isolates) and 36 from
the SH4 lineage (4 MATI-1 and 32 MAT-2 isolates) (Table 4).

Nucleotide variation. In total, 2,790 bp was sequenced from
six loci (endoPG, OPA-5A, OPA-9A, OPA-11A, Flank-F3, and
Flank-F13) from 50 isolates. The concatenated data set exhibited
135 (4.8%) polymorphic nucleotide sites within the population.
The three SCAR loci were the most variable, including OPA-5A,
which had 50 of 684 (7.3%) polymorphic sites (Table 2); and
OPA-9A and OPA-11Am which had 39 of 676 (5.7%) and 21 of
586 (3.6%) polymorphic sites, respectively. endoPG and the two
microsatellite flanking regions (Flank-F3 and Flank-F13) were
the least variable, with 11 of 435 (2.5%), 5 of 146 (3.4%), and 4
of 263 (1.5%) polymorphic sites, respectively (Table 2).

Marker linkage. The six loci were mapped to the A. alternata,
A. tenuissima, and A. brassicicola genome assemblies. All loci
were located to unique contigs of A. alternata and A. tenuissima.
Four of six loci were located to unique scaffolds of A. brassici-
cola (Table 3). Flank-F13 and OPA-9A were both located to

A. brassicicola scaffold 2 (2,633,681 bp), and further investi-
gation revealed that these loci were separated by 51,108 bp when
aligned to scaffold 2 of the A. brassicicola genome.

Population assignment, gene flow estimates, and sequence
typing. BAPS and network analyses similarly identified three
genetic subpopulations within the population with high posterior
probabilities. These subpopulations will subsequently be referred
to as SH1, SH4A, and SH4B (Fig. 1A and B). Subpopulation SH1
included 14 isolates and corresponded to phylogenetic lineage
SH1 identified previously by Peever et al. (59). Subpopulations
SH4A and SH4B were represented by 19 and 17 isolates, respec-
tively and corresponded to the phylogenetic lineage SH4 identi-
fied previously by Peever et al. (59). As highlighted by the
Bayesian population admixture analyses, low levels of gene flow
were detected among subpopulations. Sequenced loci of isolate
52 were partitioned into all three subpopulations, with 90% of the
total sequenced region partitioned to SH1, 9% to SH4A, and 1%
to the SH4B subpopulations (Fig. 1A).

Network analysis. Subpopulations SH1 and SH4B comprised
isolates of both mating types. The network revealed genetic
differentiation between isolates of different mating type (Fig. 1B).
For the SH1 subpopulation, the putative recombinant isolate 52
(MATI-2) was separated from the other MATI-1 isolates by 20
mutational steps. Isolates 133, 161, 162, and 163 from the SH4B
subpopulation with MATI-1 were separated by MATI-2 isolates
by 13 steps.

All isolates in the SH4A subpopulation were MATI-2 and sepa-
rated from SH4B subpopulation by 32 mutational steps. Five
loops were observed in the SH4A network (Fig. 1C), and these
reticulation patterns, suggestive of putative recombination, were
localized to six nucleotide sites at three loci, including OPA-5A
(one site), OPA-9A (two sites), and OPA-11A (two sites).

Multilocus gametic disequilibrium. The null hypothesis of
random mating was rejected (P < 0.001) using the I, tests I°, and
74 for the population and within the SH1 and SH4 subpopulations
(Table 4). When the SH4 subpopulation was further subdivided
into SH4A and SH4B, the null hypothesis of random mating was
not rejected for the SH4A subpopulation but was rejected for
SH4B.

Recombination analyses. Options for RDP were set so that
only recombination events detected by two or more methods were
considered significant. From these analyses, four putative recom-
bination events were detected. The best-supported recombination
event was an intragenic recombination identified within the OPA-
5A locus in isolate 52 from the SH1 subpopulation. This event
was detected with four statistical methods: RDP, MaxChi,
Chimeara, and BRAT (Table 5). In addition, two well-supported
intergenic recombination events were detected between the
endoPG locus and the OPA-5A locus for four isolates from the
SH4B subpopulation (Table 5). In all cases, only one putative
parent could be identified, suggesting that the unknown parent
was likely external to the sampled population.

To further explore the endoPG/OPA-5A recombination event,
phylogenetic analyses were conducted on the concatenated data

TABLE 4. Multilocus tests of associations among loci in the population and subpopulations (SH1, SH4, SH4A, and SH4B) of Alternaria alternata®

Population Isolates Haplotypes Number of sites® MT ratio® I5, (P)¢ 74 (P)°
Population 50 42 135 1:1 16.58 (0.001) 0.121 (0.001) 0.128 (0.001)
SH1 14 13 55 13:1 10.53 (0.001) 0.139 (0.001) 0.154 (0.001)
SH4 36 29 83 4:32 8.56 (0.001) 0.098 (0.001) 0.093 (0.001)
SH4A 19 18 35 0:19 0.134 (0.28) 0.004 (0.28) 0.008 (0.187)
SH4B 17 12 12 4:17 8.306 (0.001) 0.144 (0.001) 0.172 (0.001)

2 Bold text indicates failure to reject the null hypothesis of random mating.
b Number of segregating sites for each population.
¢ Mating type ratio for each population (MATI-1: MATI-2).

4 The P value comparing the estimated index of association (I,) value for each subpopulation against a null hypothesis of random mating. I, = standardized I

(D).

¢ Clone-corrected; 7y = I, less dependent on the number of loci (1).
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set and compared with the phylogeny produced using only a
recombination segment of the partial endoPG/OPA-5A region that
was detected in isolates 161, 162, 163, and 133 from the SH4B
subpopulation. The best model of evolution for the concatenated
data set with the recombination segment removed (base pairs 1 to
384 and 931 to 2,790) was TrNef+I and HKY+I for the data set
containing only the putative recombination segment (base pairs
385 to 930). Both phylogenies showed evidence for two major
clades, SH1 and SH4, identical to the subpopulations. However,
several isolates exchanged positions, highlighting topology
incongruence between the two phylogenies, as supported by the
KH and SH topological congruence tests (P > 0.001). In the non-
recombinant phylogeny (Fig. 2A), isolate 52 grouped in subpopu-
lation SH1 and isolates 133, 161, 162, and 163 were in population
SH4. However, in the recombinant phylogeny (base pairs 385 to
930) (Fig. 2B), isolate 52 clustered within subpopulation SH4 and
isolates 133, 161, 162, and 163 grouped in subpopulation SH1.

DISCUSSION

A population of A. alternata sensu lato sampled from a small,
defined area within a single citrus grove in central Florida could
be subdivided into three genetically distinct subpopulations with
little evidence of gene flow among them. The mode of reproduc-
tion in two of these subpopulations was predominantly asexual
based on several lines of evidence. I, tests identified significant
associations between polymorphic sites using methods that
accounted for both linkage of the polymorphic sites within a locus
and small sample size and were supported by strong correlations
between multilocus haplotype and mating type. Isolates of oppo-
site mating type were genetically differentiated in two subpopu-
lations (SH1 and SH4), with several fixed alleles at six additional
loci indicating a lack of gene flow between mating types.
Although asexuality appeared to be the primary reproductive
mode in these subpopulations, signatures of genetic recombi-
nation were detected in both. In contrast, individuals in the third
subpopulation, SH4A, appeared to be freely recombining, and we
were unable to reject a random mating model despite the fact that
all members of this subpopulation were of a single mating type.
Recombination among isolates of the same mating type suggests
that a nonmeiotic mechanism of recombination such as the para-
sexual cycle may be operating in this subpopulation.

Several studies have reported the signatures of recombination
in populations of putatively asexual fungi (17,20,51,74,79), sug-
gesting that (i) these fungi are not really asexual (i.e., have a
“cryptic” sexual stage that remains to be discovered) or (ii) that
nonmeiotic mechanisms facilitate recombination of genomes that
really do not produce a sexual stage. Population studies of species
within the genera of Penicillium and Aspergillus inferred recom-
bination (19,27,28) even though these groups of fungi have been
assumed asexual for >100 years. Just recently, the teleomorphic
stages of Aspergillus fumigatus (54), A. flavus (29), A. parasiticus
(31), A. nomius (30), and Penicillium pinophiulum (51) were in-
duced in laboratory setting. These fungi have cryptic sexual cycles
that are difficult to discern or induce in laboratory and field
settings (19).

Similar to the recombination events observed within the Alter-
naria alternata subpopulations studied here, recombination has
been inferred in other asexual phytopathogens, including Fu-
sarium oxysporum (4,53), Verticillium dahliae (7), and V. albo-
altrum (13). Mitotic recombination through a parasexual cycle
may explain some or all of the recombination observed in these
putatively asexual fungi. The parasexual cycle, first described by
Pontecorvo et al. (63) in the laboratory using Aspergillus nidulans,
allows fungi to recombine in the absence of a sexual cycle. This
cycle offers an evolutionary alternative for the introgression of
novel genetic material and complementation of dysfunctional gene
copies in asexual species. After the formation of a heterokaryon

from two genetically distinct haploid mycelia, recombination via
crossovers and haploidization can generate genetically variable
progeny (62). Even in fungi with a known teleomorph, the occur-
rence of the parasexual cycle has been documented extensively in
the laboratory (49,70,82) and there is accumulating evidence that
this cycle may occur in natural populations as well (42,45,83).
Studies of the fungus Cryphonectria parasitica have detected
recombination among individuals in different vegetative compati-
bility groups (42,43,45). McGuire et al. (42) inferred the presence
of parasexual recombination in a predominantly clonal field
population of C. parasitica from Wisconsin, and further evidence
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Fig. 1. A, Bayesian population clustering of 50 brown spot isolates, represent-
ing three distinct subpopulations: SH1 (white), SH4A (gray), and SH4B
(black). Isolate 52 was assigned to all three clusters with 90, 9, and 1% assign-
ment to the SH1, SH4B, and SH4A subpopulations, respectively. B, Parsi-
mony network (92% criterion) among 50 isolates of Alternaria alternata
sampled from Florida using the combined data set. Open circles represent
isolates of MATI-1 mating type, whereas solid black circles represent MATI-2
isolates. Boxes circumscribe the SH1 (white), SH4A (gray), and SH4B (black)
subpopulations inferred by Bayesian population clustering and phylogenetic
analyses. C, Parsimony network (98% criterion) estimated within the SH4A
subpopulation of A. alternata and showing reticulation. Small dots indicate
missing haplotypes. Circle size is proportional to the number of sampled
haplotypes. All isolates in the network are MAT]-2 mating type.
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suggested that stable heterokaryons formed between vegetatively
incompatible individuals. Recently, Milgroom et al. (45) found
additional evidence of parasexual recombination in two European
populations of C. parasitica, dominated by one mating type. Two
isolates, one from each population, had haplotypes that were a
composite of the two clones in each population. Our results show
similarities to the C. parasitica populations studied by Milgroom
et al. (45) and McGuire et al. (42,43). The recombination ob-
served in the SH4A subpopulation, where all individuals were of

one mating type, highlights the potential significance of the
parasexual cycle or some other nonmeiotic recombination process
in Alternaria populations.

The intragenic and intergenic recombination events identified
in this study would not have been identified had not population
structure first been inferred within the larger sample. This sug-
gests that careful delimitation of genetic populations with appro-
priate markers is a necessary prerequisite to identify and localize
fine-scale evolutionary events. Peever et al. (57) genetically

TABLE 5. Identification of recombination events within subpopulations of Alternaria alternata®

Subpopulation Isolates Loci RDP® MaxChi® Chimaera® GENE Seq3® BRAT®
SH1 52 OPA-5a¢ 2.2 % 1093 1.6 x 1079 1.4 x 1072 No 5.4 % 1079 99
SH4B 161, 162, 163 endoPG/OPA-5a® No 1.4 x 10792 1.4 x 10792 No 1.4 x 10792 99
SH4B 133 endoPG/OPA-5a° No 1.4 x 1072 1.4 x 10792 No 2.7 x 10792 99

2 Methods used to test for recombination were the Recombination Detection Program (RDP) (37), maximum 2 method (MaxChi) (39,63), CHIMAERA (63),
GENECONYV (Padidam et al. 1999 [55]), Seq3 (10), and Bayesian recombination analysis tracker (BRAT) (Tang et al. 2007 [78]).

b P value listed as significant finding.

¢ Posterior probability.

d Intragenic recombination event.

¢ Intergenic recombination event; endoPG = endo-polygalacturonase gene.
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Fig. 2. Phylogenetic incongruence resulting from an intergenic recombination event (endo-polygalacturonase [EndoPG]/OPA-5a) detected in isolates 161, 162,
and 163 of Alternaria alternata within the SH4B subpopulation. Node support was estimated using posterior probabilities and bootstrap values based on 1,000
bootstrapped replicates (pp/bs). Open boxes in the diagram above each phylogeny highlight the base pairs included in the data set. A, Phylogeny for the non-
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putative recombinants.
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characterized a smaller sample of Alternaria alternata from this
same Florida population using RAPD-PCR markers. Two genetic
groups were identified that correspond to two morphologically
and phylogenetically supported species, A. citrimacularis and A.
tangelonis (57,74). With additional, sequence-based data and
Bayesian inference of population structure, as implemented in
BAPS, we inferred an additional subpopulation within SH4. Identi-
fication of this additional subpopulation likely resulted from the
application of highly variable loci utilized in this study. Signifi-
cant gametic disequilibrium was observed among loci for the
overall population and for the SH1 and SH4 subpopulations. How-
ever, when the SH4 population was split into SH4A and SH4B,
the random mating model for the SH4A subpopulation could not
be rejected. Perhaps, when the two subpopulations were com-
bined, there was population admixture with fixed alleles for mem-
bers of each subpopulation. Similarly, Douhan et al. (18) detected
recombination of Cenococcum geophilum at the subpopulation
level but not at the population level, highlighting the importance
of examining for recombination on multiple genetic levels within
a population. Of the eight parsimoniously informative characters,
reticulation was found among six phylogenetically incompatible
sites in three different loci. Further analysis of these six characters
highlighted possible intrapopulation recombination, visualized by
loops in statistical parsimony network analyses. All isolates were
MATI-2, possibly suggestive of mitotic recombination events
occurring through a parasexual cycle.

A putative reciprocal recombination event at the intragenetic
region of the partial endoPG gene and locus SCAR-5A was found
between subpopulations SH1 and SH4B and was supported by re-
combination, phylogenetic, and population genetic analyses. This
event appears to have occurred through a meiotic recombination
event between isolate 52 from subpopulation SH1 and several
members of SH4B but we were unable to detect which sequences
are recombinant and which are parental. Further, because asexual
Alternaria spp. are thought to be derived from sexual lineages (8),
it is difficult to discern whether these events occurred recently or
are signatures from a sexual past.

To better characterize the mechanism, timing, and significance
of recombination events in A. alternata populations, comparisons
of entire genomes using hierarchical comparative genomics (71)
could be useful. Differences between closely related taxa
separated by a limited number of evolutionary events may allow
resolution of various issues related to genomic evolution, such as
determining the gain and loss of genes, detecting positive natural
selection, and providing an evolutionary context for observed
differences between taxa (71). Ruderfer et al. (68) used genomic
analyses to infer the evolutionary history of the budding yeast,
Saccharomyces cerevisiae. The availability of whole genome se-
quences of several isolates and one closely related outgroup, S.
paradoxus, allowed Ruderfer et al. (68) to ascertain that outcross-
ing occurs infrequently but is sufficient to recombine the genome,
such that ancestral segments remained linked at the level of only a
few kilobases. When similar data become available for A.
alternata and closely related species, these approaches could be
utilized to distinguish between contemporary mitotic or meiotic
events or signatures from a sexual past.

We observed high levels of genetic divergence between indi-
viduals from different subpopulations of A. alternata collected
from a small area (2,500 m?) within a single citrus grove. Evi-
dence provided by the network analyses suggest that these sub-
populations (SH1, SH4A, and SH4B) are differentiated by as
many as 20 SNPs at six loci, indicating little gene flow and re-
combination among these subpopulations. In asexual taxa, it is
hypothesized that loss of recombination associated with asexual
reproduction dramatically reduces diversification (34), impeding
speciation among asexual taxa, increasing the number of dele-
terious mutations, and, therefore, increasing extinction rates among
asexual taxa (48,56). Conversely, we found evidence of signifi-

cant genetic diversification among A. alternata subpopulations.
Significant differentiation has also been observed among asexual
lineages of the evening primrose, Oenothera humifusa, when
compared with a sexual variety of this species (34). There was
little evidence for a reduced rate of diversification and speciation
in the asexual species and no clear differences in extinction rates
were evident between the asexual and sexual Oenothera spp. (34).
Perhaps the limited ability of A. alternata individuals to recom-
bine within each subpopulation through nonmeiotic mechanisms,
such as the parasexual cycle, as observed in the SH4A subpopu-
lation, has allowed A. alternata to form new genetic populations
and, eventually, species.

Speciation is a process driven by mechanisms that enhance
genetic divergence and reduce gene flow between individuals with-
in populations (16). Such mechanisms include behavioral, eco-
logical, or habitat isolation, and ecological divergence was found
to be the driving force of speciation in asexual lineages of
bdelloid rotifers (21). It seems likely that similar mechanisms are
operating in populations of asexual fungi, which may lead to
speciation. Subpopulations SH1 and SH4 correspond to two
morphological and phylogenetic species, A. citrimacularis and A.
tangelonis (57,74), but these taxa cannot be separated by any
obvious biological criteria such as host specificity. In this study,
we observed further diversification within the SH4 lineage but
have yet to associate this divergence with a specific phenotype.
Three subpopulations co-exist within a small geographic area on
the same host in the same environment, suggesting that these
subpopulations may represent incipient species. However, the
mechanisms promoting and maintaining divergence within this
population remain elusive.

Gaining insight into the mode of recombination for a pathogen
is important for understanding speciation, the processes of adap-
tation to new hosts or environments, the evolution of virulence,
and fungicide resistance. Further studies will attempt to identify
the mechanism, timing, and biological significance of recombi-
nation and divergence in A. alternata subpopulations.
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