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Abstract

Fungus-growing ants (Attini) are part of a complex symbiosis with Basidiomycetous fungi, which
the ants cultivate for food, Ascomycetous fungal pathogens (Escovopsis), which parasitize
cultivars, and Actinobacteria, which produce antibiotic compounds that suppress pathogen growth.
Earlier studies that have characterized the association between attine ants and their bacterial
symbionts have employed broad phylogenetic approaches, with conclusions ranging from a
diffuse coevolved mutualism to no specificity being reported. However, the geographic mosaic
theory of coevolution proposes that coevolved interactions likely occur at a level above local
populations but within species. Moreover, the scale of population subdivision is likely to impact
coevolutionary dynamics. Here, we describe the population structure of bacteria associated with
the attine Apterostigma dentigerum across Central America using multilocus sequence typing
(MLST) of six housekeeping genes. The majority (90%) of bacteria that were isolated grouped
into a single clade within the genus Pseudonocardia. In contrast to studies that have suggested that
Pseudonocardia dispersal is high and therefore unconstrained by ant associations, we found highly
structured (Fst = 0.39) and dispersal-limited (i.e., significant isolation by distance; r = 0.517, P =.
05) populations over even a relatively small scale (e.g., within the Panama Canal Zone). Estimates
of recombination versus mutation were uncharacteristically low compared with estimates for free-
living Actinobacteria (e.g., o/0=0.028 in La Selva, Costa Rica), which suggests that
recombination is constrained by association with ant hosts. Furthermore, Pseudonocardia
population structure was correlated with that of Escovopsis species (r = 0.67, P = .02), supporting
the bacteria's role in disease suppression. Overall, the population dynamics of symbiotic
Pseudonocardia are more consistent with a specialized mutualistic association than with recently
proposed models of low specificity and frequent horizontal acquisition.
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Introduction

Discerning how individuals within a species are structured over geographic space is
essential to understanding how populations evolve. For example, allopatric speciation
(divergence caused by geographic isolation) is typically regarded as the most common
mechanism of speciation (Mayr 1963; Lande 1980; Coyne and Orr 2004), and migration can
either facilitate or hinder local adaptation (Lenormand 2002; Kawecki and Ebert 2004).
Furthermore, the scale of population subdivision plays an important role in shaping
coevolutionary dynamics (Lively 1999; Thompson and Cunningham 2002; Thompson 2005,
2009). Within host-symbiont systems, symbiont populations can be structured by hosts
(resulting in congruent population structure), although such congruence is more likely when
specificity is maintained either through vertical transmission or adaptive mechanisms that
determine symbiont selection (Wirth et al. 2005; VVollmer et al. 2010; Zanatta and Wilson
2011). In contrast, horizontal transmission and diffuse associations can decouple host-
symbiont populations and constrain opportunities for pairwise coevolution.

The attine (Attini, Formicidae) ant-microbe system represents a complex community of
well-characterized symbionts, which provides an opportunity to study the impact of
multipartite symbiont associations on population structure. In addition to the ants, this
symbiosis also includes mutualistic Basidiomycetous fungi, parasitic Ascomycetous fungi,
and antibiotic-producing Actinobacteria (reviewed in Caldera et al. 2009). Attine ants are a
monophyletic tribe of approximately 230 ant species, all of which cultivate fungi as their
primary food source. The association between attine ants and their fungal cultivars is a
textbook example of both obligate mutualism and agriculture. Like many agricultural crops,
attine cultivars are susceptible to pathogens, the most common being Escovopsis
(Ascomycota, Hypocreales) microfungi that persist as chronic infections within the fungal
gardens (Currie et al. 1999a, 2003b; Currie 2001). If Escovopsis infection is not maintained
at a low level, the pathogen can rapidly consume the cultivar, thus destroying the entire ant
colony (Currie et al. 1999a; Currie 2001). To help combat Escovopsis infection, most attine
species rely on antibiotic compounds produced by symbiotic Pseudonocardia
(Actinobacteria, Actinomycetales) that grow on specialized regions of the ant cuticle and
suppress Escovopsis growth (Currie et al. 1999b, 2003a, 2006; Oh et al. 2009; Cafaro et al.
2011).

Our current understanding of how symbiotic associations might shape population structure
within the attine system begins with the ant-cultivar association. On nuptial flights, virgin
queens carry in their mouth an inoculum of a fungal cultivar from the mother colony, which
they use to start the fungal garden after mating (Holldobler and Wilson 1990). This vertical
transmission of cultivar clones from mother to daughter is believed to have contributed to
the broad patterns of phylogenetic congruence between attine ants and their cultivars over
evolutionary time (Chapela et al. 1994; Mikheyev et al. 2010). Despite the coupling of
cultivar transmission with the reproductive lifecycle of attine queens, horizontal exchange
among closely related ant species through cultivar sharing and/or stealing appears to be
rampant (Adams et al. 2000; Green et al. 2002; Mikheyev et al. 2006, 2007; Poulsen et al.
2009), and some basal attine species may be capable of using free-living fungi (Mueller et
al. 1998; Vo et al. 2009). Horizontal acquisition of cultivars occurs early during colony
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founding (Poulsen et al. 2009), and mature colonies appear to propagate only one cultivar
clone, despite maintaining multiple garden chambers (Mueller et al. 2010b). To date, the
geographic population genetic structure of an ant and its cultivar has been described in only
one attine, Trachymyrmex septentrionalis (Mikheyev et al. 2008). Although both ants and
cultivars exhibited significant isolation by distance (IBD) across the eastern United States (r
=0.23, P =.034, and r = 0.38, P =.003, respectively), there was no correlation between the
ant's genetic and the fungal community similarity matrix, which suggests that cultivar
population structure is not shaped by transmission with its ant host.

Although opportunities for both vertical and horizontal transmission exist for cultivars,
Escovopsis pathogens are horizontally acquired, likely from invertebrates that associate with
attine ant colonies, and are absent in the early stages of colony founding (Currie et al.
1999a). Although Escovopsis is acquired horizontally, broad phylogenetic congruence exists
between fungal cultivars and Escovopsis, which suggests that additional mechanisms
maintain pathogen specificity over evolutionary timescales (Currie et al. 2003b). The
adaptive mechanisms governing cultivar-Escovopsis specificity are best understood in the
basal attine genus Apterostigma. Among Apterostigma species, phylotype-specific patterns
of Escovopsis attraction to cultivars through chemotaxis and cultivar resistance to
Escovopsis reflect patterns of phylogenetic congruence (Gerardo et al. 2006a, b). A
population-level study of Escovopsis-cultivar dynamics in the ant species Apterostigma
dentigerum across Central America, however, found that cultivar resistance is ineffective
against the most common pathogen phylotype (brown Escovopsis) of A. dentigerum,
regardless of genotype or location (Gerardo and Caldera 2007). Moreover, although both
cultivars and brown Escovopsis showed significant IBD (r =0.34, P = .04, and r = 0.38, P

= .03, respectively), their population genetic structure was not congruent, which indicates a
lack of pairwise specificity at the population level. It remains possible that the seemingly
labile association between A. dentigerum cultivars and brown Escovopsis persists because
the role of specialization against Escovopsis is maintained by Pseudonocardia.

Less is known about the transmission and population dynamics of attine-associated
Pseudonocardia than is known about cultivars or Escovopsis. As is the case for cultivars, a
clear mechanism for vertical transmission of Pseudonocardia exists, but the frequency of
horizontal acquisition or recombination among strains remains ambiguous. Virgin queens
harbor a visible inoculum of Pseudonocardia on specialized cuticular structures before
departing on mating flights (Currie et al. 2006); therefore, it is not necessary to acquire
novel strains during colony founding. Doing so would also require the new bacteria to
outcompete the original strain. Studies of Acromyrmex-associated Pseudonocardia have
recovered only one genotype per colony (Poulsen et al. 2005), demonstrated sophisticated
strain-level recognition by the ants (Zhang et al. 2007), and shown that acquisition from
nonmaternal colonies results in less abundant bacterial cover (Armitage et al. 2011). This
evidence together suggests that the ants transmit and maintain the same clone present during
colony founding. Phylogenetic studies have shown a degree of congruence between attines
and Pseudonocardia indicative of vertical transmission, but incongruences have also
suggested that horizontal switches are perhaps more frequent than cultivar switches over
evolutionary time (Cafaro and Currie 2005; Cafaro et al. 2011). Opportunity for horizontal
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acquisition could exist through contact with males during mating; however, Pseudonocardia
are often absent or in low abundance on males, and males are not present during colony
founding, so they are not likely to be the primary vector. Contact with the soil, foraging
material, and other foraging fungus-growing ants may also provide opportunities for
horizontal acquisition. Recently, a new model of attine-Pseudonocardia association (termed
the acquisition model) has emerged, which argues that the ant-Pseudonocardia symbiosis is
substantially less specialized than previously thought (Kost et al. 2007; Haeder et al. 2009;
Sen et al. 2009) and may not be a mutualistic association but rather encompasses a range of
associations that include parasitism (Mueller et al. 2008, 2010a). More specifically, the
acquisition model emphasizes limited vertical transmission of Pseudonocardia across many
ant generations and low potential (or absence) of Pseudonocardia-Escovopsis coevolution
and specificity.

Studies both in support of and in conflict with the acquisition model have drawn heavily on
phylogenetic and/or across-species approaches among many ant species (Cafaro and Currie
2005; Currie et al. 2006; Mueller et al. 2008, 2010a; Sen et al. 2009; Cafaro et al. 2011).
The geographic mosaic concept of coevolution, however, posits that coevolved interactions
likely occur at a scale above local populations, but below species (i.e. at the geographic
population scale; Thompson 1994). Consequently, studies at this scale are likely to yield
important insights into attine-microbe coevolution. To date, the geographic population
structure of attine-associated Pseudonocardia has only been described in Trachymyrmex
serptentrionalis (Mikheyev et al. 2008). Across the eastern United States, Pseudonocardia
had little population structure at the EF-Tu locus and genetic distances were not correlated
with the ant host, which did show substantial geographic structure. This led the authors to
conclude that the bacteria's dispersal capacity is high and not constrained by association
with the ants, although bacterial population structure might be shaped by environmental
factors and/or interactions with Escovopsis. Currently, most genetic-based studies of
symbiotic Pseudonocardia (Cafaro and Currie 2005; Poulsen et al. 2005; Zhang et al. 2007;
Mikheyev et al. 2008; Mueller et al. 2008, 2010b; Sen et al. 2009), including the only
description of Pseudonocardia population structure, have been limited by the use of a single,
well-conserved housekeeping gene. Studies of microbial geographic distributions and niche
evolution, however, strongly caution against interpretations drawn from a single locus,
because evidence for finer geographic population structure tends to emerge as additional loci
and molecular markers are added (Cho and Tiedje 2000; Whitaker et al. 2003; Hedlund and
Staley 2004). Therefore, it remains possible that multilocus analysis of ant-associated
Pseudonocardia may expose a finer degree of geographic structure yet unseen.

Here, we describe the population genetic structure of A. dentigerum-associated
Pseudonocardia in Panama and Costa Rica using loci from six different housekeeping genes
(determined with use of MLST). We use both phylogenetic and population genetic analyses
to answer the following questions: (1) Are populations geographically structured within
Central America? (2) Do populations conform to isolation by distance, and at what scale?
(3) Are Pseudonocardia populations recombining, and to what extent? (4) Is
Pseudonocardia population structure correlated with the population structure of the brown

Am Nat. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caldera and Currie

Page 5

Escovopsis phylotype and/or cultivars? Finally, we discuss our findings in the context of
differing models of attine-Pseudonocardia association.

Material and Methods

Collection of Apterostigma dentigerum

We collected colonies of A. dentigerum from La Selva Biological Station (LS), Costa Rica,
during October 2006 and July 2007 and from seven locations in Panama during June 2008
(fig. 1A, 1B). Within Panama, sampling was greatest around the Panama Canal Zone,
including the following locations: Gamboa Forest (GAM), Pipeline Road (PLR), and Barro
Colorado Island (BCI). Collections on BCI were divided roughly into colonies collected in
the northern and southern regions of the island, and collections along PLR were divided into
colonies collected along the banks of rivers intersecting the northern part of the road (rivers
Agua Salud, Guacharo, Pelon, and Macho) and the southern part of the road (rivers Limbo,
Seda, Frijoles, and Frijolito). We collected additional ant colonies on the peninsulas
surrounding BCI and in Bocas del Toro province (BT), near the Costa Rican border.

Symbiont Isolation

To obtain pure cultures of symbiotic Actinobacteria, we followed the methods of Poulsen et
al. (2005) for Acromyrmex ants, but with the following modifications specific to A.
dentigerum. Before scraping bacteria off of the ant cuticle, we first removed the head and
forelegs from workers to expose the mesosternal lobe, where the bacteria are localized in A.
dentigerum (Currie et al. 2006). Depending on the number of workers in a given nest, we
scraped the mesosternal lobes of one to four ants. An additional 16 bacterial isolates
collected during 2001-2003 by researchers from the University of Texas at Austin and the
University of Kansas were included. These additional isolates were stored in 2-mL tubes at
—-80°C and contained either frozen cells or extracted DNA.

DNA Extraction and Sequencing

DNA was extracted from pure cultures following the methods described in Poulsen et al.
(2005). To amplify the 16S rDNA gene, we used the polymerase chain reaction (PCR)
primer sets 243F and 1378R (Heuer et al. 1997). MacVector 10.6 was used to design PCR
primers for an additional five loci comprised of partial sequences from the following
housekeeping genes: atpD, dnaA, EF-Tu, gyrB, and rpoB (table 2). DNA sequences for
these five additional genes were extracted from a Pseudonocardia draft genome that was
isolated from A. dentigerum (C. R. Currie, unpublished data). Amplifications were
conducted using standard PCR methods, and positive amplifications were sequenced at the
University of Wisconsin—Madison Biotechnology Center using Sanger sequencing
technology. DNA sequence chromatograms were edited using Sequencher 4.6 (Gene Codes;
Ann Arbor, MI). Because the 16S rDNA PCR primers are specific to Actinobacteria (Heuer
et al. 1997), whereas primers for the additional five loci are potentially specific to a
Pseudonocardia strain associated with A. dentigerum, isolates were first sequenced at
thel6S locus. Samples that were named Pseudonocardia species according to searches of the
Basic Local Alignment Search Tool (BLAST) database (available at http://
www.blast.nchi.nlm.nih.gov) were subsequently genotyped for the remaining five
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housekeeping genes. Of the isolates identified as Pseudonocardia according to BLAST
searches (i.e., those with >98% sequence identity), 71 were sequenced for all six loci (table
1). MLST sequences have been deposited in GenBank (accession numbers HQ540730-
HQ541155).

Phylogenetic Analysis

Nucleotide sequences were aligned using CLUSTALX 2.0.11 (Larkin et al. 2007), and
models of nucleotide substitution were determined using J]MODELTEST (Guindon and
Gascuel 2003; Posada 2008). We constructed phylogenetic trees independently for each of
six genes, and we also used a concatenation of all genes. Single-locus phylogenetic
relationships were determined using the maximum-likelihood (ML) criterion, and the
concatenated alignment used both ML and Bayesian methods implemented in the programs
GARLI 0.951 (Zwickl 2006; available at http://www.bio.utexas.edu/faculty/antisense/garli/
Garli.html) and MrBayes 3 (Ronquist and Huelsenbeck 2003). To ensure that parameter
space was thoroughly explored, MrBayes was run four separate times. Each run used four
heated chains, and each chain featured 4,000,000 generations with sampling every 100
generations, following a burn-in period of 100,000 generations. GARLI was run 10 times
using default parameters. One hundred bootstrap replicates were generated with the
generation threshold for topology termination (genthreshfortopoterm) parameter set to
5,000, as recommended by the GARLI manual. Finally, to confirm that phylogenetic
inferences were not impacted by recombination among isolates, we constructed additional
phylograms in ClonalFrame (Didelot and Falush 2007), which removes recombination, and
we visualized multiple phylograms using SplitsTree (Huson and Bryant 2006).

Population Genetic Analyses

To test whether the housekeeping genes are under selection, we compared synonymous and
nonsynonymous substitutions by calculating overall dN/dS ratios and Tajima's D for each
translated locus using MEGA (Kumar et al. 2008). Significance was assessed with a Z-test
that used 500 bootstraps and the Nei-Gojobori method. To test for significant population
structure among geographically defined regions, we calculated the overall fixation index,
Fst (Weir and Cockerham 1984) using ARLEQUIN 3.11 (Excoffier et al. 2005). Genetic
distances among populations were calculated using Fst and Nei's net D (Nei et al. 1983).
Genetic diversity within populations was assessed using 7 (mean number of nucleotide
differences). The P values represent the proportion of permutations leading to a value larger
than or equal to the observed value.

Our tests for IBD involved exploring correlation between matrices of genetic distance
(FsT/(1 - FsT)) and natural log (geographic distance) and were conducted using a Mantel
test with a Pearson's product moment correlation coefficient (Slatkin 1993). Geographic
distances were determined using Mapsource 6. Because of low sampling, the following
locations were excluded from IBD and Fst analyses: BT, BVP, and FRP (see table 1).

Finally, to examine whether Pseudonocardia population genetic structure is geographically
congruent with A. dentigerum fungal symbionts, we obtained pairwise ®st (an analog of
Fst; Excoffier 2001) values for cultivars and brown Escovopsis among the following
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populations (with corresponding sample sizes): BCl = 10, GAM =7, PLR =12, and LS = 9.
Fungal isolates were genotyped by N. Gerardo using amplified fragment-length
polymorphism genotyping in an earlier study of cultivar-Escovopsis interactions in A.
dentigerum (Gerardo and Caldera 2007). Isolation of fungal symbionts was conducted
before this study, so fungal and bacterial isolates derive from different individual ant
colonies, although they are from the same geographic locations and host ant species.
Correlation between the pairwise matrices of Pseudonocardia Fst values and ®gt in fungal
symbionts was also assessed with a Mantel test.

Tests for Recombination

Results

To assess whether Pseudonocardia populations are clonal or recombining, we began with
the a priori assumption that populations are clonal and subsequently tested for evidence of
recombination events. Recombination was initially examined by looking for phylogenetic
incongruence among six loci, in addition to performing tests for recombination using two
methods implemented in the Recombination Detection Program (RDP) 3.44 software
package (Heath et al. 2006): RDP (Martin and Rybicki 2000) and GENECONYV (Padidam et
al. 1999). Estimates of the population recombination parameter p = 2N,r and the population
mutation rate Waterson's 8= 2Ngl were determined using the coalescent method LDhat
(McVean et al. 2002). LDhat simulations used 1,000,000 Markov chain Monte Carlo
(MCMC) iterations after a burn-in of 100,000. As recommended by the RDP documentation,
we conducted an initial estimate of p and used the output as the starting p for subsequent
simulations. Employing a range of block penalties (5-50) had little impact on pand &
estimates. We calculated p and &both within geographic regions and incorporating all
isolates.

Phylogenetic Inferences

A concatenated phylogeny across six loci revealed multiple, well-supported clades of A.
dentigerum—associated Pseudonocardia that corresponded to geographic locations (fig. 1).
ClonalFrame analyses confirmed that topologies resulting from phylogenetic reconstructions
were not impacted by recombination (figs. Al and A2, available online). Bayesian and ML
approaches yielded virtually identical topologies. Isolates grouped into two major clades
(clades 1 and 2). Clade 1 consisted of two subclades, the first of which contained five
isolates from LS, Costa Rica, and the only two isolates from BT, Panama, which is located
near the border of Costa Rica. Clade 1 also contained a subclade comprised of the only two
isolates from BVP in the Panama Canal Zone. With the exception of the two isolates from
BVP, most isolates collected in the Panama Canal Zone were contained in clade 2. Although
approximately half of the Costa Rican isolates (from LS) were also found in clade 2, the
majority of these isolates formed a single group. One isolate (LS 8) fell between clade 1 and
clade 2 because of a recombination event among isolates from the two clades (see
“Recombination”). Within the Panama Canal Zone, the majority of isolates from SBCI,
NBCI, and GAM (see table 1) formed distinct clades. In contrast, isolates collected along
PLR formed multiple subclades throughout clade 1 and thus appeared to be less
geographically distinct. Many of the subclades were, however, limited to either the northern
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or southern regions of PLR. All six locus-specific phylogenies included isolates from clade
1 and clade 2 (fig. 2), but each phylogeny individually lacked variation to capture many of
the geographically distinct subclades of the concatenated tree. The BVP clade was recovered
in four loci, and a PLR specific clade was recovered in five loci.

Population Genetic Structure

All translated housekeeping genes showed dN/dS ratios below 1 (the mean dN/dS ratio was
0.109; table 2) and thus are not under positive selection. Consistent with conserved
housekeeping genes, the results of Z-tests were highly significant for purifying selection (dN
< dS). Tajima's D values were relatively low, ranging from —0.48 to 1.04, further showing
that positive selection is not occurring on these loci. Because of the high divergence between
clade 1 and clade 2, it is possible that these groups may reflect species level differences, so
population genetic analyses were restricted to clade 2. The overall Fst = 0.390 (P < .0001)
revealed significant structure among the populations LS, BCI, GAM, and PLR. A second
Fst further dividing BCI and PLR into northern and southern sampling sites returned a
similar level of structure (Fst = 0.391, P <.0001) across all populations, with significant
pairwise Fs between northern and southern BCI (NBCI-SBCI Fgt = 0.367, P < .05; table
3). In contrast, PLR was not structured between north-south sampling sites (NPLR-SPLR
Fst =0.0297, P > .05; table 3). Population specific genetic diversity (7)) and pairwise Nei's
genetic distances D are also presented in table 3.

Mantel tests showed significant IBD across Costa Rica and Panama (r = 0.4711, P = .03);
however, because the LS population is the only well-sampled population outside of the
Panama Canal Zone, the sampling scheme does not thoroughly address IBD across the two
countries. Thus, we conducted a subsequent test for IBD at a smaller scale (i.e., within the
Panama Canal Zone) that also showed a significant correlation between genetic and
geographic distances among populations (r = 0.517, P = .05). Figure 3 presents the
relationship between genetic divergence (Fst) and geographic distance (km) in the Panama
Canal Zone.

Pseudonocardia population genetic structure was congruent with the genetic structure of
brown Escovopsis (r = 0.669, P =.02; fig. 4A). In contrast, there was no significant
association between fungal cultivars and Pseudonocardia (r = 0.546, P = .17; fig. 4B).

Recombination

The topologies of the phylogenies constructed for each of the six loci were largely
congruent, which suggests that recombination is relatively infrequent among
Pseudonocardia isolates (fig. 2). Three of 71 isolates (LS8, NPLR5, and SBCI13), however,
showed incongruence between clade 1 and clade 2. LS8 grouped with clade 2 across five
loci but fell within clade 1 for the gyrB locus. Similarly, NPLR5 and SBCI13 clustered with
clade 2 across five loci but associated with clade 1 within the dnaA phylogeny, which
indicated that some recombination events have taken place. The same three recombination
events were identified using the RDP and GENECONV methods (P < 1 x 10722),
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The population recombination rate (o = 2Ngr) across all isolates was estimated as 5.069
(95% confidence interval, 3.953-6.273) with a per-site estimate of 9.886 x 1074 (7.712 x
107 - 1.224 x 1073). The mutation rate, Watterson's 8= 2N, |1, was 56.45, with a per-site
rate of 1.1 x 1072, Region-specific estimates of pand Qare presented in table 4. We do not
report estimates for BCI because the 95% confidence intervals spanned five orders of
magnitude.

Discussion

In contrast to previous studies that have suggested that Pseudonocardia dispersal is far
greater than that of its ant host (Mikheyev et al. 2008; Mueller et al. 2008, 2010a) we found
highly structured and dispersal-limited populations across Central America and within the
Panama Canal Zone. Estimates of recombination versus mutation were uncharacteristically
low compared with those for free-living Actinobacteria (Pérez-Losada et al. 2006; Deletoile
et al. 2010; Doroghazi and Buckley 2010), which suggests that recombination is constrained
by association with its ant host. Further, Pseudonocardia population structure was correlated
with Escovopsis but not with cultivar across Central America, which supports the bacteria's
role in disease suppression. These findings may reflect the geographic mosaic
coevolutionary concept that coevolved dynamics occur at a geographic scale above local
populations but below the species level (Thompson 1994).

Geographic Structure

Despite the extraordinary dispersal capacity of many bacterial species, A. dentigerum-—
associated Pseudonocardia populations are both highly structured and dispersal-limited over
even a relatively small geographic space. Multilocus phylogenetic constructions (fig. 1)
revealed several clades that correspond to specific locations (e.g., GAM and BCI in the
Panama Canal Zone), and the overall Fst = 0.39 showed substantial structure. In addition,
we found a significant correlation between genetic distance and geographic distance over
even the relatively small geographic scale of the Panama Canal Zone (r = 0.517, P = .05).

Given the substantial amount of structure in Pseudonocardia, it seems likely that host
associations play a role in shaping the bacteria's populations. A previous description of
Pseudonocardia geographic structure in the attine Trachymyrmex septentrionalis ruled out
vertical transmission with ant hosts as a likely force structuring populations but
hypothesized that interactions with Escovopsis might structure populations (Mikheyev et al.
2008). A single locus (EF-Tu) analysis revealed little geographic structure and slight IBD in
Pseudonocardia across the eastern United States (whereas the ants showed a clear east-west
divide), which led the authors to conclude that the bacteria are likely capable of existence
outside of the symbiosis or are better dispersers than the ants. That finding was later cited in
support of the recruitment hypothesis (Mueller et al. 2008) as evidence that bacterial
symbionts are not closely tied to their ant hosts.

Although it does appear that Escovopsis interactions do shape Pseudonocardia genetic
structure (fig. 4), our findings suggest that the lack of geographic structure in T.
septentrionalis—associated Pseudonocardia was attributable to low variation in the EF-Tu
locus and not to greater dispersal by the bacteria. Our EF-Tu locus alone also recovered little
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phylogeographic structure (as was the case with each individual locus; fig. 2); however, the
concatenation of all six loci revealed substantial geographic structure and significant IBD (r
=0.471, P =.03). Thus, it is likely that additional loci will reveal additional structure in T.
septentrionalis—associated Pseudonocardia. Consequently, the assumption that
Pseudonocardia dispersal is not tied to ant hosts should be revisited. Future work should
incorporate the population structure of A. dentigerum to address this further. We now know
that the scale of Pseudonocardia population subdivision is finer than that of Escovopsis and
cultivars and thus perhaps more closely mirrors that of A. dentigerum, whose dispersal
capacity is likely under 500 m per year, based on flight distances of the much larger and
more powerful leaf-cutter species Acromyrmex octospinosus (Mikheyev 2008).

Pseudonocardia and Fungal Symbionts

It appears that interactions with Escovopsis play a role in shaping Pseudonocardia
population structure; there was a significant correlation between the population structures of
Pseudonocardia and brown Escovopsis (r = 0.669, P =.02; fig. 4). Although congruence
between Pseudonocardia and cultivars was similarly correlated (r = 0.546, P = .17), the
correlation lacked significance, so it remains possible that the lack of difference is the result
of a Type Il error. An earlier study of cultivar-Escovopsis (brown) population dynamics in
A. dentigerum found no congruence between the population structures of the two fungal
symbionts, and bioassay experiments demonstrated that the secondary metabolites of fungal
cultivars are not effective in combating brown Escovopsis, regardless of genotype or
geographic location (Gerardo and Caldera 2007). This finding was interesting given that
cultivar secondary metabolites are known to inhibit other Escovopsis phylotypes that
associate with different, sympatric Apterostigma species (Gerardo et al. 2006a). Together,
these findings illustrate two important points about attine-microbe interactions: (1) The
“indirect” association between Pseudonocardia and Escovopsis is more specialized than the
“direct” cultivar-Escovopsis interaction at the population level, and (2) this pairwise
specialization arose within the seemingly diffuse associations attines have with multiple
cultivar and Escovopsis phylotypes (Gerardo et al. 2006b; Mikheyev et al. 2007; Taerum et
al. 2007). Although this seems counterintuitive, the emergence of specialized interactions
within seemingly diffuse associations is consistent with coevolutionary theory (Thompson
1994), and we can envision how these dynamics occur in nature. Attine colonies encounter
several Escovopsis phylotypes. The cultivar is capable of suppressing many of these
phylotypes; however, in the case of A. dentigerum cultivars, they do not suppress brown
Escovopsis (Gerardo et al. 2006a). In this scenario, there would be strong selection for
colonies whose Actinobacteria inhibit the brown phylotype. This selection for Escovopsis
resistance could then be a force structuring bacterial populations (e.g., Buckling and Rainey
2002). Indeed, the correlated population structure between the fungal pathogens and
bacterial symbionts implies that such dynamics are occurring between Pseudonocardia and
Escovopsis. To better understand these interactions, future work should include bioassay
experiments to detect coadaptation by Pseudonocardia to Escovopsis, perhaps through local
adaptation experiments across the geographically structured populations recovered here.
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Recombination

Recombination rates in bacterial populations can range from highly clonal to reaching
linkage equilibrium (Spratt et al. 1999, 2001). If Pseudonocardia dispersal is restricted by
vertical transmission with ant hosts, one predicts restricted opportunities for recombination
with other strains. This restriction would be consistent with mutualism evolutionary theory,
which predicts that hosts are selected to prevent mixing of genetically different symbionts
when competition among symbionts negatively impacts the mutualism (Hoekstra 1987;
Frank 1996; Herre et al. 1999; Poulsen and Boomsma 2005). Indeed, such antagonistic
interactions between Pseudonocardia lineages have been demonstrated in leaf-cutter ants
(Poulsen et al. 2007) and would likely have similar impacts in Apterostigma colonies.
Vertical transmission also aligns host-symbiont interests, because both partners benefit from
successful host transmission, in addition to ensuring that offspring initially acquire a single
symbiont genotype (Ewald 1987; Bull and Rice 1991; Frank 1996, 2003; Herre et al. 1999).
Consistent with these predictions, A. dentigerum-associated Pseudonocardia showed
restricted recombination. Only three recombination events were detected among 71 isolates
and across six loci (fig. 2 and RDP/GENCOVE results). The low ratio of estimated
recombination p = 5.065 to mutation &= 56.43 (o/@= 0.0898) across all isolates also
indicates mutation occurs more frequently than recombination. Within regions, LS provided
the most robust estimates of recombination (because of higher sequence variation at that
site) and returned an even lower o/ Oratio (0.028). These of @ estimates are also very low in
comparison to those for other bacterial species. Among 19 non-Actinobacteria species for
which we could obtain estimates of o/ 6, only one species had lower recombination o/ ¢
(Pérez-Losada et al. 2006; de Bakker et al. 2008; Yan et al. 2008; Deletoile et al. 2010;
Doroghazi and Buckley 2010). Unfortunately, recent surveys of recombination rates in
bacteria have included little or no Actinobacteria, so direct comparisons within this phylum
are limited (Pérez-Losada et al. 2006; VVos and Didelot 2009). Nonetheless, among
Actinobacteria species in the genera Bifidobacterium and Streptomyces, of @ values were
either one or (in most cases) two orders of magnitude higher than they were for
Pseudonocardia (Deletoile et al. 2010; Doroghazi and Buckley 2010). Overall,
Pseudonocardia recombination is substantially restricted compared with that of other
bacterial species.

At this time, we can only conjecture that this restriction is attributable to association with ant
host, because we do not have estimates of recombination in free-living Pseudonocardia. We
can, however, draw useful comparisons with free-living Streptomyces Actinobacteria,
because o/ @ calculations used the same six loci as were used in our study (Doroghazi and
Buckley 2010). Moreover, this genus has been suggested as an additional associate of attines
under the acquisition model (Kost et al. 2007; Haeder et al. 2009). The acquisition model
posits that Streptomyces bacteria could be acquired regularly from the environment (as could
be the case for other groups, such as Pseudonocardia), and thus recombination rates among
ant-associated isolates would mirror those among free-living populations. Interestingly,
along the spectrum of recombination, Streptomyces and A. dentigerum-associated
Pseudonocardia are on opposite ends; free-living Streptomyces reaches linkage equilibrium.
To explain this difference under the acquisition model, free-living Pseudonocardia
populations are predicted to have a similarly low o/ @ratio. Alternatively, it is also possible
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that Streptomyces-attine associations are transient, whereas Pseudonocardia associations are
specialized. We could not describe the population genetic structure of A. dentigerum-
associated Streptomyces here, because we only obtained one isolate, further suggesting that
attine-Streptomyces associations are only transient.

Finally, the rarity of recombination could be driven by a lack of genotype diversity within
individual ant nests, thus masking the detection of recombination. The dominance of
particular Pseudonocardia genotypes recovered here in Apterostigma, and a previous study
in Acromyrmex leaf-cutter ants that found only one genotype per ant nest lends credence to
this idea (Poulsen et al. 2005). However, if the low rates of recombination were indeed
caused by low detection due to low sequence diversity, that bottleneck in diversity would
arise due to restricted transmission imposed by association with hosts and would remain
inconsistent with the acquisition model.

Reexamining Horizontal Acquisition: Methodological Considerations

Support for the acquisition model stems, in large part, from the observation that ant-
associated 16S rDNA Pseudonocardia genotypes are often identical to cosmopolitan
isolates, implying they are horizontally acquired from the environment and not limited to
dispersal by their ant hosts. For example, Mueller et al. (2008) and Mueller et al. (2010a)
showed that ant-associated genotypes have close affinities with free-living Pseudonocardia,
including isolates from the soil, plants, geographically distant locations, and disparate
environments, such as marine sediment near China, industrial sludge from France,
Panamanian attine ants, and Argentinean attine ants. Given the lack of sequence variation in
16S recovered here (fig. 2) and what is known about the low level of variation in 16S (i.e.,
that it should not be used for identifications below the genus level; Cohan 2006; Staley
2006), it is not surprising that ant-associated genotypes cluster with environmental isolates.
These affinities, however, may not reflect exchange with the environment but, rather, may
indicate lower phylogenetic resolution than is necessary to detect specificity. Additional
genomic analyses could reveal higher specificity, just as our multilocus analysis revealed
geographic structure not detectable with a single locus. A recent two-locus (16S and EF-Tu)
phylogenetic study of attine-associated Pseudonocardia (Cafaro et al. 2011) has revealed
higher specificity to attine lineages than was found in the single-locus studies that support
the recruitment hypothesis (Mueller et al. 2008, 2010a). Overall, these differences illustrate
the importance of genome-wide analyses for both phylogenetic and population genetic
analyses.

Just as single versus multilocus analyses have lead to different conclusions about attine-
Pseudoncoardia specificity, different microbial isolation techniques have also led to
different conclusions. Studies that have detected diverse Actinobacteria genera (e.g.,
Streptomyces) in addition to Pseudonocardia have argued that the presence of these
additional bacteria negates specificity in the ant-Pseudonocardia association (Kost et al.
2007; Mueller et al. 2008). In this study, 90% of Actinobacteria isolated from the
mesosternal lobes of A. dentigerum were Pseudonocardia, and we take this strong bias as
evidence that attines maintain a specialized association with this lineage. Attines house their
bacterial symbionts on specialized, genus-specific, locations on the cuticle, and these sites
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often contain crypts and glands that likely facilitate bacterial growth (Currie et al. 2006).
Actinobacteria are highly concentrated at these cuticular sites, such that they are visible to
the naked eye, and these high concentrations likely facilitate the accumulation of antibiotic
compounds. Here, we obtained isolates from the mesosternal lobe because it is the site of
visibly high concentrations of Actinobacteria in Apterostigma. Studies that did not find a
similar bias toward Pseudonocardia, however, used less targeted approaches. For example,
the original study that proposed the acquisition model isolated Actinobacteria bacteria by
smearing the entire ventral side of Acromyrmex ants across soy agar plates (Kost et al.
2007), although the specialized crypt and gland cells are concentrated on the propleural plate
in Acromyrmex species (Currie et al. 2006). A subsequent phylogenetic study in support of
the acquisition model did not isolate Actinobacteria from the ant's cuticle but instead used
the infrabuccal pellets and fungus gardens of Atta texana (Mueller et al. 2008).

An additional argument against the specificity of the attine-Pseudonocardia association
includes the potential for laboratory-specific biases in the isolation of particular
Pseudonocardia lineages, which have created false phylo-genetic clusters that imply
specificity (Mueller et al. 2008, 2010a). In consideration of these potential biases, we
incorporated Pseudonocardia isolates that were (1) cultured by different individuals, (2)
cultured at different locations, and (3) PCR-amplified and sequenced at different facilities.
None of these factors determined the phylogenetic or population genetic placement of
isolates; thus, laboratory-specific biases have not impacted this study.

Conclusions

Since the discovery of attine-associated bacteria over a decade ago, several studies have
examined the coevolutionary dynamics between symbiotic Pseudonocardia and their ant
host, and over the past 5 years, support for a model of association lacking pairwise
specificity has grown. Thus far, these conclusions have been drawn with little to no
information about the population-level dynamics of Pseudonocardia. Our multilocus
population genetic analysis of Apterostigma dentigerum-associated Pseudonocardia shows
that the geographic scale of population subdivision is smaller than that of fungal symbionts
and overturns previous ideas that Pseudonocardia dispersal is greater than that of its ant
host. Uncharacteristically low recombination rates suggest that horizontal interactions are
restricted by a symbiotic lifestyle, which is consistent with coevolutionary theory for
mutualistic associations. Finally, correlated population structure with the Escovopsis
phylotype found most commonly in A. dentigerum gardens suggests that Pseudonocardia
population structure is shaped, in part, by its role in disease suppression. Our findings
support the geographic mosaic of coevolution concept that coevolved dynamics operate
within species but across local populations. Our findings have helped identify local
populations and define the geographic scale at which attinemicobe dynamics occur. Future
studies of attine-microbe coevolution should seek to operate at this scale.
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Figure 1.

Collection locations (A, B; see table 1 for definitions) and phylogenetic construction (C) of
symbiotic Pseudonocardia. The phylogeny was based on a six-locus concatenated alignment
and used Bayesian methods. The scale bar corresponds to 0.005 substitutions per site.
Maximum likelihood methods yielded trees with similar topologies. Bayesian posterior
probabilities are reported below branches, and bootstrap support values from maximum
likelihood are reported above branches. Highlighted isolates are recombinant.

Am Nat. Author manuscript; available in PMC 2016 March 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Caldera and Currie

16S

58

(2]
PR

T
DPDD:

0.01
HEVE!
=3 Il
100 SBCIm
100 t%;
LS6
b
SBCI9
99
GIP1
lfzin
2l
i -
L5z 0.01 0.01
Figure 2.

Phylogenetic analysis (maximum likelihood) of partial sequences from each of six
housekeeping genes. The scale bar corresponds to 0.01 substitutions per site, and values at
nodes report percentage bootstrap support. Topologies were largely congruent with the
exception of three isolates that showed incongruence across clade 1 and clade 2, which
suggests that they are recombinant. Note that 29 isolates, none of which showed
incongruence, were removed for visual purposes. LS8 shows incongruence within gyrB, and
isolates NPLR5 and SBCI13 show incongruence in dnaA. These isolates were also identified
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as recombinant using the Recombination Detection Program 3.44 software package and
GENECONYV (see “Material and Methods™); however, the overall recombination to
mutation rate was marginal (o/6= 0.09).
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Figure 3.
Isolation by distance in symbiotic Pseudonocardia in the Panama Canal Zone. Correlation

between genetic and geographic distance was assessed using a Mantel test.
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r=0.546, P=0.17
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Association between the population genetic structure of symbiotic, antibiotic-producing
Pseudonocardia associated with Apterostigma dentigerum in Central America (La Selva
Biological Station, Costa Rica [LS-CR]; Barro Colorado Island, Panama [BCI-PA]; Pipeline
Road, Panama [PLR-PA]; and Gamboa Forest, Panama [GAM-PA]) and two fungal
symbionts (Escovopsis-pathogen and cultivar-mutualist). Population structure was congruent
between Pseudonocardia and the Escovopsis pathogens they inhibit (A). No significant
association was detected between Pseudonocardia and the cultivars that serve as the ant
food source (B). Significance was assessed using a Mantel test. Escovopsis and cultivar &gt
values were taken from Gerardo and Caldera (2007).
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Location and number of Pseudonocardia symbionts isolated from the mesosternal lobes of Apterostigma

dentigerum and successfully amplified with polymerase chain reaction at six loci

Location Abbreviation

Distance

a No. isolates (n=71)

La Selva Biological Station, Costa Rica LS

Bocas del Toro province, Panama BT

Gigante Peninsula, Panama GIP
Frijoles Peninsula, Panama FRP
Buena Vista Peninsula, Panama BVP

North Barro Colorado Island, Panama NBCI

South Barro Colorado Island, Panama SBCI

Gamboa Forest, Panama GAM
North Pipeline Road, Panama NPLR
South Pipeline Road, Panama SPLR

482
273
6.3
6.8
4.7
0
35
17.9

21.9

aDistance in kilometers from North Barro Colorado Island.
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Housekeeping genes used in multilocus genotyping, including polymerase chain reaction primer pairs, dN/dS
ratios, and Tajima's D

Target Forward primer Reverse primer Size (bp) dN/dS Tajima's D
16SrRNA  GGATGAGCCCGCGGCCTA CGGTGTGTACAAGGCCCGGGAACG 1,175

atpD AGGAGATGATCCAGCGTGTC GTTCTTCTCCAGGTCGTCCA 890 .0313 —-.483
dnaA GTCGACGACATCCAGTTCCT  CTCGTTGCGGATCTTCTTGT 645 0 1.038
EF-Tu CACGACAAGTACCCGAACCT AGTTGTTGAAGAACGGGGTG 880  .1959 .090
gyrB AGCTACACGCTGGAGACGA GGTGATGATCGACTGGACCT 999  .1916 479
rpoB AACAAGAAGCTCGGTCTGGA CATGACGGTGATGTAGTCGG 1,038 127 274
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Table 3
Pairwise population genetic distances
Location
Location NBCI SBCI GAM NPLR SPLR LS
NBCI <001 e46™ 7036 6881 3417 6.667
SBCI 367 1692 6931™ ee17" 3562 6897
CAM 6o 7137 4109 5500 128" 6612
NPLR 300" 472" 221" 210 496 5 g30™
SPLR 204 344 a3 030 ISBLL o 4ge™

Note: Pairwise FST is presented below the diagonal, DA is presented above the diagonal, and mean pairwise genetic differences (7) are presented
in the diagonal. For abbreviations of locations, see table 1.

*
P<.1.

*

*
P <.05.
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Table 4

Population-scaled recombination rates, mutation rates, and r/u ratios

Region P 95% confidence interval 0 00
All 5.069 3.953-6.273 56.45 .0898
LS 2.096 2.018-2.295 74435 .0280
GAM 2.079 .213-4.921 9.273 224
PLR 8.369 3.971-16.918 2248 372

Note: For abbreviations of locations, see table 1.
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