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ABSTRACT

Aim We analysed data from an insect host (Cryptocercus punctulatus) and its
maternally-inherited obligate bacterial endosymbiont (Blattabacterium cuenoti
str. punctulatus) to address the following: (1) to what extent do these species
exhibit cophylogenetic structure, (2) do the spatial-genetic structures of these
species differ, and (3) what is the relative importance of codivergence versus
other events in explaining congruence, or instances of incongruence, between
their molecular phylogenies?
Location The southern Appalachian Mountains, USA.
Methods We conducted fine-scale population-level sampling and screening of
DNA sequence variation in two mitochondrial genes from the host, and four
genic or intergenic regions from the endosymbiont. Inferences were made using
analyses that have the potential to identify isolated instances of cophylogenetic
discord, uncover subtle differences in geographic locations of genetic discontinuities, and disentangle different evolutionary processes that contributed to
observed patterns.
Results The host and its endosymbiont showed similar phylogenetic and geographic patterns. Cophylogenetic analyses revealed that while topological discord is rare (and restricted within major clades), some instances are potentially
non-negligible. Assessments of spatial-genetic structure showed that most
abrupt breaks occur in the same locations, but they differ in strength, again
underscoring some subtle discordance. The main process generating observed
patterns was inferred to be codivergence due to host-tracking; however, incomplete lineage sorting seems likely to have also played a minor role.
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Main conclusions Our overarching finding of strong congruence is reflected
by broader-scale cophylogenetic studies of related Cryptocercus and Blattabacterium taxa. Accordingly, we suggest that members of this symbiosis may provide an excellent opportunity for investigating geographic scaling of processes
that affect biogeographic patterns. However, fine-scale sampling coupled with
geospatial analyses detected rare and/or minor discordances that appeared to
be localized within the most deeply dissected topographic regions of the southern Appalachian Mountains, and these warrant further exploration.
Keywords
A ppalachian Mountains, Blattabacterium, codivergence, cophylogeny, Cryptocercus, endosymbiosis, genetic structure, host tracking
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Host-endosymbiont codivergence
INTRODUCTION
Biogeographic studies focus on identifying geographic patterns in the distributions of lineages, and molecular phylogenies have led to advances in understanding the relative
importance of dispersal and vicariance in the formation of
ecological guilds or communities (Riddle et al., 2008; Losos
& Ricklefs, 2009; Gillespie et al., 2012). Similarly, the use of
genetic data to infer evolutionary relationships among lineages of mutualists has provided insights into the antiquity
and strength of these co-associations, including the roles of
host-switching and codivergence in shaping the present-day
patterns of diversity among interacting taxa (Page & Charleston, 1998). Indeed, organismal co-associations that traverse
different hierarchical levels of organization (e.g. taxonomic:
genus, species, and population; geographic: continent, region,
and local site) may be particularly informative for understanding scaling of macro- and micro-evolutionary processes
(Ara
ujo & Rozenfeld, 2014 and references therein).
Mutualisms between insects and microbes are taxonomically
widespread, with many well-known cases involving insect
hosts whose primary food sources are deficient in essential
nutrients. For example, phloem-feeding aphids (Hemiptera)
are provisioned with assimilable essential amino acids by their
intracellular Buchnera. In exchange, the endosymbiont is the
primary inhabitant of protective host tissues (i.e. bacteriocytes) and receives host-derived nutrients (Moran et al.,
2008). Microbial mutualists also enable insects to specialize on
food sources, with wood-feeding insects exhibiting considerable diversity in such relationships. For example, lower termites (Blattodea) maintain obligate associations with hindgut
flagellates and bacteria that fix atmospheric nitrogen and aid
in the breakdown of cellulose (Brune, 2014), and passalid beetles (Coleoptera) harbour gut-inhabiting yeasts that ferment
xylose (Suh et al., 2003). Indeed, many insect-microbe associations are obligate, species-specific, involve vertical transfer of
host tissue-restricted symbionts, and have been stable over
millions of years (Moran et al., 2008; Duron & Hurst, 2013).
These characteristics make insect-microbe species pairs interesting case studies for examining the fidelity of codivergence.
Recent advances in cophylogenetic analyses have expanded the
scope and complexity of questions that can be addressed (e.g.
Conow et al., 2010), and have also enabled assessments of the
significance of cophylogenetic structure globally (across large
trees, spanning numerous taxonomic levels) and locally
(among specific taxon pairs within trees; e.g. Meier-Kolthoff
et al., 2007). Despite these advances, however, these methods
do not explicitly incorporate geographic information. Accordingly, in this study, we explore ways to integrate geospatial
analyses into the assessment of cophylogenetic structure
between an insect host and its microbial endosymbiont.
Topographically complex montane regions may be particularly well-suited to assessing spatial variability in the strength
of cophylogenetic structure between insect hosts their symbionts. This suitability is due to gene flow limitation among
populations being common in montane settings, particularly
Journal of Biogeography 44, 1500–1511
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in low mobility taxa (Garrick, 2011). Thus, marked phylogeographic structuring should facilitate historical reconstruction
(Cruzan & Templeton, 2000), including assessments of congruence. The southern Appalachian Mountains represent some
of the oldest uplands in North America, and the region’s steep
environmental gradients have promoted population subdivision within many terrestrial invertebrates (e.g. Thomas &
Hedin, 2008; Walker et al., 2009). Among the invertebrate
detritivores in the southern Appalachian Mountains, woodfeeding Cryptocercus cockroaches play major roles in the breakdown of coarse woody debris (Ulyshen, 2016). Although the
taxonomic status of southern Appalachian Cryptocercus lineages remains uncertain, the group has several characteristics
that make them interesting models for understanding divergence processes. For example, this taxon is comprised of four
chromosomal races, they are locally allopatric, and they are
genetically differentiated at both mitochondrial and nuclear
loci (Luykx, 1983; Kambhampati et al., 1996; Burnside et al.,
1999; Nalepa et al., 2002; Everaerts et al., 2008). However, formal assessments of reproductive isolation and ecological divergence are still needed, and so we collectively refer to southern
Appalachian lineages as “Cryptocercus punctulatus” herein.
Codivergence between Cryptocercus wood-roaches and
Blattabacterium cuenoti, an obligate intracellular bacterial
mutualist that resides solely in host abdominal fat bodies
and is essential for host growth and reproduction, has previously been explored above and below the species level
(Clark et al., 2001; Clark & Kambhampati, 2003; Lo et al.,
2003; Maekawa et al., 2005). Given that B. cuenoti is vertically transmitted through the matriline in cockroaches
(Brooks, 1970), strong congruence between phylogenies
derived from host mitochondrial DNA and those from
bacterial genes is expected. Indeed, based on direct comparison of molecular phylogenetic trees, Clark et al. (2001)
detected strong overall similarity, albeit from a sample of
only 16 host-symbiont pairs. Interestingly, those authors
found that within southern Appalachian lineages of Cryptocercus, two localized instances of topological conflict
between host and endosymbiont were evident. Furthermore, one of these instances had high bootstrap support,
suggesting the conflict was not due to phylogenetic uncertainty. This topological conflict suggests that processes
other than codivergence may be operating.
The C. punctulatus/B. cuenoti str. punctulatus (“B. cuenoti”
herein) species pair is well-suited to investigating whether
codivergence alone is sufficient for explaining the distribution of genetic variation in a maternally-inherited bacterial
endosymbiont, or alternatively, whether duplication or lineage sorting/loss may be more prevalent than is currently
recognized. As the southern Appalachian Mountains have a
long history of climate-driven vicariance (Thomas & Hedin,
2008; Walker et al., 2009), thereby providing repeated
opportunities for lineage splitting in the host (Nalepa et al.,
2002), the C. punctulatus/B. cuenoti species pair is also suitable for assessing geographic variability in the strength of
congruence in genetic structure.
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Host-endosymbiont codivergence
In the present study, the level of congruence between C.
punctulatus and B. cuenoti was investigated using dense geographic sampling, newly-developed genetic markers, and a
complementary set of cophylogenetic and geospatial analyses.
We address the following questions: (1) to what extent do C.
punctulatus and B. cuenoti exhibit cophylogenetic structure,
(2) do their spatial-genetic structures differ, and (3) what is
the relative importance of codivergence versus other events
in explaining congruence (or incongruence) between the two
species’ molecular phylogenies? The first two questions can
be broadly categorized as relating to pattern, whereas the latter specifically addresses underlying processes.
MATERIALS AND METHODS
Study species and population sampling
The taxonomic status of southern Appalachian Cryptocercus
is contentious. Briefly, Kambhampati et al. (1996) first
reported the existence of four chromosomal races (XO ♂
karyotypes: 2n = 37, 39, 43 or 45). Burnside et al. (1999)
subdivided the taxon into four species, but the basis for this
has been repeatedly questioned (Nalepa et al., 2002; Lo et al.,
2006; Everaerts et al., 2008). Herein, we simply refer to them
as the C. punctulatus species complex.
Blattabacterium cuenoti is obligately intracellular, resides
solely in host fat body tissues, and is strictly maternally
transmitted to offspring during embryonic development
(Brooks, 1970). This bacterium has a highly reduced genome
size (632 Kb), having lost many genes involved in the synthesis of essential amino acids (Neef et al., 2011). The symbiosis between B. cuenoti and its host is estimated to have
established > 90 Ma (Pati~
no-Navarrete et al., 2013).
From 2012–2014, C. punctulatus were collected from 95
rotting logs spanning the southern Appalachian Mountains
and surrounding areas (Fig. 1; also see Appendix Table S1.1
in Supporting Information). This sampling encompassed
seven eastern US states, and covered a broad elevational
range (179–1714 m) and many different forest types. One
adult cockroach per log was used for subsequent analyses.
DNA isolation and genetic markers
Host DNA was obtained from a rear leg and extracted using
a DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer’s recommendations. Sections of the mitochondrial
cytochrome c oxidase subunit I (COI) and subunit II (COII)
genes were amplified via polymerase chain reaction (PCR).
Bacterial endosymbiont DNA was obtained by dissecting the
host’s abdominal segments and then extracting from the fatty
tissue. A portion of the 16S rRNA gene was targeted, and
three additional loci (CP50, CP63 and CP78), each based on
a different intergenic region (IGR), were developed using
genomic resources available in GenBank (see Appendix S2
for details). All loci were amplified using primers reported in
Table S2.2 in Appendix S2.
Journal of Biogeography 44, 1500–1511
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Sequencing, alignment and genetic marker
polymorphism
PCR products were purified using ExoSAP-IT (Affymetrix)
and sequenced on an ABI 3730 Genetic Analyser at Yale
University. Chromatograms were edited and aligned in
MEGA 6.06 (Tamura et al., 2013). Alignment of host COI
and COII and of bacterial 16S rRNA and CP78 was unambiguous. Two bacterial IGR loci (CP50 and CP63) contained
several repetitive regions with insertion-deletion (indel)
mutations, and manual adjustments were necessary. Following alignment of sequences from each of locus, nucleotide
composition and polymorphism were characterized using
standard summary statistics (see Appendix S3 for details).
Individual-based GenBank accession numbers for DNA
sequences from each host and bacterial isolate are given in
Table S4.4 in Appendix S4.
Phylogenetic tree estimation
For each species, a concatenated dataset of all DNA regions
was used (gene tree/species tree methods were not used
because both host genes are effectively part of the same
locus, and for the endosymbiont, free recombination between
loci cannot be assumed). To find the optimal partition
scheme, searches were performed with PARTITIONFINDER
1.1.1 (Lanfear et al., 2012) using the greedy algorithm, linked
branch lengths, and model selection based on the Bayesian
information criterion. For the host data, we provided six
possible partitions, corresponding to each codon position for
the two mtDNA genes. The optimal partitioning scheme had
four partitions: first codon position of COI and third codon
position of COII; second codon position of COI; third codon
position of COI; and first and second codon positions of
COII. For the bacterial endosymbiont data, we provided a
maximum of four partitions (i.e. one for each non-proteincoding locus). Three partitions were selected in the optimal
scheme, with one partition for 16S rRNA, one for CP78, and
another combining CP50 and CP63. To infer the respective
phylogenetic relationships among sampled hosts and bacterial endosymbionts, we used maximum likelihood, as implemented in RAxML 8.2.0 (Stamatakis, 2014). For each
dataset, we used a GTR+G+I model of evolution with four
discrete rate categories; each partition (as identified by PARTITIONFINDER, above) was allowed an independent implementation of this model. Node support was assessed using
1000 bootstrap pseudoreplicates.
For the host phylogeny, C. relictus was used as an outgroup as this species is the most closely related taxon for
which both COI and COII data are available. Sequences were
obtained from Cameron et al. 2012; GenBank accessions:
NC_018120 and NC_018132. For the bacterial endosymbiont phylogeny, Blattabacterium sp. str. BPLAN (endosymbiont of Periplaneta americana; Sabree et al., 2009; GenBank
accession: CP001429.2) was used as an outgroup, as it is the
most closely related taxon for which homologous sequences
1503

R. C. Garrick et al.
of all four loci are available. In both cases, major clades
within the ingroup were identified on the basis of well-supported monophyly (i.e. bootstrap values ≥ 70%, following
Hillis & Bull, 1993) coupled with geographic cohesiveness,
and then their spatial distributions were mapped.
Pattern-based congruence analyses
To test for cophylogenetic structure between host and
endosymbiont haplotypes, we used PARAFIT (Legendre
et al., 2002). This analysis assesses congruence globally across
the whole tree, and locally by testing the contribution of
individual host-endosymbiont links to the global cophylogenetic structure (if the former is significant). PARAFIT was
implemented in COPYCAT 2.04 (Meier-Kolthoff et al.,
2007), which runs the AxParafit and AxPcoords algorithms
(Stamatakis et al., 2007). Three different types of distances
were considered: patristic distances either (1) without or (2)
with branch length information included (i.e. unweighted or
weighted, respectively), and (3) phenetic distances. Following
Stamatakis et al. (2007), P-values were interpreted within the
context of a range of alpha values. However, given that correction for multiple testing in PARAFIT may be warranted
(Irwin et al., 2012), we focused our interpretation at the
P < 0.02 level (see Appendix S5 for details). Non-significant
individual host-endosymbiont links were examined in three
ways. First, their phylogenetic distribution was visually
assessed via a tanglegram, estimated in DENDROSCOPE 3.0
(Huson & Scornavacca, 2012). Second, geographic clustering
of sampling sites with non-significant individual links was
evaluated using Cuzick & Edwards’ (1990) test, implemented
in CLUSTERSEER 2.5.2 (BioMedware; see Appendix S5 for
details). Finally, differences in elevation between sampling
sites with non-significant versus sampling sites with significant links were examined using t-tests (two-tailed, with equal
variances as determined by an F-test).
For each of the five major clades identified for both species
(see Results), correspondence between uncorrected p-distances
calculated in PAUP* 4.0a146 (Swofford, 2002) were assessed
using linear regression. The genetic distance between a pair of
C. punctulatus individuals was treated as a predictor variable,
and the genetic distance between corresponding B. cuenoti isolates was the response variable. To account for inherent differences in mutation rate, for each species the largest observed
pairwise p-distance was re-scaled to equal one, with all other
values multiplied by that scaling factor. Next, we fitted a regression line with the y-intercept constrained at zero, and calculated
its slope. Under a scenario of perfect correspondence between
host-endosymbiont pairwise genetic distances, slope = 1. Conversely, if some (but not all) moderately differentiated
endosymbionts were associated with relatively undifferentiated
hosts the slope would be > 1, whereas if some differentiated
host pairs carry undifferentiated endosymbionts, the regression
line would have a slope < 1. For comparison with clade-specific
outcomes, the same procedure was repeated on data from all
clades combined.
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To identify sets of neighbouring geographic locations associated with unusually large genetic differences relative to the spatial distances between them, we analysed the DNA sequences of
each species using BARRIER 2.2 (Manni et al., 2004). When
multiple barriers are calculated using this method, they are
rank-ordered from strongest to weakest. To assess robustness of
a given barrier, we analysed bootstrap genetic distance matrices,
and examined the spatial locations and rankings of the top five
barriers per species, as this represented the threshold beyond
which additional barriers were weakly supported (i.e. bootstrap
values < 50%; see Appendix S5 for details).
Process-based tree reconciliation analyses
We used the event-cost method implemented in JANE 4.0
(Conow et al., 2010) to examine the relative importance of
different processes that promote or impede the evolution of
cophylogenetic structure. Five types of events are considered:
codivergence (concerted lineage splitting), duplication (divergence of the symbiont within an undifferentiated host), hostswitching (lateral transfer of the symbiont to an unrelated
host, usually following duplication), lineage sorting/loss, and
failure to diverge. The latter two event types involve divergence of the host that is unaccompanied by that of the symbiont but differ in whether the symbiont then persists in
only one versus both of the host sister lineages, respectively.
Given that tree reconciliation solutions are sensitive to the
cost schemes implemented, we explored a set of 14 alternatives (see Appendix S6 for details), with host-switching considered the most improbable, since B. cuenoti is believed to
be strictly maternally-inherited (Brooks, 1970).
RESULTS
Sequencing, alignment and genetic marker
polymorphism
Consistent with true mtDNA, C. punctulatus sequences were
A+T rich, contained no premature stop codons, and were
free of indels. The concatenated host dataset was comprised
of 76 haplotypes. The 1125-bp alignment contained 315 variable positions, of which 273 were parsimony-informative.
The B. cuenoti 16S rRNA sequences had an unbiased nucleotide composition, whereas the three IGR loci were A+T rich.
Half of all variable positions in the 16S rRNA alignment
were parsimony-informative, whereas this proportion ranged
from 67% to 88% for the IGR loci. The concatenated
endosymbiont dataset (2686-bp alignment with 254 variable
and 188 parsimony-informative positions) included numerous multi-site indels, which contributed to high haplotypic
diversity (94 haplotypes; see Table S3.3 in Appendix S3).
Phylogenetic tree estimation
The
C.
punctulatus
maximum
likelihood
tree
( lnL = 6355.77) contained five major clades (H1–H5,
Journal of Biogeography 44, 1500–1511
ª 2017 John Wiley & Sons Ltd

Host-endosymbiont codivergence

Figure 2 Geographic distribution of sites
with non-significant individual hostendosymbiont links in the PARAFIT
analysis of cophylogenetic structure,
conducted using unweighted patristic
distances. Inset shows location of study area
within North America. Shading of sampling
sites (larger circles) represents nonsignificant individual links (i.e. those that
do not contribute to the global
cophylogenetic structure present in the data
as a whole) that were detected at the
following alpha levels that were considered
when iteratively running the analysis: black,
P < 0.05; dark grey, P < 0.04; light grey,
P < 0.03, and striped, < 0.02). Smaller
circles (white) are sites that did contribute
to the global cophylogenetic structure, and
therefore represent significant individual
host-endosymbiont links.

where the prefix “H” indicates host; Fig. 1, left panel). The
B. cuenoti phylogeny ( lnL = 7481.81) also comprised five
major clades (E1–E5, prefix “E” indicates endosymbiont;
Fig. 1, right panel). Members of each endosymbiont clade
matched those of the corresponding host clade. For both
species, clades 1 and 2 were clearly sisters, but support for
other higher-level relationships had generally weak bootstrap
support. Nonetheless, the best estimates of the host and
endosymbiont trees had the same overall branching pattern
among major clades. Geographically, there was a stepwise
ordering of clades along the approximately north-south axis
of the southern Appalachian Mountains, with a zone of parapatry in the central region (Fig. 1, middle panel).
Pattern-based congruence analyses
All PARAFIT analyses identified significant global cophylogenetic structure (P = 0.001), irrespective of the genetic distance measure used. All 95 individual host-endosymbiont
links were significant (P < 0.02) when using either weighted
patristic distances or phenetic distances. However, when
using unweighted patristic distances, there was between two
and 14 non-significant individual links, depending on the
alpha level used (i.e. n = 2, 3, 7 or 14 non-significant links,
at alpha levels of P < 0.05, < 0.04, < 0.03 or < 0.02, respectively). Based on the optimal tanglegram, several of these
non-significant links appeared to be phylogenetically clustered (see Fig. S5.1 in Appendix S5). For example, a fourtaxon clade (associated with sites A38, A39, A75 and A80)
and a five-taxon clade (sites A28, A36, A37, A94 and A96;
see Table S.1 in Appendix S1 for site information) together
accounted for 43% of all non-significant links detected at the
P < 0.02 level. Notably, however, none of these instances of
Journal of Biogeography 44, 1500–1511
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topological discord traversed the boundaries of major clades;
instead, all were restricted within clades. Geographically,
most non-significant individual links occurred at locations in
and around the central region of the study area (Fig. 2).
Based on Cuzick & Edwards’ (1990) test, spatial clustering of
the 14 non-significant individual links identified at the
P < 0.02 level was evident after Bonferroni correction when
using a neighbourhood size of k = 1 (Tk = 6, P = 0.008),
and before (but not after) Bonferroni correction when using
k = 2 (Tk = 11, P = 0.046). However, when considering a
larger neighbourhood size (k = 3), support for spatial clustering was weaker (Tk = 15, P = 0.146). Mean elevation of
the geographic locations associated with the 14 non-significant individual links (752 m) was not statistically different
from that of the 81 locations that contributed significant
links (707 m; t = 0.462, d.f. = 93, P = 0.645).
Based on raw uncorrected p-distances, the inherent mutation rate of C. punctulatus mtDNA was on average 49 faster
than that of DNA regions sequenced from B. cuenoti (median = 3.8 9, interquartile range = 3.3–4.49). Within each
major clade, the correlation between re-scaled uncorrected pdistances between pairs of hosts and their corresponding
endosymbionts was significant and positive. However, all
relationships consistently deviated from the expectation of
perfect congruence, in the same direction (i.e. slope < 1;
Fig. 3). Clades 1–3 showed similar relationships to one
another (slopes = 0.622–0.703, R2 = 0.814–0.878, P < 0.0001;
Fig. 3), and although clade 4 had too few samples to yield a
robust regression line, the observed relationship
(slope = 0.562, R2 = 0.535, P = 0.001; Fig. 3) did not
strongly differ from those above. Conversely, clade 5 differed
markedly (Fig. 3): its regression line was flatter
(slope = 0.225), and the spread of data points was more
1505

R. C. Garrick et al.

Figure 3 Correlation between host and
endosymbiont pairwise uncorrected pdistances that have been rescaled so that the
maximum observed value for each species
equals one. Each black dot is a data point
from a single host-endosymbiont pair, and
these are organized either separately for
each of the five major clades, or for all
samples combined. On all panels, the pale
grey regression line represents the
relationship that is expected when
congruence is perfect (i.e. slope = 1), and
the black regression line represents the
observed relationship. The number of data
points on which regressions were based is as
follows: clade 1, n = 528; clade 2, n = 136;
clade 3, n = 153; clade 4, n = 15; clade 5,
n = 210; and combined, n = 4465.

diffuse (R2 = 0.041). For all clades combined, a significant
and positive relationship was evident, but as above, the
regression line differed from a scenario of perfect correspondence in a direction that indicated some, but not all, moderately differentiated host pairs carry relatively undifferentiated
endosymbionts (slope = 0.576, R2 = 0.951, P < 0.0001;
Fig. 3).
Geographic locations of abrupt genetic discontinuities
among C. punctulatus were similar to those for B. cuenoti
(Fig. 4). Four of the five strongest barriers identified among
host collection sites (barriers “b”–”e”) were shared by its
bacterial endosymbiont. Of these shared barriers, one of
them formed an enclosed loop around a single sampling site
in North Carolina (barrier “b” surrounding site A94; see
Table S1.1 in Appendix S1 for site information). Conversely,
the other three barriers were each approximately north-south
oriented linear extensions that bisected groups of neighbouring sites. Barrier “c” extended across multiple states (Kentucky, Virginia, Tennessee and North Carolina). Barrier “d”
was less expansive; it occurred in an area of sparse sampling
in Virginia, between sites A51 and A72. Barrier “e” was also
1506

restricted to Virginia, and rendered all sites east of site A54 a
distinct group. The two species-specific barriers had similar
configurations, but occurred in different locations: host barrier “a” formed an enclosed loop around site A28 in North
Carolina, whereas endosymbiont barrier “f” enclosed site
A105 in West Virginia.
Rank-ordering of the five major barriers differed markedly
between the two species (Fig. 4). For example, the strongest
barrier for the host (barrier “b”) was a relatively minor barrier for the bacterial endosymbiont. The reverse was also true
in that barrier “d” was ranked first for B. cuenoti, but fourth
for C. punctulatus. For the four shared barriers (“b”–”e”),
the average difference in rank was 2.75 (range: 1–4).
Process-based tree reconciliation analyses
Significant cophylogenetic structure (P < 0.01) between the
host and its endosymbiont was detected in nine out of 14
event-cost schemes assessed using JANE (see Table S6.5 in
Appendix S6). For the remaining five schemes that did not
detect significant congruence between molecular phylogenies,
Journal of Biogeography 44, 1500–1511
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Figure 4 Geographic zones of abrupt
spatial-genetic discontinuities for
Cryptocercus punctulatus (top) and
Blattabacterium cuenoti str. punctulatus
(bottom), identified via BARRIER analyses.
For each species, bar charts show the rankordering of the top five barriers, where the
strongest is ranked “1” (y-axis), and the
barrier label (x-axis) corresponds to
contiguous sets of edges shown on the maps
as thick black lines. Each map displays
sampling sites (n = 95 solid black dots; see
Figs. 1 and 2 for associated state borders),
which are the centroids of Vorono€ı
tessellation (grey polygons). The thickness
of barriers corresponds to their robustness,
as assessed via analyses of bootstrap genetic
distance matrices (thickest lines, > 90%
support; thinner lines, 70–80% support).

two common features were that they all had cost settings
that maximized lineage sorting/loss events, and their total
number of inferred events was always large (344–456, of
which 250–362 were losses). Two additional event-cost
schemes that maximized lineage sorting/loss events had significant cophylogenetic structure, yet still returned a tree reconciliation solution that contained many (344) independent
events (see Table S6.5 in Appendix S6). Accordingly, we
focused our interpretation on the seven event-cost schemes
that showed strong cophylogenetic structure and invoked relatively few (144–178) events.
Regardless of the cost scheme used, codivergence and lineage sorting/loss were the two most frequently inferred events.
Unexpectedly, among the seven focal event-cost schemes (see
above), 18–28 host-switching events were inferred despite their
biological improbability (i.e. given strict maternal transmission
of B. cuenoti; Brooks, 1970). When only a single event type was
maximized via cost assignments (cost schemes A, B and D in
Table S6.5 in Appendix S6), the lowest global cost (171) was
associated with maximizing codivergence, and 56–61 codivergence events were always inferred. Similar outcomes were seen
when two different event types were jointly maximized (cost
schemes E, G and I in Table S6.5 in Appendix S6): the lowest
global costs were associated with schemes in which codivergence was maximized, and 56–61 of these events were inferred.
Journal of Biogeography 44, 1500–1511
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DISCUSSION
This study extends our understanding of codivergence
between C. punctulatus wood-roaches and their obligate bacterial endosymbiont, B. cuenoti. The main advances on earlier work (Clark et al., 2001; Clark & Kambhampati, 2003;
Lo et al., 2003; Maekawa et al., 2005) include intensive population-level sampling (Fig. 1, centre panel), development of
loci with improved phylogenetic information content, and
the application of recently developed analytical methods. We
found that strong congruence exists even over very fine spatial scales, but several notable (albeit sometimes subtle) differences also exist. Below we address our three primary
questions (see Introduction), and then close by highlighting
how the Cryptocercus and Blattabacterium may provide an
excellent opportunity for investigating geographic scaling of
processes that affect biogeographic patterns.
Cophylogenetic structure: topological discord is rare,
but potentially non-negligible
Our analyses identified significant overall cophylogenetic
structure between C. punctulatus and B. cuenoti (PARAFIT
global P = 0.001). However, when considering unweighted
patristic distances (i.e. tree topologies only, cf. topology plus
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branch length information), up to 14 out of 95 individual
host-endosymbiont pairs (14.7%) did not contribute to the
overall pattern of matching branching order. These putatively
incongruent lineage splitting events were all localized within
major clades. Furthermore, these 14 apparent mismatches
were spatially clustered within the central region of the study
area (Fig. 2; Cuzick & Edwards’ test, P = 0.008, assuming
small neighbourhood size). This area contains the Great
Smoky Mountains National Park, which is a deeply dissected
topographically complex landscape. Such regions are known
to promote lineage differentiation, particularly in low-mobility taxa (e.g. Garrick et al., 2008; Thomas & Hedin, 2008;
Walker et al., 2009; Bull et al., 2013). If population fragmentation is a recurrent process, then some lineage splitting
events will be relatively young and are therefore unlikely to
be faithfully tracked by gene trees of both species (Maddison,
1997; Templeton, 2002; Garrick et al., 2010). In a previous
study, Clark et al. (2001) also identified rare instances of
topological conflict between C. punctulatus and B. cuenoti,
but those authors did not consider them biologically meaningful. However, the number of sampling sites included in
the present study was considerably larger (6.89), as was the
number of haplotypes resolved for both the host and
endosymbiont (5.4 and 6.79, respectively). Accordingly, we
consider rare instances of topological discord to be potentially non-negligible, with the caveat that despite improved
genetic and sampling, phylogenetic uncertainty may still play
a role.
Findings of incongruent lineage splitting between an insect
host and its maternally-inherited bacterial endosymbiont are
not without precedent. For example, Symula et al. (2011)
used population genetic approaches to investigate the tsetse
fly/Wigglesworthia symbiosis in Uganda. Compared to studies
of the well-characterized aphid/Buchnera system in which
perfect topological congruence has been demonstrated (Funk
et al., 2000, 2001; Abbot & Moran, 2002), intraspecific sampling of tsetse fly hosts and their Wigglesworthia was much
more extensive. Symula et al. (2011) found that while topological congruence was strong at a regional scale (as in the
present study), there was significant discordance within each
of two regions. The authors suggested discordance over finer
spatial scales may be attributable to incomplete lineage sorting. Our study supports the notion that rare events will be
more readily detected when sampling is dense, and we consider incomplete lineage sorting to be a plausible explanation
for putative topological discord between C. punctulatus and
B. cuenoti. However, to test this idea empirical data on effective population sizes for both the host and endosymbiont are
needed; until they become available, incomplete lineage sorting represents a working hypothesis only.
Spatial-genetic structure: most breaks are in the
same locations, but differ in strength
The geographic locations of abrupt genetic breaks in C.
punctulatus and B. cuenoti were similar, but not identical, as
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both the host and endosymbiont had one unique break. Furthermore, although four of the five most pronounced spatial-genetic breaks were shared by the host and its
endosymbiont, there were marked differences in the rankordering of strength of these breaks (Fig. 4). Thus, although
major clades of the two species show the same geographic
localization, the level of DNA sequence differences within
and among those clades differs. One contributing factor may
be accelerated rates of molecular evolution in B. cuenoti due
to depletion of DNA repair genes, which has been documented for bacteria that transition from a free-living to
endosymbiotic lifestyle (Moran et al., 2008). However, elevated mutation rates alone do not fully explain our observations. For example, when we plotted standardized pairwise
sequence divergences for C. punctulatus versus B. cuenoti, we
found that relationships consistently indicated that some, but
not all, moderately differentiated host pairs carry relatively
undifferentiated endosymbionts (Fig. 3). This finding suggests that stochastic and/or location-specific processes may
drive discordance in levels of sequence divergence between
hosts and their symbionts. Such processes may include
strong bottleneck-induced genetic drift that affects maternally-inherited endosymbiotic bacteria during mother-offspring transfer (Moran et al., 2008), perhaps due to
heterogeneity in host population sizes (Funk et al., 2001;
Abbot & Moran, 2002). Indeed, spatial and temporal variability in effective population sizes of C. punctulatus is quite
likely, given that mid-to late Pleistocene glacial cycles caused
recurrent range contractions and expansions of southern
Appalachian forest biota (Soltis et al., 2006).
Underlying processes: repeated codivergence due to
host-tracking, at multiple levels
Our data show clear evidence of repeated codivergence, which
is usually attributable to host-tracking (Page & Charleston,
1998). Event-cost tree reconciliation analyses indicated that
the primary cause of occasional instances of putative topological discord was divergence of the host unaccompanied by
divergence of the symbiont (i.e. lineage sorting/loss; see
Table S6.5 in Appendix S6). These analyses also suggest that
other processes such as host-switching could have played a
role. However, host-switching by B. cuenoti seems biologically
improbable, as this endosymbiont is thought to be strictly
maternally inherited (Brooks, 1970). Indeed, even for facultative endosymbiotic bacteria, the mechanisms for horizontal
transfer (i.e. paternal leakage, or transmission mediated by
ectoparasites), and observed occurrences of such events, are
few (Moran et al., 2008; but see Duron & Hurst, 2013).
Accordingly, as with Symula et al.’s (2011) tsetse fly/Wigglesworthia study (described above), incomplete lineage sorting
may explain the rare cases of host-endosymbiont incongruence
identified in the present study.
Our primary finding of strong codivergence is in agreement with previous studies that focused on C. punctulatus
and B. cuenoti from the southern Appalachians (Clark et al.,
Journal of Biogeography 44, 1500–1511
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2001), and also with studies that assessed broader-scale biogeographic patterns exhibited by congeneric members of
these taxa (Maekawa et al., 2005; Che et al., 2016). The
extent of geographic scaling of codivergence seen in this
group (i.e. from within just a few hundred meters up to
intercontinental scales; this study; Maekawa et al., 2005) has
rarely been reported. We therefore suggest that Cryptocercus
and Blattabacterium may represent an excellent study system
for investigating links between micro- and macro-evolutionary processes at the population-level/species-level interface,
and for understanding how biogeographic patterns form
across different levels of spatial organization.
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