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Examining the population structure and the influence of recombination and ecology on microbial populations makes great sense
for understanding microbial evolution and speciation. Streptomycetes are a diverse group of bacteria that are widely distributed
in nature and a rich source of useful bioactive compounds; however, they are rarely subjected to population genetic investiga-
tions. In this study, we applied a five-gene-based multilocus sequence analysis (MLSA) scheme to 41 strains of Streptomyces al-
bidoflavus derived from diverse sources, mainly insects, sea, and soil. Frequent recombination was detected in S. albidoflavus,
supported by multiple lines of evidence from the pairwise homoplasy index (�w) test, phylogenetic discordance, the Shimod-
aira-Hasegawa (SH) test, and network analysis, underpinning the predominance of homologous recombination within Strepto-
myces species. A strong habitat signal was also observed in both phylogenetic and Structure 2.3.3 analyses, indicating the impor-
tance of ecological difference in shaping the population structure. Moreover, all three habitat-associated groups, particularly the
entomic group, demonstrated significantly reduced levels of gene flow with one another, generally revealing habitat barriers to
recombination. Therefore, a combined effect of homologous recombination and ecology is inferred for S. albidoflavus, where
dynamic evolution is at least partly balanced by the extent that differential distributions of strains among habitats limit genetic
exchange. Our study stresses the significance of ecology in microbial speciation and reveals the coexistence of homologous re-
combination and ecological divergence in the evolution of streptomycetes.

Despite various currently available approaches to defining pro-
karyotic species and a growing recognition of their vast diver-

sity in nature, the concept of microbial species has long been un-
der dispute due to their widespread genomic heterogeneity and
variable levels of gene exchange (1–3). Genetic clusters that
emerge in molecular sequence analyses of populations are often
regarded as bearing the status of species, and multiple theoretical
models to resolve the evolutionary mechanisms that cause the
creation and maintenance of the genetic clusters have been pro-
posed (3, 4). Until now, two major parallel concepts of microbial
species have been developed, focused on barriers to recombina-
tion and ecological divergence, respectively (4): the neutral model,
raised by Fraser and colleagues (3, 5), highlights the role of recom-
bination in converging and diverging clusters with various recom-
bination rates, while the ecotype model, developed by Cohan and
colleagues (6, 7), defines an ecotype as a group of ecologically
similar strains which is purged of its diversity by periodic selection
and/or genetic drift. Consequently, recombination and divergent
selection have emerged as two key processes driving the increasing
discussion concerning theoretical models of microbial speciation.
Moreover, coexistence of these processes has been suggested for
several bacteria. For example, a mechanism of ecological differen-
tiation analogous to that in sexual eukaryotes was revealed in two
newly diverged Vibrio populations, in which recombination was
strong enough relative to selection to allow genome regions rather
than whole genomes to sweep through populations in a habitat-
specific manner (8). However, most of the current relevant studies
are concentrating upon pathogenic bacteria (9), which represent a
rather limited spectrum of microorganisms.

Members of the genus Streptomyces are aerobic, Gram-positive
bacteria characterized by high genome G�C contents and a com-

plex lifestyle. They are well known as a rich source of multifarious
secondary metabolites and are responsible for about one-third of
the currently known microbial bioactive compounds, notably an-
tibiotics (10). Streptomycetes are widely distributed in nature, in-
habiting a variety of habitats, including deserts, ice in the South
Pole, insects, plants, and sea, as well as their primary habitat, soil
(11, 12). They also play a significant role in biodegradation and
bioremediation by decomposing insoluble polymers, such as
lignin, and synthetic insecticides (13, 14). Given these notable
features, streptomycetes have been a focus in microbial research
and development for decades.

In virtue of various genetic and molecular methods, much
progress has been made in evolutionary studies of streptomycetes
(15, 16); however, their population genetics has rarely been inves-
tigated. Only recently has a population genetic study on Strepto-
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myces flavogriseus, which was later transferred to Streptomyces
pratensis (17), detected a much higher recombination rate within
species than between them, indicating the dominance of recom-
bination in shaping the evolution of streptomycetes (18). This
finding sheds new light on the evolutionary history of streptomy-
cetes and reminds us of the importance and necessity to examine
population structure and recombination in Streptomyces species.
As one of the early described species of the genus Streptomyces,
Streptomyces albidoflavus has long been investigated for bioactive
metabolites (19, 20) and tackled taxonomically using multiple ap-
proaches (21, 22). Here we obtained dozens of strains of this spe-
cies from diverse sources, which provide an interesting sample
with which to examine the influence of habitat and recombination
in streptomycetes.

Multilocus sequence analysis (MLSA) has proved to be feasible
for population genetic analyses of many microbial groups (9, 23).
Our previously established streptomycete MLSA scheme (24), re-
lying on five housekeeping genes, atpD (ATP synthase F1, � sub-
unit), gyrB (DNA gyrase, B subunit), recA (recombinase A), rpoB
(RNA polymerase, � subunit), and trpB (tryptophan synthase, �
subunit), has been successfully applied to systematic analyses of
four Streptomyces 16S rRNA gene clades at inter- and intraspecies
levels (17, 22, 24–26) and has also shown great potential in popu-
lation genetics analysis of streptomycetes (18). In the present
study, a collection of 41 S. albidoflavus strains from diverse sources
was subjected to the five-gene-based MLSA scheme to describe the
population structure of S. albidoflavus, followed by various anal-
yses to examine the roles homologous recombination and habitat
played in shaping such structure. The evidence obtained from this
study is expected to provide more insights into the evolution of
streptomycetes for a better understanding of the origin and per-
sistence of Streptomyces species.

MATERIALS AND METHODS
Bacterial strains and nucleotide polymorphism. A total of 41 S. albido-
flavus strains were tested in this study (Table 1), including 26 isolates from
diverse sources and 10 reference strains from our previous study (22), as
well as 5 whose genome sequences are available in GenBank. These strains
were isolated from various habitats and geographic locations (Table 1),
and most of them fell into three habitat-associated groups: edaphic, en-
tomic, and marine (oceanic). The edaphic group encompassed five strains
isolated from soil, two from potatoes, and one from Muschelkalk (a se-
quence of sedimentary rock strata in the geology of central and western
Europe); the genome-sequenced strain Streptomyces albus J1074, which
was recently proposed to be a member of S. albidoflavus (27), was also
included. The entomic group consisted of 20 strains, of which 15 were
isolated from imperial moths (Eacles imperialis, Saturniidae), three from
owl butterflies (Caligo sp., Nymphalidae), and two genome-sequenced
strains from leaf-cutting ants (Acromyrmex octospinosus) and an un-
known insect, respectively. The marine group was composed of eight
strains, of which six were isolated from deep seawater (at depths from
2,800 to 4,069 m) and two genome-sequenced strains from neritic sedi-
ments and sponges, respectively. The remaining five strains, which were
isolated from air, ceiling filler, contaminated plates, and medicinal herbs,
stayed uncategorized.

The sequence data for MLSA were obtained using the methods of Guo
et al. (24) and Rong et al. (22). Sequences of gene fragments were aligned
using the ClustalW algorithm of the software program MEGA 5.2 (28)
and trimmed manually at the same position. Statistics for single genes,
such as the proportion of polymorphic sites, nucleotide diversity (�), and
mean G�C content, etc., were calculated by using MEGA 5.2 (28). Pair-
wise distances between sequences of loci were calculated using the Kimura

two-parameter (K2) model (29). Average nucleotide identity (ANI) val-
ues between whole-genome sequences were calculated using the program
Jspecies v1.2.1 (30) based on the BLASTN method. To detect footprints of
natural selection on housekeeping genes, the ratios of nonsynonymous to
synonymous substitutions (dN/dS) were calculated by using the method
of Nei and Gojobori (31) in the program DnaSP 5.10 (32). Employing the
Web tool of nonredundant databases (NRDB; http://pubmlst.org
/analysis/), allele numbers at each locus were assigned and combined into
an allelic profile, designated as a sequence type (ST), for each strain.

Phylogenetic analysis. Phylogenetic trees were reconstructed from
the concatenation of five gene loci in MEGA 5.2 (28) with the option of
complete deletion of gaps, using three tree-making algorithms, i.e., neigh-
bor-joining (NJ), maximum-parsimony (MP), and maximum-likelihood
(ML). The K2 model was chosen as a substitution model for NJ. ML tree
construction was performed with parameters selected by the software
program ModelTest using the Bayesian information criterion as a basis for
model selection (33). The tree topologies were evaluated in bootstrap
analyses (34) of 1,000 resamplings. Concatenated sequences of all five
housekeeping gene loci were joined head-to-tail in-frame. ML trees for
single genes were also inferred from heuristic searches on 1,000 random
replicates using the tree bisection reconnection algorithm in the software
program PAUP 4.0b10 (35). Three closest neighbors, Streptomyces argen-
teolus CGMCC 4.1693T and two Streptomyces isolates labeled FXJ6.047
and SCA2-2, were used as outgroups.

Assessment of population structure. Five independent runs of the
ClonalFrame software program (36) were performed with the concate-
nated data set, each consisting of 500,000 burn-in iterations followed by
500,000 more updates with the scaled mutational rate � set equal to Wat-
terson’s moment estimator (37). Tests for convergence were performed
using the Gelman-Rubin statistic (38). Further genetic structure was ex-
amined using the Bayesian clustering approach of the Structure 2.3.3 pro-
gram (39), in which individuals were assigned to K predefined popula-
tions according to their allele frequency. The Structure procedure was run
using the linkage model with a K value of 2 to 10 for 100,000 iterations
after a burn-in period of 100,000 iterations, 10 replicates per K.

Tests for recombination. The consistency of phylogenetic topologies
of single genes was examined by using the Shimodaira-Hasegawa (SH)
test (40) in the software program PAUP 4.0b10 (35) with the fully opti-
mized model, and the likelihood scores (�lnL) of a given data set and each
single-gene ML phylogeny were compared. Two parameters, �/� and r/m,
were calculated using ClonalFrame (36) to assess the contribution of re-
combination relative to mutation: �/� is the ratio of rates at which recom-
bination and mutation occur and thus is a measure of the frequency of
recombination relative to that of mutation; r/m is the ratio of probabilities
that a certain site gets altered through recombination and mutation and
thus is a measure of how important the effect of recombination is in
diversification of the population relative to mutation. LIAN 3.6 software
(41) was used to calculate the standardized index of association (IS

A),
which tests for the null hypothesis of linkage equilibrium: a value signifi-
cantly different from zero indicates a tendency of linkage disequilibrium,
whereas a nonsignificant value indicates a recombining population struc-
ture. The program SplitsTree 4.12 (42) was employed to perform the
pairwise homoplasy index test (�w test) (43) with the concatenated se-
quences and to create the phylogenetic network with the neighbor-net
algorithm. To determine the level of gene flow between groups, pairwise
FST (44) values were calculated and tested for significance against 1,000
bootstrap replicates using the software program Arlequin 3.1 (45).

Nucleotide sequence accession numbers. All the nucleotide se-
quences obtained in this study have been submitted to the GenBank da-
tabase. The accession numbers are KM189916 to KM190071 (see Table S1
in the supplemental material).

RESULTS
Strains, genes, and alleles. The 41 analyzed strains morphologi-
cally resembled each other, forming an abundant off-white to
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light-yellow aerial spore mass on whitish-yellow to brown sub-
strate mycelium on ISP medium 2, the same as with the type strain
S. albidoflavus DSM 40455T (11, 22). Their 16S rRNA gene se-
quences were highly similar, with only one variable site along
1,375 nucleotide positions, showing a close relationship in the
phylogenetic tree (see Fig. S1 in the supplemental material). The
whole-genome ANI values between the five genome strains that
covered all three habitat-associated groups were greater than 98%,
revealing an intraspecific relationship among them (30).

Five housekeeping gene loci of the 41 strains were character-
ized and are summarized in Table 2. These five loci had compara-
ble numbers of alleles and G�C contents but differed in distance
ranges and nucleotide diversity. gyrB displayed the widest distance
range, and atpD had the highest nucleotide diversity, while rpoB

showed both the narrowest distance range and lowest nucleotide
diversity. The concatenated alignment of the five loci showed that
MLSA distances between the strains ranged from 0 to 0.006
(mean, 0.003), values below the 0.007 cutoff point recommended
for the delineation of genomic species of Streptomyces (25, 26).
Regarding alleles, many were observed more than once, and the
ones most frequently found were atpD1, gyrB2, recA1, rpoB1, and
trpB5, observed 12, 20, 18, 23, and 14 times, respectively (Table 1).
The 41 strains defined 28 STs, of which the vast majority (21 STs)
occurred only once. The most frequently found STs were 8, 14,
and 21, each occurring in four strains. It was noticeable that half of
the entomic strains, including CR11, CR15, CR16, CR25, CR33,
CR35, Ma1, and Ma25, isolated from imperial moths, CR47, from
owl butterflies, and S4, from leaf-cutting ants, owned merely a

TABLE 1 Strains used in this study

Strain_habitat-
associated groupa Habitatb Origin Geographic location ST

Allelic
profilec

Date of
isolationd

CGMCC 4.1615_Ed Soil Champavathi River, Andhra Pradesh, India — 1 1-1-1-1-1 1959�

FXJ2.339_Ed Soil Kaifeng, Henan Province, China 34°49=N, 114°18=E 2 2-2-2-2-2 08/2011
J1074_Ed Soil —e — 3 3-2-1-1-2 —
NBRC 100770_Ed Soil Caucasus — 4 1-1-3-1-2 1957�

NBRC 12790_Ed Riverbank slime Böhmischbruck, Upper Palatinate, Germany — 5 2-3-1-1-2 1952�

DSM 40233_Ed Potato Germany — 6 2-1-3-3-3 1908�

NBRC 13083_Ed Potato scab United Kingdom — 7 2-3-2-1-4 1926�

CGMCC 4.1677_Ed Muschelkalk Werra, Germany — 5 2-3-1-1-2 1952�

CR4_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 8 4-1-4-1-5 06/2012
CR10_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 8 4-1-4-1-5 06/2012
CR11_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 9 5-2-4-4-5 06/2012
CR13_En Imperial moth (adult body of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 10 2-1-5-5-5 08/2012
CR15_En Imperial moth (adult wing of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 11 6-2-6-1-5 09/2012
CR16_En Imperial moth (adult body of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 12 6-2-4-1-5 09/2012
CR17_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 8 4-1-4-1-5 06/2012
CR19_En Imperial moth (adult wing of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 13 7-4-1-1-6 09/2012
CR21_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 8 4-1-4-1-5 06/2012
CR25_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 14 5-2-4-6-7 12/2011
CR33_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 14 5-2-4-6-7 12/2011
CR35_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 14 5-2-4-6-7 12/2011
Ma1_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 15 5-2-4-1-5 10/2011
Ma24_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 16 1-5-7-1-5 12/2011
Ma25_En Imperial moth (pupa of EI) Guanacaste Conservation Area, Costa Rica 10°51=N, 85°37=W 14 5-2-4-6-7 12/2011
CR46_En Owl butterfly (pupa of CT) San José, Costa Rica 9°56=N, 84°03=W 17 7-2-1-7-5 05/2011
CR47_En Owl butterfly (pupa of CE) San José, Costa Rica 9°56=N, 84°03=W 18 6-2-8-1-7 12/2010
CR49_En Owl butterfly (pupa of CT) San José, Costa Rica 9°56=N, 84°03=W 17 7-2-1-7-5 05/2011
LaPpAH-202_En Unknown insect — — 19 1-6-1-1-8 —
S4_En Leaf-cutting ant (AO) Gamboa, Panama — 20 8-2-4-1-7 —
FXJ8.002_M Deep seawater Southern Indian Ocean 37°49=S, 62°00=E (depth, 3,500 m) 21 1-2-1-2-7 10/2008
FXJ8.008_M Deep seawater Southern Indian Ocean 37°49=S, 72°00=E (depth, 3,838 m) 21 1-2-1-2-7 10/2008
FXJ8.011_M Deep seawater Southern Indian Ocean 37°49=S, 72°00=E (depth, 3,838 m) 22 2-3-1-2-2 10/2008
FXJ8.026_M Deep seawater Southwest Indian Ocean 35°13=S, 50°48=E (depth, 3,000 m) 21 1-2-1-2-7 11/2008
FXJ8.028_M Deep seawater Southeast Indian Ocean 37°49=S, 109°59=E (depth, 4,069 m) 21 1-2-1-2-7 10/2008
FXJ8.031_M Deep seawater Southwest Indian Ocean 37°46=S, 49°38=E (depth, 2,800 m) 1 1-1-1-1-1 10/2008
CNY228_M Neritic sediment Coastal California, USA — 23 9-4-1-1-1 —
SM8_M Sponge (HS) Kilkieran Bay, west coast of Galway, Ireland 9°40=S, 53°18=E 24 1-7-3-8-2 -
CGMCC 4.1681 Contaminated fungus plate Commercial Solvents Corporation, USA — 25 2-1-1-1-5 1957�

CGMCC 4.1845 Air of the laboratory Princeton, NJ, USA — 3 3-2-1-1-2 1970�

DSM 40455T Contaminated plate Rome, Italy — 26 2-1-3-1-2 1891�

NBRC 13365 Ceiling filler Germany — 27 1-1-3-5-5 1895�

D62 Medicinal herb (leaf of CJ) Xishuangbanna, Yunnan Province, China 22°01=N, 100°47=E 28 1-2-1-5-2 12/2004
a Strains in bold are those whose genome sequences are available in GenBank. Ed, edaphic; En, entomic; M, marine.
b AO, Acromyrmex octospinosus; CE, Caligo eurilochus; CJ, Cirsium japonicum DC; CT, Caligo telamonius; EI, Eacles imperialis; HS, Haliclona simulans. Homogenates of the rinsed
whole samples, i.e., pupa, adult body, adult wing, and leaf, were used for isolation.
c In the order atpD, gyrB, recA, rpoB, and trpB.
d Dates are given as month/year. �, year when the strain was validly published (11).
e —, information unavailable.
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quarter of the total polymorphic sites of the entomic group and
shared exactly the same gyrB sequences (Table 1); they also shared
an exclusive transition in the first two bases of the atpD locus,
from common double guanine to double adenine, creating a gly-
cine-to-asparagine amino acid change along with an enhance-
ment of hydrophilicity in AtpD. All dN/dS values of the loci were
much lower than 1 (Table 2), with recA lacking nonsynonymous
substitutions, indicating a strong purifying selection on these gene
loci.

Distribution of alleles and STs between habitat-associated
groups. With the exception of trpB, all other loci had one or two
alleles found in strains of all three habitat-associated groups (Fig.
1). Altogether, the edaphic and marine groups shared 11 alleles
with each other but only 6 and 8 alleles, respectively, with the
entomic group. In terms of STs, one was present in both the
edaphic and marine groups, whereas no common STs were found
in the entomic group and either of the other two. It was obvious
that more alleles and STs coexisted in the edaphic and marine
groups, which seemed to indicate that the strains residing in soil
and sea were more similar to each other than to those associated
with insects.

Phylogeny and population structure of S. albidoflavus. The
phylogenetic tree in the upper part of Fig. 2 was constructed based
on the concatenated alignment of the five loci. Despite a very close
relationship among all the strains, they were grouped into four
clusters, designated I to IV. The five genome strains spanned the
phylogeny and fell into clusters I, II, and IV. Cluster I, dominated

by the edaphic strains, lumped together all the soil-derived strains
and five uncategorized strains, exhibiting a close relationship
among them; notably, it also contained a few strains from insects
and sea, suggesting frequent individual migrations or genetic ex-
change between strains in soil and other environments. Cluster II
incorporated most of the remaining marine strains into one of its
three subclusters, supported by all three tree-making algorithms
and a high bootstrap value; and the other two subclusters were
mainly comprised of entomic strains. Clusters III and IV were
constituted purely of strains from insects, which made up to 70%
(14/20) of all the entomic strains in the sample, with cluster IV
formed exactly by the special half of the entomic strains that had
reduced genetic polymorphism and an exclusive amino acid
change. These clusters and subclusters were largely consistent with
the habitats, tending to group together strains from similar
sources.

Given that habitat might matter in the relationship among
strains, further analysis of population structure was performed,
employing the Structure procedure in terms of strains’ habitats.
The outputs assuming K 	 2, 3, and 5 are presented in the lower
part of Fig. 2. At a K value of 2, most of the entomic strains, those
in clusters III and IV, emerged as a distinct population, strikingly
different from the others; in contrast, strains derived from sea and
soil were similar to each other. An increase in the K value split
most of the marine strains together with several entomic strains as
a different population. A higher and optimal resolution was
achieved at a K value of 5, in which strains of insects, sea, and soil
were generally recognized as different populations, successively
displayed in green, purple, yellow, blue, and red, with further di-
vergence in the entomic strains (green, purple, and yellow). The
correspondence between habitats and the Structure-defined pop-
ulations of strains indicated a strong influence of habitat in the
evolution of S. albidoflavus. Moreover, strain D62 and the other
four uncategorized strains showed a high level of genetic overlap
with the edaphic strains independently of the K value used.

The Structure results agreed well with the phylogenetic tree in
depicting relationships among strains and also provided more in-
sights into interactions between strains of distinct populations.
For example, evidence of shared genetic variants by diverse pop-
ulations is consistently found, independently of the K value, sug-
gesting frequent gene flow; and much higher mixing arose in clus-
ter I at K 	 5, with multiple contributions from other populations,
correlating well with the topology of this cluster in the phylogeny.
Furthermore, cluster IV, which formed an independent lineage in
the clonal genealogy inferred by ClonalFrame (see Fig. S2 in the
supplemental material), was preserved as a separate and distinct
population with all tested K values.

TABLE 2 Properties of loci

Locus or method
of analysis Length (bp)

No. of
alleles

No. (%) of
polymorphic sites � value

Mean G�C
content (mol%)

K2 distance
(range) dN/dS

atpD 495 9 8 (1.62) 0.0036 64.7 0–0.010 0.225
gyrB 411 7 7 (1.70) 0.0035 69.9 0–0.017 0.049
recA 504 8 7 (1.39) 0.0020 69.9 0–0.008 0
rpoB 540 8 7 (1.30) 0.0016 68.5 0–0.006 0.020
trpB 567 8 8 (1.41) 0.0024 73.3 0–0.011 0.027

MLSA 2,517 28a 37 (1.47) 0.0026 69.3 0–0.006
a This is the number of combined allelic profiles.

FIG 1 Venn diagrams of allele and ST distributions. Red, blue, and green
circles represent the edaphic, marine, and entomic groups, respectively. Num-
bers inside the circles indicate the numbers of alleles or STs in each set.
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Evidence and extent of recombination in S. albidoflavus. In
order to examine the role of recombination in S. albidoflavus, a
series of analyses were performed based on single and concate-
nated gene alignments. ML trees were generated for each single
gene (see Fig. S3 in the supplemental material), resulting in all five
individual phylogenies differing in topology. For instance, strains
DSM 40455T and DSM 40233, which clustered in the atpD, gyrB,
and recA phylogenies, occupied completely different positions in
the rpoB and trpB phylogenies. The SH test results confirmed this
topological incongruence, detecting a significant disagreement
between single-gene topologies and all data sets with the exception of
recA and a highly significant disagreement for the reciprocal compar-
ison between atpD and gyrB (Table 3). The extensive discordance
between phylogenies indicated frequent occurrences of recombina-
tion. To evaluate recombination among the five housekeeping genes
in a visual way, a NeighborNet network was reconstructed based on
the concatenated sequences (Fig. 3). The network showed a reticulate
structure, and recombination represented by lines between splits was
widespread within single habitat-associated groups and also occurred
between them, resulting in strains of different habitats slightly mixed
instead of forming clearly distant splits. Furthermore, the �w test
provided statistically strong evidence of recombination by rejecting
the null hypothesis of no recombination (P 	 0.003).

One way to examine the extent of recombination within natu-
ral populations is to evaluate the degree of linkage between alleles

using the standardized index of association (IS
A) (46). If there is

perfect linkage equilibrium (alleles are independently distributed
at all loci analyzed, and recombination events occur freely), the
expected value of IS

A is 0; if there is complete linkage disequilib-
rium (nonrandom association of alleles), the expected value of IS

A

is 1. As shown in Table 4, in the whole species, the value of IS
A was

positively significant but close to 0, indicating a high level of gene
exchange despite being insufficient to generate complete linkage
equilibrium. Positively significant but relatively low IS

A values also
occurred within the entomic and the marine groups; while a non-
significant IS

A value was observed within the edaphic group, sug-
gesting a recombining structure therein. Together with the low IS

A

FIG 2 Phylogenetic NJ tree and Structure analyses of S. albidoflavus MLSA data. P and L indicate branches of the tree that were also determined using MP and
ML algorithms; asterisks indicate branches that were supported by all three tree-making algorithms. Only bootstrap support values above 50% are shown. Each
strain in the Structure results is represented by a vertical histogram partitioned into K colored segments that represent the proportion of ancestry from the major
ancestral sources. The five genome strains are displayed in bold.

TABLE 3 Results of SH test of alternative tree topologies for individual
genes in this samplea

Tree topology

Result for comparison with data set

atpD gyrB recA rpoB trpB

atpD 767.84 881.08�� 862.15 911.84� 1,010.40�

gyrB 1,038.94�� 691.87 958.00 905.97� 1,020.90�

recA 992.21� 892.05� 783.30 899.24� 1,030.43�

rpoB 1,016.83� 914.54� 917.64 799.73 995.08�

trpB 1,042.29�� 915.41� 969.28 911.84� 835.91
a Values indicate the likelihood score (�lnL) of a given data set across its own ML tree
(in boldface) and each of the alternative trees. �, P 
 0.05; ��, P 
 0.01.
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or nonsignificant values in the Structure-defined populations
when the K value is 5 (see Table S2 in the supplemental material),
these findings revealed frequent homologous recombination
within S. albidoflavus.

In order to quantify the contribution of recombination relative
to that of mutation, values of �/� and r/m were calculated for all 41
strains of the species, the habitat-associated groups, and the Struc-
ture-defined populations (Table 4; see also Table S2 in the supple-
mental material) in ClonalFrame. The results showed that within
all strains, recombination occurred less frequently than mutation
and acted one-fourth as importantly as mutation in introducing
genetic variation. The marine group displayed a similar case with
a low recombination rate, in striking contrast to the edaphic
strains, where the role recombination played was far more salient
than that of point mutation, since both �/� and r/m were much
higher than 1. For the entomic group, however, a third case oc-
curred, in which recombination was 1.5-fold more likely to alter a
nucleotide site than mutation despite its very low frequency. Re-

combination rates of the Structure-defined populations were
largely comparable to those of respective habitat-associated
groups (Table 4; see also Table S2), especially for the couples of
population in green and the entomic group and population in red
and the edaphic group.

Genetic exchange across habitats. In addition to analyzing
recombination within individual habitat-associated groups, we
also evaluated the level of intergroup gene flow by using Weir and
Cockerham’s FST parameter (44) based on variance in genetic di-
versity within and between groups. According to Wright’s F-sta-
tistics model, a zero FST value implies complete panmixis within
populations, whereas a value of one indicates complete isolation
of populations. As shown in Table 4, FST between the edaphic and
marine groups was significant but relatively low, while the en-
tomic group exhibited much higher FST values with either the
edaphic or marine group, both significantly different from zero at
the 0.01 level. This observation accords well with the distribution
pattern of alleles and STs between the three habitat-associated

FIG 3 Phylogenetic network inferred with the concatenation of five housekeeping gene loci (atpD-gyrB-recA-rpoB-trpB). Lines between splits represent
uncertainty in the phylogeny and are expected if recombination has occurred. Strains from insects, sea, soil, and other sources are in green, blue, red and black,
respectively. Clusters identified in the phylogenetic analysis are labeled, and cluster IV, which may represent an incipient species in S. albidoflavus, is green coded.
Bar 	 0.1% sequence divergence.

TABLE 4 Population parameters calculated from the concatenated five-gene sequences

Group
No. of
strains

No. of
alleles IS

A (P value)

Recombination ratea FST and mean K2 distanceb

�/� r/m Edaphic Entomic Marine

Edaphic 8 7 0.0015 (0.520) 10.72 � 1.18 4.51 � 0.61 0.003 0.002
Entomic 20 13 0.1275 (
0.001) 0.06 � 0.01 1.48 � 0.08 0.3125�� 0.003
Marine 8 5 0.3699 (
0.001) 0.09 � 0.05 0.38 � 0.08 0.1324� 0.2012��

All 41 28 0.0678 (0.001) 0.68 � 0.09 0.25 � 0.03
a The mean values from five independent runs are shown as means � standard errors of the means.
b FST values are shown in the lower left quadrant, and the mean K2 distances between groups are in the upper right quadrant. �, P 
 0.05, ��, P 
 0.01.
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groups and generally reveals habitat barriers to genetic exchange
in S. albidoflavus, showing slightly reduced gene exchange be-
tween the soil- and sea-dwelling strains and a greater differentia-
tion of the insect-associated strains, with definitely reduced gene
exchange with the others.

DISCUSSION
Recombination in S. albidoflavus. Frequent recombination was
inferred and supported by multiple lines of evidence: (a) the �w

test strongly rejected the null hypothesis of no recombination; (b)
clear topological discrepancies between single-gene phylogenies
were observed by visual inspections and verified by the SH test; (c)
homologous recombination both within and between the habitat-
associated groups was found in the network; and (d) the low IS

A or
nonsignificant values calculated in the whole species or single
groups and populations revealed the sexual and recombining na-
ture of this species. Actually, the significance of recombination in
Streptomyces has been reported for S. pratensis (18), where homol-
ogous recombination was first suggested to shape the evolution of
streptomycetes. In addition, it was recently reported that homol-
ogous recombination is responsible for the amino acid changes in
RpoB of Salinispora arenicola, which confer resistance to com-
pounds in the rifamycin class (47). Our analyses affirm the pre-
dominance of homologous recombination in Streptomyces spe-
cies, which may serve as a cohesive force slowing down the process
of genetic divergence in species (5).

It appears discordant that the recombination rate detected in
the whole species was fairly low (�/� 	 0.68; r/m 	 0.25), con-
trasting with the extensive gene exchange in S. pratensis (18).
However, this may be ascribed primarily to barriers of diverse
habitats to genetic exchange, for recombination rates are sup-
posed to be underestimated in structured populations with differ-
ent ecotypes inhabiting different niches, because the presence of
population structure violates the assumption of an unstructured
population of the model used to estimate recombination rates in
ClonalFrame (9, 36). This is supported by the observation that the
entire species gave the lowest value of r/m compared with each
single habitat-associated group and Structure-defined popula-
tion, in accordance with habitat isolation and a structured popu-
lation. Moreover, the comparable r/m values of S. albidoflavus and
Salinispora (47), a related actinomycete genus, further suggest an
existence of great hindrance to genetic exchange within S. albido-
flavus. Therefore, the distinct habitats may preclude genetic ex-
change between the inhabiting strains and be responsible for the
apparent low recombination rate detected in the S. albidoflavus
species.

Interestingly, we observed great variation in recombination
rates among the habitat-associated groups and the Structure-de-
fined populations. In terms of habitats, recombination acts as a
powerful force in shaping the genetic diversity of the edaphic and
entomic strains, since both of these groups had an r/m value of �1.
Strains in soil are much more recombinogenic, with a quite high
recombination rate, comparable to that of Haemophilus influenzae
(r/m 	 3.7) (9), and this may be bound up with the complex signal
exchange in soil (16). In contrast, the entomic strains present a
high contribution but fairly low frequency of recombination rel-
ative to that of mutation, probably implying a preference for ex-
changing large nucleotide segments in recombination events
among them. The low frequency and contribution of recombina-
tion observed in the marine group seem incongruent with the

suggested high chance of frequent genetic exchange in aquatic
bacteria (9). However, this finding may be partially explained by
the presence of four marine isolates, FXJ8.002, FXJ8.008,
FXJ8.026, and FXJ8.028, which could have caused an inflated es-
timate of clonality of the population by sharing the same genotype
despite having disparate geographic origins (9). Taken together, it
is possible that recombination plays uneven roles in different S.
albidoflavus groups and populations, as has been observed in sev-
eral other species (48, 49). However, there is also a possibility that
these recombination rates were artificially skewed due to the lim-
ited numbers of strains from each habitat type and potentially
uneven sampling across spatial scales.

Influence of ecology on the population structure of S. albido-
flavus. We acknowledge our possible limitations due to the loose
categorization that assigned most of the specific sources into in-
sects, sea, and soil. However, the analyses based on these three
roughly defined habitat types did reveal the significance of ecology
in structuring S. albidoflavus population on a large scale, sup-
ported by the strong habitat signal in both phylogenetic and Struc-
ture analyses.

Effects of habitat on population structure are often reported
for macroorganisms, especially animals because of their excellent
ability to disperse in nature. Microorganisms, in contrast, are tiny
and much more sensitive to environmental changes but are also
commonly discussed regarding their interactions with ecological
environments or niches and are even found to undergo more
adaptive evolution, inferred from protein-coding gene sequences
(50). Compared with the meadow soil-inhabiting S. pratensis (18),
S. albidoflavus is present in a variety of ecological environments,
and more information on habitat is available and is considered
here. Their sources, including deep seawater, imperial moths, leaf-
cutting ants, medical herbs, owl butterflies, sponges, and soil, may
differ in a spectrum of ecological factors, including nutrient con-
tents, temperature, and pH, as well as other biotic factors. It is
likely that natural selection based on differences between these
factors promotes adaptations to local environments and causes
strains to be distributed differentially among habitats. The further
divergence observed within the entomic strains in Structure (Fig.
2) suggests that the differential distribution of bacterial strains
among environments can arise not only during invasion of new
habitats but also within individual habitat types with differenti-
ated environmental conditions, which can be equivalent to niches.
Therefore, ecological divergence should be a nonnegligible factor
in causing genetic divergence in bacterial populations, even those
residing in various habitats or with a worldwide distribution.

On the other hand, the closer relationship found between the
edaphic and marine strains than to the entomic strains might be
attributed to both sea and soil representing open environments,
while insects provide isolated and more constant conditions for
microbial inhabitants, with frequent interaction with hosts yet less
disturbance from the surroundings. It is also reasonable that the
single endophytic strain D62 exhibited more genetic overlap with
the edaphic strains in Structure results at all K values, since endo-
phytic strains can also act as saprophytes and subsist in the soil when
the leaves decay (51). Additionally, all of the other four uncategorized
strains with obscure sources (CGMCC 4.1681, CGMCC 4.1845,
DSM 40455T, and NBRC 13365) (Table 1) showed a close relation-
ship with the soil-derived strains and a major contribution from the
population in red in Structure when the K value was 5 (Fig. 2), sug-
gesting their probable edaphic origin. These results demonstrate that
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genetic relationships and ecological information can be correlated
with each other. To figure out the specific ecological factors that lead
to the differential distribution of S. albidoflavus strains, more inves-
tigations with detailed ecological and physiological information
are needed.

Combined effects of homologous recombination and ecolog-
ical divergence. It is likely that frequent homologous recombina-
tion serves as a cohesive force maintaining convergence of species,
akin to its role in sexual organisms, and that when local adaptation
occurs during invasion of new habitats or niches, if the differential
distribution of strains among habitats is strong enough to depress
gene flow sufficiently between related genotypes (5, 52), certain
strains will escape from being homogenized by recombination,
and subsequent accumulations of mutations and/or genetic drift
within them will eventually lead to independent evolutionary
clusters. This trigger-like action of ecological divergence among
frequent recombination events in the process of speciation has
been observed in some other bacterial populations, especially
Vibrionaceae (8, 53, 54). To some extent, the way S. albidoflavus
strains occupy and adapt to a new habitat resembles the widely
discussed formation of new ecotypes (6, 52), therefore, the ob-
served habitat barriers to recombination in S. albidoflavus clarify
the coexistence of homologous recombination and ecological di-
vergence in the diversification of streptomycetes.

The complex and specific environmental conditions in insect-as-
sociated niches may enable further genetic differentiation within the
entomic strains, especially those in cluster IV (Fig. 2; see also Fig. S2 in
the supplemental material). Since most (8/10) of the cluster IV strains
were isolated from the same species of imperial moths, Eacles impe-
rialis, there is a high possibility that their reduced genetic diversity
and exclusive amino acid change resulted from recent selection
events (55) within imperial moths and reflected traits specific to
certain conditions in the host. Taken together with the much
greater recombination within it than with the others in the net-
work (Fig. 3), it seems that cluster IV has emerged as a distinct and
cohesive population that resulted at least partly from effects of
both ecological selection and recombination, which exemplifies
the scenario of dynamic speciation we suggested above, and it may
even represent an incipient species. More evidence from popula-
tion genomics and physiological and biochemical analyses is
needed for further verification of this possibility.

Since most of the analyzed habitats were distributed in differ-
ent geographic regions, it is difficult to completely tell geographic
isolation apart from barriers to recombination in shaping the S.
albidoflavus population structure. A thorough examination of the
correlation between geographic distance and genetic distance was
also unavailable due to the limited numbers of sites per habitat
and strains per site and their wide spatial distribution. Neverthe-
less, it is obvious that all the edaphic strains clustered together in
cluster I (Fig. 2 and 3) despite being sampled from disparate re-
gions, as was the case with the four marine isolates mentioned
above, while most entomic strains were distinctly diverged into
two clusters (III and IV; Fig. 2 and 3) regardless of their having the
same geographic location. In addition, a relaxed Mantel test (56)
conducted on all strains with available geographic location infor-
mation implied a weak correlation between geographic and ge-
netic distances (data not shown). To further determine the exact
geographic role in population structure, studies with more strains
and sites are needed.

Implications for streptomycete evolution. So far, the pre-

dominant recombination detected in both S. pratensis (18) and S.
albidoflavus seems to picture Streptomyces species as strain groups
characterized by frequent genetic exchange. This phenomenon
may have its roots in multiple unique characteristics of strepto-
mycetes, including their large and unstable linear chromosomes
(57), the specialized conjugative system relying on a single plas-
mid-encoded protein for transferring double-stranded DNA (58),
and their complex lifestyle (11, 18). The vast recombination in
Streptomyces will certainly facilitate the rapid sweep of clones
bearing advantageous traits, promote local adaption, and benefit a
fast spread of resistance genes (57, 58). However, as a strong mix-
ing force, it may also obscure the genuine evolutionary history of
species by decaying clonality. Meanwhile, the impact of habitat
divergence on S. albidoflavus seems to be profound. Although our
data are insufficient to fully address the cause of the population
structure, they indicate that habitat barriers to recombination are
one of the drivers; S. albidoflavus is probably structured in a com-
bined scenario of both environmental selection and geographic
isolation, which has proved to be common within eukaryotes (59).
Since streptomycetes are very environmentally versatile and
adaptable, our findings emphasize the importance and necessity
of incorporating ecology in unraveling the evolutionary history of
these microorganisms.

What we observed in S. albidoflavus suggests that the evolution
of streptomycetes is a long-term and complicated process affected
by multiple factors, including homologous recombination, eco-
logical divergence, and potentially geographic isolation and ge-
netic drift. The recommended unity of homologous recombina-
tion and ecology in this work sheds light on the Streptomyces
species concept. Nevertheless, to get a comprehensive examina-
tion of the driving forces of speciation, more population genetic
analyses of Streptomyces species with larger population sizes and
more available ecological information are indispensable.
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