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ABSTRACT Deciphering the genomic variation that represents microevolutionary
processes toward species divergence is key to understanding microbial speciation,
which has long been under debate. Streptomycetes are filamentous bacteria that are
ubiquitous in nature and the richest source of antibiotics; however, their speciation
processes remain unknown. To tackle this issue, we performed a comprehensive
population genomics analysis on Streptomyces albidoflavus residing in different habi-
tats and with a worldwide distribution and identified and characterized the founda-
tional changes within the species. We detected three well-defined phylogenomic
clades, of which clades | and Illl mainly contained free-living (soil/marine) and insect-
associated strains, respectively, and clade Il had a mixed origin. By performing
genome-wide association studies (GWAS), we identified a number of genetic variants
associated with free-living or entomic (denoting or relating to insects) habitats in
both the accessory and core genomes. These variants contributed collectively to the
population structure and had annotated or confirmed functions that likely facilitate
differential adaptation of the species. In addition, we detected higher levels of homolo-
gous recombination within each clade and in the free-living group than within the
whole species and in the entomic group. A subset of the insect-associated strains (clade
) showed a relatively independent evolutionary trajectory with more symbiosis-
favorable genes but little genetic interchange with the other lineages. Our results dem-
onstrate that ecological adaptation promotes genetic differentiation in S. albidoflavus,
suggesting a model of ecological speciation with gene flow in streptomycetes.

IMPORTANCE Species are the fundamental units of ecology and evolution, and spe-
ciation leads to the astounding diversity of life on Earth. Studying speciation is thus
of great significance to understand, protect, and exploit biodiversity, but it is a chal-
lenge in the microbial world. In this study, using population genomics, we placed
Streptomyces albidoflavus strains in a spectrum of speciation and showed that the
genetic differences between phylogenomic clusters evolved mainly by environmen-
tal selection and gene-specific sweeps. These findings highlight the role of ecology
in structuring recombining bacterial species, making a step toward a deeper under-
standing of microbial speciation. Our results also raise concerns of an underrated
microbial diversity at the intraspecies level, which can be utilized for mining of eco-
logically relevant natural products.

KEYWORDS adaptive evolution, ecological differentiation, population genomics,
speciation, streptomycetes

ebate has been ongoing for decades about the meaning and driving forces of
speciation in microbes, because of their enormous genetic diversity, promiscuous
gene flow, and asexual reproduction (1, 2). The availability of multiple genome se-

April 2019 Volume 85 Issue 7 e€02555-18 Applied and Environmental Microbiology

Citation Li Y, Pinto-Tomés AA, Rong X, Cheng
K, Liu M, Huang Y. 2019. Population genomics
insights into adaptive evolution and ecological
differentiation in streptomycetes. Appl Environ
Microbiol 85:e02555-18. https://doi.org/10
1128/AEM.02555-18.

Editor Claire Vieille, Michigan State University

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ying Huang,
huangy@im.ac.cn.

* Present address: Xiaoying Rong, Key
Laboratory of Biogeography and Bioresources
in Arid Land, Xinjiang Institute of Ecology and
Geography, Chinese Academy of Sciences,
Urumgi, China; Kun Cheng, China Center of
Industrial Culture Collection, Beijing, China.
Received 19 October 2018

Accepted 14 January 2019

Accepted manuscript posted online 18
January 2019
Published 22 March 2019

aem.asm.org 1


https://orcid.org/0000-0002-7559-7070
https://doi.org/10.1128/AEM.02555-18
https://doi.org/10.1128/AEM.02555-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:huangy@im.ac.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02555-18&domain=pdf&date_stamp=2019-1-18
https://aem.asm.org

Li et al.

quences from the same species have facilitated attempts to systematically address
basic questions in microbial speciation. The process of microbial speciation can be
defined as any stage of the dynamic microevolutionary process of ecological and
genetic differentiation (3). To depict this process, two major parallel concepts based on
ecological divergence and barriers to recombination and their integration have been
proposed (4-7). Microevolution is attributed to four main mechanisms: gene flow,
mutation, natural selection, and genetic drift (8). As one of the main forms of gene flow,
horizontal gene transfer (HGT), mediated by either homologous recombination or
nonhomologous recombination (9), has been widely considered one of the most
important factors affecting microbial evolution (10-12). Moreover, HGT and habitat
isolation have been further emphasized as the key points of ecological speciation in
bacteria and archaea (12). Meanwhile, recent studies have demonstrated that ecolog-
ical divergence and natural selection play pivotal roles in microbial speciation (9, 13,
14), although geographic isolation and genetic drift also affect the distribution patterns
of microorganisms and jointly drive microbial biodiversity (15, 16). Based on these,
Shapiro et al. (3, 9, 17) propose that early stages of the microbial speciation process are
driven either by gene-specific selective sweeps in recombining populations or by
genome-wide selective sweeps in clonal populations as microbes adapt to new niches,
and more advanced stages involve barriers to gene flow and divergent natural selec-
tion. Yet it is still unclear which are the foundational genotypic and phenotypic changes
during microbial speciation and how the microevolution mechanisms leave imprints
across the genomes.

The genus Streptomyces is an important source of useful natural products and has
become one of the most intensively genome-sequenced genera (18, 19). Streptomy-
cetes inhabit various habitats, providing ideal materials for studies of microbial ecology
and evolution (20, 21). It has been proved that streptomycetes have linear chromo-
somes and plastic genomes (22) with high levels of recombination (13, 23-25), yet
genomic analyses that trace their microevolutionary processes are scarce. Streptomyces
albidoflavus is one of the early described species of Streptomyces and also an important
source of bioactive metabolites (26-28). S. albidoflavus strains have a minimized
genome (29) but can survive and reproduce in a range of habitats worldwide (13),
which raises questions about how they cope with various environments and what
changes have occurred in their genomes during local adaptation.

In a recent study based on multilocus sequence analysis (MLSA), we described the
population structure of S. albidoflavus in relation to three habitat sources, insects, sea,
and soil, indicating the importance of ecological difference in shaping the structure
(13). Here we report a comprehensive population genomics analysis on 30 S. albido-
flavus strains, aimed at uncovering the foundational changes between populations and
the microevolutionary mechanisms accounting for adaptive divergences. Our results
reveal a series of habitat-associated genes and alleles that are conducive to better
survival in related environments and to the formation of population structure, high-
lighting the role of ecology in the microevolution and structuring of recombining
bacterial species. Insights gained expand our knowledge of the genetic basis of
environmental adaptation and the mechanisms of evolution in bacteria.

RESULTS

Genomic features of S. albidoflavus. A summary of the general characteristics of
the genomes of 30 S. albidoflavus strains and 3 closely related strains used in this study
is given in Table 1. The genomes showed a highly conserved chromosome structure
despite the fact that they were derived from strains inhabiting distinct habitats. The S.
albidoflavus genomes showed >98.15% average nucleotide identity (ANI) values with
one another (average ANI = 98.68%) but <96.15% ANI values with the genomes of the
remaining three strains (PVA 94-07, GBA 94-10, and SCA2-2), which were defined as
outgroups. Within S. albidoflavus, the genome size ranged from 6.84 to 7.61 Mb (mean,
7.09 Mb), which was smaller than most streptomycete genomes (18). The average
number of filtered coding sequences (CDSs) was about 6,112 (range from 5,860 to
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FIG 1 The pan-genome, core genome, and accessory genome profiles of S. albidoflavus. (A) The sizes of core and pan-genomes in relation
to numbers of genomes added into the gene pool. Box plots show the 25th and 75th percentiles, with medians shown as horizontal lines,
and whiskers indicate the lowest and highest values within 1.5 times the interquartile range (IQR) from the first and third quartiles,
respectively. The curve for the pan-genome is fitted by the powerlaw regression model (y,,, =A.., x** +C,,,), with r2 =0.999,

pan
Apan = 148857 £ 167, B,,, = 037, and C,,, = 4,502.37 = 434. B is equivalent to the parameter v, and « (= 1 — ) < 1 indicates that the

pan-genome does not approach a constant as more genomes are sampled. The curve for the core genome is fitted by the exponential curve
fit model (Y e = Acore €< + Coy0), With r2 = 0.938, A, . = 1,060.74 = 21.92, B, = —0.13, and C,,. = 4,838.38 = 5.57. (B) Distribution of
genes across strains.

6,513), and 67.9% of these CDSs could be functionally categorized using the Clusters of
Orthologous Groups (COG) database (30). Based on the gene content table obtained by
OrthoMCL (31), the 30 S. albidoflavus strains had a pan-genome of 9,838 genes and a
core genome of 4,791 genes, including 4,663 single-copy core genes (Fig. 1). The core
genome represented 73.6% to 81.8% of the gene content of each strain and contained
20 core secondary metabolite biosynthetic gene clusters predicted by antiSMASH 3.0
(32) (Table S1). Although the S. albidoflavus strains were closely related and the core
genome has approached an asymptote, the size of the pan-genome did not approach
a constant as more genomes were sampled (« = 0.63, estimated by power-law regres-
sion), and most (3,300) accessory genes were unique or rare (existing in 1 to 4 strains)
(Fig. 1). To define possible differences in the functions encoded by the core and
accessory genomes of S. albidoflavus, a COG functional classification for each ortholo-
gous group (OG) was performed. The accessory genome was significantly enriched for
genes of the prophages and transposons (COG X), replication, recombination and repair
(COG L), defense mechanisms (COG V), and transcription (COG K) categories (P < 0.01;
df = 1) (Fig. S1).

Phylogenomic relationship and population structure in S. albidoflavus related
to habitat distribution. We constructed a phylogenomic maximum-likelihood (ML)
tree (Fig. 2A) of the 33 strains based on concatenated single-copy core genes. Boot-
strapping revealed that the tree topology was well-supported, showing three well-
defined genetic clusters in S. albidoflavus, with clades | and Il as sister groups. Both
clades | and Il contained strains isolated from different habitat types. However, most
(11/14) strains in clade | could be assigned to soil (or plant-associated) habitats, and
only one strain (CR13) in this clade was insect associated, while most (7/8) strains in
clade Il were isolated from insects and sea and only one in this clade was from soil.
Clade Ill consisted of 8 definitely insect-associated strains isolated from imperial
moth, owl butterfly, and leaf-cutting ant; this clade corresponds to clusters Ill and
IV in our previous study (13). Ancestral reconstruction (Fig. 2A) revealed that the
three clades experienced different levels of gene gain, with quite a number of
the events occurring at the parental node of clades | and Il (node 4) and then at the
node of clade | (node 1). Substantial gene loss occurred at each clade node, notably
at clade Il (node 2).
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FIG 2 Phylogeny and population structure of S. albidoflavus. Strains collected from different habitats are represented in different colors (red, soil or plants;
green, insects; blue, sea; black, uncertain). “I,” “II,” or “lll” indicates genetic clusters or clades. (A) Maximum-likelihood phylogeny generated from concatenated
4,116 single-copy core genes of the 33 strains, including the three outgroup strains. Bootstrap values less than 100% are shown in gray at the nodes. The scale
bar indicates 1% sequence divergence. Ancestral genome contents of S. albidoflavus were reconstructed using COUNT (81). The numbers of gene gain (+) and
loss (—) events are indicated next to the deep nodes, and the total numbers of ancestral orthologous genes present at each of the nodes are shown in
parentheses. (B) Hierarchical cluster analysis based on the presence or absence of dispensable genes in the 33 strains. Numbers above branches are bootstrap
support values from 1,000 replicates. Height indicates the dissimilarity between genomes. (C) Structure plot based on concatenated 4,663 single-copy core
genes of the 30 S. albidoflavus strains, showing the contribution to each S. albidoflavus strain from each of the three hypothetical ancestral populations.

A hierarchical clustering tree based on the content of dispensable genes showed
three clades similar to those of the core genome tree, but with strain S4 located on the
outskirts of the species and clade Il gathered with clade Il as sister groups (Fig. 2B).
Structure (33) analysis of the S. albidoflavus strains also indicated three populations that
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presence, with particularly described OGs in color (see key). Light gray boxes indicate absence. The tree on the left was derived from Fig. 2A; phylogenomic
clades are indicated. Strains collected from different habitats are represented in different colors (red, soil or plants; green, insects; blue, sea; black, uncertain).

were well in line with the three phylogenomic clades (Fig. 2C) and provided further
evidence of shared genetic variants by different clades, which suggests gene flow.
Clades | and Il showed large amounts of genetic overlap with each other, and clade I
shared only a few polymorphisms with the other clades.

Based on the isolation sources, the S. albidoflavus strains could be divided into two
major ecological groups: a free-living (soil/marine) group (17 strains) and an insect-
associated group (13 strains). It was obvious from the phylogeny and population
structure that the strains were distributed differentially between the two ecologies,
with clade | largely representing a free-living genetic cluster and clade Ill an obligate
insect-associated cluster, while clade Il was mixed.

Habitat-associated accessory OGs underlying differential adaptation. In order
to record ecological variations in S. albidoflavus, we performed pan-genome-wide
association studies (pan-GWAS) with Scoary (34) to identify OGs that could be associ-
ated with the free-living or entomic (denoting or relating to insects) habitat type in the
accessory genome. As a result, we identified a total of 226 accessory OGs (Fig. 3; Data
Set S1) showing significant habitat association (Benjamini-Hochberg P value < 0.05), of
which 119 were correlated with free-living and 107 with entomic habitats. Within the
S. albidoflavus phylogeny, 73% of the habitat-associated OGs were gained or lost at the
nodes of the three clades (nodes 1, 2, and 3 in Fig. 2A; Data Set S1), indicating a
correlation between these OGs and the population structure. Moreover, hierarchical
cluster analysis based on these OGs also showed a three-clade structure consistent with
that revealed by genome-based analyses, with strain S4 located in clade lll, but the
analysis based on the habitat-unassociated accessory OGs yielded a completely differ-
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FIG 4 Genetic organizations of the regions containing habitat-associated gene clusters. Details of the habitat-associated accessory genes are shown in Data
Set S1. Differential genes between the two ecological groups are marked with yellow background. (A) The nan gene cluster for sialic acid catabolism. (B) The
gvp gene cluster for gas vesicle biosynthesis. Red lines between the two groups indicate corresponding homologous genes. (C) The gene clusters for

griseobactin biosynthesis and the cobalt transport system. Genes griE, dhbA, dhbB, dhbG, and cbiO are habitat unassociated because some strains of clade | also
contain corresponding homologous genes with low identity. DHBA, 2,3-dihydroxybenzoate; NRPS, nonribosomal peptide synthetase.

ent and unstable tree topology (Fig. S2A). By mapping the habitat-associated OGs onto
the phylogenomic tree, we noticed that 68 free-living habitat-associated OGs and 30
entomic habitat-associated OGs were specific for clades | and IlI, respectively, but none
of the OGs were specific for clade Il (Fig. S2B). In addition, some of the habitat-
associated OGs were located adjacent to each other, forming continuous genomic
regions which might perform certain complicated or special roles in extending the
metabolic pathways or improving the energy utilization efficiency of the strains to
handle different growth conditions.

One of the free-living habitat-associated genomic regions was composed of a sialic
acid catabolic gene cluster, nan (cluster_5622 to cluster_5632 [Fig. 3A and Fig. 4A]),
located at ~6.68 Mb of the chromosome. This cluster was widespread in clades | and
I1 (17/22) and outgroup strains (3/3), enabling them to take up and utilize sialic acid as
a carbon source from the surrounding environment (Fig. 5A), but was absolutely absent
in clade lll. Another region was the gvp gene cluster (cluster_5710 to cluster_5715)
coding for gas vesicle proteins. All clade | strains had all 10 genes (gvpOALGYZJFSK) of
the gvp gene cluster (35), but all clade Il and Ill strains had only gvpYZJF (Fig. 3A and
Fig. 4B). Three of the remaining gvp genes (gvpYZJ) were shorter (by codons corre-
sponding to 35 amino acids, on average) than those in clade | strains, suggesting that
the incompleteness of this gene cluster was due to gene deletion (Data Set S1). A third
free-living habitat-associated region, present only in clade | stains (11/14) and located
at the beginning (~0.02 Mb) of the genome, contained five L-idonate catabolic genes
(cluster_5870, -_5871, -_5958, -_5960, and -_5963 [Fig. 3Al), which probably enable the
clade | strains to grow on L-idonate (36). Moreover, some free-living habitat-associated
clusters could not be annotated to clear functions, several of which contained genes
encoding transcriptional regulators such as TetR, MarR, and MerR (COG K [Fig. 3; Data
Set S1]). In fact, a significantly greater proportion of transcriptional regulators were
found in the free-living habitat-associated OGs than in the entomic habitat-associated
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FIG 5 Functional verifications of sialic acid catabolic and griseobactin biosynthetic gene clusters. (A) The
ability of representative free-living strains and insect-associated strains to utilize sialic acid as a sole
carbon source. Strains were cultured for 5days at 28°C on basal mineral salt medium agar plates
supplemented with 1% N-acetylneuraminic acid or 1% glucose as a sole carbon source. (B) Arnow’s test
of catechol-type siderophore production by representative insect-associated strains and free-living
strains. The presence of a red color in the solution was recorded as a positive test for catechol.

OGs (P < 0.01; df = 1), which may give the free-living strains more possibilities facing
various conditions (37).

Some entomic habitat-associated genomic regions were also found. A region lo-
cated at ~0.19 Mb of the genome encoded the biosynthetic pathway for griseobactin
(cluster_5928 to cluster_5936) (38), a catechol-type siderophore, and a cobalt transport
system (cbiMQO; cluster_6324 and -_6325) (39) (Fig. 3B and Fig. 4C). The griseobactin
gene cluster was identified in 11 strains of clades Il and Ill but not in clade | strains.
Function of this cluster was confirmed by Arnow’s test (Fig. 5B) (40). The cbiMQO
operon existed in 7 of the 11 strains and was adjacent to the griseobactin cluster.
Another copy of this system was located at ~5.46 Mb of the genome as core genes
(with amino acid sequence identity of CbiMQO = 98.95% = 0.29%) but shared a low
identity (53.19% = 0.24%) with the former. The observation that these genes shared
low similarity with the other copies in the genome, together with the results of
ancestral reconstruction (Data Set S1), provided evidence for HGT of this genomic
region into the ancestor of the species followed by loss in clade I. Meanwhile, all strains
in clade Il contained a region putatively encoding amino acid metabolism
(cluster_5919, -_5996, -_6002, -_6046 to -_6052, and -_6233), while strains from clades
I and Il only contained a truncated (47.8% shorter) major facilitator superfamily (MFS)
transporter gene in the same region (Fig. 3B; Fig. S3). The remaining fragment in clades
I and Il showed an amino acid sequence identity of 78.9% with the MFS transporter
gene of the region in clade Il but shared no similarity with other MFS transporter genes
in the genome, favoring gene loss in this region. In addition, a region (cluster_6043,
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FIG 6 Comparison of genetic organizations of the three genotypes in the versatile genomic region. The habitat-unassociated type exists in 8 strains (DSM 40233,
D62, NBRC 13083, J1074, DSM 404557, NBRC 100770, “S. wadayamensis” A23, and CR13) from clade | and all strains from clade I, the free-living type exists in
the remaining 6 strains from clade | and all outgroup strains, and the entomic type exists in all strains from clade IlI. Differential genes between the genotypes
are marked with yellow background.

-_6044, - 6225 to -_6229, and -_6467) comprising carbohydrate transport and
metabolism-related genes was detected in 6 strains of clade Ill and 2 insect-associated
strains of clade Il but not in strains of clade | (Fig. 3B).

Furthermore, a clade lll strain-specific region (cluster_6235 to -_6243) at the end of
the genome showed a strong association with entomic habitats (Fig. 3B and Fig. 6). One
particular gene in this region was annotated as fatty acid desaturase (IPRO05804;
cluster_6239), which plays an important role in the life history of some kinds of insects
(41-43). Additional analysis proved that this is a versatile region with three genotypes
in the species (Fig. 6). The second genotype existed in six free-living strains in clade |
and was thus significantly associated with free-living habitats (Fig. 3A). This genotype
comprised two carbohydrate-related genes (GH10 and GH62; cluster_6087 and -_6088),
which synergistically act in extensive hydrolysis of arabinoxylan (44), which are com-
monly found in all major cereal grains (45). The last genotype embraced the essential
part of the indigoidine biosynthetic gene cluster (46) but showed insignificant habitat
association.

Habitat-associated SNPs revealed by GWAS. Among a total of 169,594 single
nucleotide polymorphisms (SNPs) identified from the single-copy core genome align-
ment (4,663 OGs without outgroups), 6,511 (3.8%) showed significant association with
free-living or/and entomic habitats (Benjamini-Hochberg P value < 0.05). The majority
(65.8%) of the habitat-associated SNPs were located in the third codon position, while
19.0 and 15.2% of the SNPs were located in the first and second codon positions,
respectively. A concatenation of these SNPs could also separate the three clades,
notably, clade Ill from the other two (Fig. S4A). Moreover, among the habitat-associated
SNPs, 93.7% showed a clear separation between the two habitat types (dimorphic-like
SNPs with one allele significantly associated with free-living habitats and another to
entomic habitats), of which 46.2% were distinct between clades | and Il (with one allele
in clade | and another in clade Ill). These results probably mean that the vast majority
of the habitat-associated SNPs have become fixed and further shaped the population
structure of S. albidoflavus.

To evaluate the distribution of the habitat-associated SNPs across the genome, we
calculated their density by establishing a sliding window of 5 kb. The resulting graph
showed a nonuniform distribution of these SNPs through the core genome. Five
regions embraced proportions of habitat-associated SNPs10 times higher (binomial
test, P < 0.001) than the average (0.16%) and thus could be defined as highly divergent
ecological-split genomic regions (Fig. 7; Table S2). Likewise, a concatenation of the OGs
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FIG 7 Density of habitat-associated SNPs along the core genome. The density of these SNPs was plotted along the core genome using
a 5-kb sliding window (with an overlap of 2.5 kb between consecutive windows). The red line shows the average density of habitat-
associated SNPs per 5 kb.

from these regions differentiates the three clades, especially clades | and Ill (Fig. S4B).
The last two regions directly corresponded with the remaining genes, gvpYZJF (Fig. 4B)
and the MFS transporter gene (Fig. S3), of the habitat-associated gene clusters resulting
from gene loss events, where the shortened sequences most probably lost their original
functions. However, neighboring structures of the other three ecological-split regions
were relatively stable. One region corresponded to kefB (cluster_1226), a gene anno-
tated as sodium/proton antiporter; and the remaining two regions contained OGs in
cluster_2806 and cluster_4357, which encode a polyketide cyclase/dehydrase within
the alteramide biosynthetic gene cluster and a peptidase of family M48, respectively.

Homologous recombination within S. albidoflavus species. We performed a
series of analyses to evaluate the extent and role of recombination in S. albidoflavus. A
NeighborNet network (47) based on the concatenated single-copy core genes (Fig. S5A)
showed a reticulate structure, with the most complex reticulated interactions observed
between strains of the same clades. Furthermore, the homoplasy index test (48) did find
highly significant evidence for recombination within S. albidoflavus (P = 0.00). Using
PhiPack (48), from the 4,116 single-copy core genes used to generate the phylog-
enomic tree (Fig. 2A), we detected 603 genes (14.7%) with evidence of genetic
recombination among S. albidoflavus strains, which account for 28.2% of total SNPs of
the core genome. After removing these recombinant OGs, we generated another
concatenated phylogenomic tree, which showed incongruence with the former one
especially for clades | and Il (Fig. S5B). The intraclade relationships of clade | were
obviously changed, and clade Il was divided into two subclades, with subclade II-1
clustered with clade | and then with subclade II-2. Nevertheless, the demarcation of
clades | and Ill was stable and clade Il was kept distinct. In addition, based on the
analysis of 40 randomly chosen consecutive genome blocks, we concluded that the
average recombination rate (p)/mutation rate (6) ratio of the whole species was 3.36
(median, 2.42), a value lower than that of the free-living group (mean, 5.67; median,
3.31) while similar to that of the entomic group (mean, 3.32; median, 2.61). The p/6 ratio
was relatively high within each of the three clades, with mean values of 5.30, 4.41, and
5.71 (medians, 4.09, 3.52, and 3.71) for clades |, II, and llI, respectively. These p/6 values
gave a clear indication that recombination was more prevalent than point mutation in
this species. Finally, the results of fastGEAR (49) showed that recombination was much
more frequent between clades | and Il than between clades Il and either | or Il (Fig.
S50), indicating relatively independent evolution of strains in clade III.
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DISCUSSION

Correlation between phylogenomic clades and ecological habitats. The differ-
ential distribution of S. albidoflavus strains between the free-living and entomic habitats
(Fig. 2) suggests that some genomic variations have already occurred in this species to
adapt to different habitat types, i.e., clade | to free-living habitats and clade Il to
entomic habitats. However, the mixed origin of clade Il implies that it is very likely a
transitional clade still undergoing dynamic evolution. This implication is supported by
the changed interrelationship of clade Il with the other two clades in the core- and
accessory-genome trees (Fig. 2A and B). From the reconstruction of gene gain and loss
events (Fig. 2A), it seems that the last common ancestor of the species (node 5), which
had gained a large number of genes and possessed 7,176 orthologous gene families,
was likely insect originated, because only a few genes were further gained in the
formation of the insect-associated clade (node 3). In contrast, the two steps of consid-
erable gene acquisition at nodes 4 and 1 might lead to a habitat expansion from insects
into open environments. The second step of acquisition is almost negligible for clade
Il (node 2), with only 20 genes gained, suggesting that this clade is undergoing
evolutionary transition from entomic to free-living habitats. The location of strain S4 on
the outskirts of the species in the accessory genome tree (Fig. 2B) is probably because
it has a larger genome size and more non-strain-specific accessory genes than the other
S. albidoflavus strains, mainly due to the fact that it suffered the fewest number of gene
losses (data not shown).

It seems that the S. albidoflavus lineages are at an advanced stage of the speciation
process. Nevertheless, this process certainly has not finished, for the phylogenomic tree
and population structure do not show clear ecological separation (Fig. 2), the neutral
genes in the accessory genome are not separated either ecologically or genetically
except for strain S4 (Fig. S2A), and the strains share high genome-wide ANI (>98.15%).
These lineages are most likely on a trajectory toward speciation, providing an interest-
ing sample with which to study streptomycete speciation.

Ecological adaptation strategies of S. albidoflavus and effects on the popula-
tion structure. It has been demonstrated that ecological niches affect the evolution of
bacteria (9, 14). As the transition between insect-associated and free-living lifestyles is
a dramatic ecological change for bacteria, adaptive evolutionary processes will occur,
mediated by mechanisms such as gain of new functions through HGT, gene loss, and
functional divergence of existing genes (50). By using GWAS, we identified a number of
accessory genes that presumably contribute to adaptation of S. albidoflavus to free-
living or entomic habitats. For example, it has been reported that host environments
are deficient in iron (51) and the transport of cobalt is particularly important in
host-associated bacteria (52); hence, the retained griseobactin gene cluster and cbiMQO
likely endow the insect-associated strains with reinforced ability to acquire these
precious elements within the host environment. We further identified two core
hydroxamate-type siderophore biosynthetic gene clusters in the S. albidoflavus strains
(Table S1). One is the well-studied desferrioxamine B gene cluster, which is very
common and the product can be identified in our strains (Fig. S6), and the other is a
putative aerobactin-like siderophore cluster. This finding is contrary to the function-
related replacement in the model marine actinobacterium Salinispora, in which acqui-
sition of one siderophore pathway co-occurs with the loss of another (53). On the other
hand, the retention of capacities of sialic acid catabolism and gas vesicle biosynthesis
may enable the free-living strains to survive complex conditions. Sialic acid and
sialylation exist in certain larval stages during insect development (54, 55) and play a
prominent role in the nervous system (56). Thus, the wide distribution of the nan gene
cluster in the free-living and outgroup strains but absence in clade Ill strains (Fig. 3B)
may illustrate that at the early stage of S. albidoflavus divergence, a subset of the
insect-associated group most likely lost the sialic acid catabolic function by adaptive
gene loss (57), so as to achieve harmonious coexistence with the hosts by avoiding
competition for sialic acid. The association of the gvp gene cluster with free-living
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habitats is consistent with the previous observation that gvp is generally present in
free-living actinomycetes with large genomes but absent in parasitic or pathogenic
strains (35, 58). As actual gas vesicles have not been detected in streptomycetes until
now, the gvp genes might have other functions (59), such as in response to tempera-
ture and osmotic upshifts (60, 61) and to stress caused by several kinds of antibiotics
(62) in the open environment, whereas the loss of gvp genes may provide advantages
in energy savings and spatial efficiency (57, 63) to the entomic strains. Furthermore,
different genotypes in the same genomic region (Fig. 6) show different ecological
adaptions, where fatty acid desaturase may give rise to mutualistic relationships with
hosts (41-43) for the entomic strains and the ability of arabinoxylan hydrolysis may
enable the free-living strains to metabolize cereal residues as additional carbon sources.
Genome fluctuation, mediated by gene gain and loss, leads to the formation of
genomic islands (Gls) and guarantees quick and economical genetic adaptation of
corresponding S. albidoflavus strains to local environments.

Ecological divergence was also found in the core genome, with five regions highly
enriched for habitat-associated SNPs. The formation of the habitat-associated SNPs
partially connects with gene gain or loss events, as exemplified by the core regions 4
and 5 (Fig. 7), further emphasizing the important roles of HGT and gene loss in shaping
the ecological differentiation processes. Moreover, the inhomogeneous distribution of
the habitat-associated SNPs in the core genome indicates that the differentiation of the
whole genome was initiated in several genome blocks rather than averagely along the
chromosome. Such genetic changes probably enable the S. albidoflavus strains to
specialize to different environments and then lead to their separation into different
populations (Fig. S4). For example, the kefB gene may facilitate the insect-associated
strains to survive the unnormal pH conditions that have been reported for many
representatives of insect orders (64, 65), or it may participate in methylglyoxal detox-
ification in the free-living strains to protect their DNA during the exposure to toxic
metabolites (66).

Meanwhile, it appears counterintuitive that the clustering patterns of the habitat-
associated genes and alleles do not exactly follow habitat (Fig. S2A and S4). This may
be due to the fact that the genes and alleles are habitat associated rather than strictly
habitat specific (with one variant present in all free-living strains and a different variant
in all insect-associated strains) (17). Actually, we did not detect any strictly habitat-
specific genes or alleles in S. albidoflavus, largely because of the existence of clade II,
which is likely still undergoing transition from entomic to free-living habitats. As the
speciation process within S. albidoflavus has not finished, the habitat-specific variants
are probably still in development, leading to the imperfect ecological distribution of the
adaptive variants (Fig. 3). Intriguingly, the phylogenies based on the habitat-associated
variants (Fig. S2A and S4) are similar to the phylogenomic tree (Fig. 2). This observation
and the differential specificity of these variants among the three phylogenomic clades
(Fig. S2) illustrate that ecological adaptations contribute to the population structure of
S. albidoflavus, which is composed of two habitat-associated clades and a mixed-origin
clade.

The role of recombination in shaping the evolutionary dynamics of S. albido-
flavus. Recombination, especially homologous recombination, is one of the main forces
shaping bacterial evolution (6) and is widespread in streptomycetes, with high rates at
the intraspecies level (13, 24, 25, 67). In this study, the results of four different methods
provide compelling evidence for homologous recombination within S. albidoflavus,
even though the recombination inferred may be underestimated by the traditional
methods based on polymorphic segments (3). The relatively prevalent recombination
detected in the whole species likely serves as a cohesive force to maintain S. albido-
flavus, and the higher recombination rate within each phylogenomic clade may help to
stabilize the genetic structure of the species. Recombination may also act as a powerful
force in shaping the genetic diversity of the free-living strains, as this group has a
similarly higher recombination rate. It is noticeable, however, that the p/6 ratio of all the
entomic strains is lower than that of clade I, encompassing a major subset of the
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FIG 8 Map depicting the sampling locations of strains used in this study. The location symbol colors indicate different habitats (red, soil or plants; green, insects;
blue, sea; black, uncertain), and the text shadow colors indicate the different phylogenomic clades detected in the species (red, clade |; gray, clade II; green,

clade Ill). The geographic origin of strain J1074 is unavailable. The map is derived from Rawpixel Ltd.

entomic group. This could be ascribed to the fact that an evident genetic difference,
which is an important reason for recombination barriers (68), has already emerged
between strains in clade Ill and the other entomic strains. It is perhaps the case that at
one time, a portion of the ancestral entomic strains acquired and retained certain insect
adaptation genes (such as cluster_6235 to -_6243, which contain a fatty acid desaturase
gene) and/or lost certain useless genes (such as the nan gene cluster) (Data Set S1),
causing differential distribution of the strains among habitats. Consequently, this
portion of strains formed a genetically different subgroup that could escape from being
homogenized with the other strains by recombination. Subsequently occurring adap-
tive mutations and genetic drift within the subgroup could spread in it by recombi-
nation in a gene-specific sweep manner but could hardly spread to other S. albidoflavus
strains because the recombination was hindered by genetic distance (and habitat
barriers as well in some cases). This process might lead to the formation of clade Ill and
may finally give rise to a new species that is more suited to entomic habitats.

Potential contributions of geography to the formation of population structure
and evolution of S. albidoflavus. As the sample size of 30 S. albidoflavus strains is
relatively small and the free-living and insect-associated strains are not sympatric, the
fact that they largely cluster in different clades might also be due to geography and
uneven sampling. However, although the free-living strains in clade | were collected
from different areas all over the world (Fig. 8), they show a close evolutionary relation-
ship to each other (Fig. 2). On the other hand, although strains “Streptomyces wadaya-
mensis” A23, CGMCC 4.1681, and CNY228 were isolated from the American continent,
they do not fall in clade I, which contains American insect-associated strains only.
These observations suggest that the biogeographic pattern of S. albidoflavus strains
cannot well explain the population structure, whereas environmental selection could
be a considerable reason by making some strains in disparate geographic areas but
similar habitats undergo similar variations. Hence, despite the fact that our strains were
not sampled from sympatric niches, we can still perform a reverse ecology population
genomic study (3) to obtain valuable information.
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Yet the influence of geographic distribution should not be ignored. As shown in Fig.
8, all the entomic strains used in this study were collected from low-latitude areas, while
the free-living strains came mainly from higher latitudes. It has been reported that the
latitudinal diversity gradient observed for terrestrial streptomycetes can result from
historical demographic range expansion, dispersal limitation, and genetic drift, though
ecological and evolutionary processes cannot be excluded (16). Therefore, both ecol-
ogy and geography may contribute to the formation of population structure and
evolution of S. albidoflavus, and further efforts are needed to investigate larger sample
sizes of both allopatric and sympatric populations in order to fully comprehend
speciation in Streptomyces.

MATERIALS AND METHODS

Strains and genome sequencing. We selected 30 S. albidoflavus strains that captured the previously
characterized geographic distribution and genetic and habitat diversity of this species (13), plus 3 closely
related strains as outgroups. Among them, 5 S. albidoflavus strains and 2 related strains have genome
sequences available in NCBI and the remaining 26 strains were genome sequenced in this study (Table
1). Whole-genome sequencing was performed using the HiSeq 2500 sequencer (lllumina) by Novogene
Bioinformatics Technology Co., Ltd. (Beijing, China). A PCR-free library was prepared for each sample to
generate 125-bp paired-end reads. The library gave more than 140X coverage (sequencing depth) for
each strain with >85% of bases having a quality score above Q20 (base-calling accuracy of 99%) and
>80% of bases having a quality score above Q30 (base-calling accuracy of 99.9%). Genome sequences
were then assembled using SOAPdenovo (69). Contigs were reordered against the complete genome of
the S. albidoflavus reference strain J1074 using the Move Contig tool in Mauve 2.3.1 (70). Whole-genome
ANI was calculated using the Jspecies package (71) based on MUMmer (ANIm) with default parameters.

Genome annotation and determination of orthologous groups. All 33 genomes, including the
previously published genomes, were analyzed under the same strategies, in order to reduce the system
errors caused by different programs or parameters. De novo gene predictions were performed for CDSs
with PRODIGAL v2.6.1 (72). Function annotation of proteins was performed by sequence comparison
with the COG database (30), using BLASTP with an E value of <1e—5 and an identity of >40%. The
significance of gene abundance differences in COG categories was examined using Fisher’s exact test as
implemented in R. InterProScan (73) was used to identify Pfam and Interpro domains within the
predicted protein sets. Secondary metabolite gene clusters were predicted by antiSMASH 3.0 (32).

All proteins longer than 10 amino acids were clustered using OrthoMCL (31) to identify OGs (BLASTP
E value cutoff =1e—5; inflation value =1.5). Genome statistics were visualized using PanGP (74) with the
distance guide sampling algorithm.

Phylogenomics and population structure analyses. For phylogenomic analyses, only OGs con-
taining exactly one gene copy for each of the 33 genomes were used. Codon-based alignments for each
OGs were obtained by aligning the translated protein with MAFFT using the L-INS-i option (75) and
back-translating with PAL2NAL (76). Poorly aligned regions of each codon alignment (mean, 7.92%;
standard deviation, 19.79) were removed by Gblocks (77) with default parameters (except that —t = ¢
was used). The aligned sequences were then concatenated as a single data set in an order of their
locations in the completed genome of S. albidoflavus J1074. Based on SNPs of the alignment, a
maximum-likelihood tree was built using FastTree 2, applying the generalized time-reversible model
(GTR) (78). Phylogenomic analysis was also performed after removing the recombinant OGs identified in
the following recombination estimates. In addition, according to OrthoMCL results, an absence/presence
(0/1) matrix of dispensable genes was built and subjected to hierarchical clustering analysis with 1,000
bootstrap replicates, as implemented in the R package pvclust (79). The population structure of S.
albidoflavus was analyzed based on the core genome SNPs using the model-based Bayesian method
implemented in Structure 2.3.4 (33), in which the admixture model was used with a K value of 2 to 5. The
most optimal value for K was generated using STRUCTURE HARVESTER (80). Reconstruction of gene gain
and loss during the evolution of S. albidoflavus was performed using COUNT (81) with Dollo parsimony.

Detection of habitat-associated genes and SNPs. Pan-GWAS was carried out using Scoary (34) to
identify variants significantly associated with free-living or entomic habitat type. Two 0/1 matrixes were
created, based on the presence/absence of “shell genes” (OGs exist in 16.7% to 86.7% of the S.
albidoflavus strains, i.e,, 5 to 26 strains) in the accessory genome and alleles of SNPs along the core
genome, respectively. A binary matrix was also created using the habitat information of each strain,
indicating free-living or insect associated. Traits with corrected P values (Benjamini-Hochberg) of
association below 0.05 were considered significant. Genes and alleles of SNPs associated with free-living
habitats were identified by an odds ratio of less than 1, and those associated with entomic habitats were
identified by an odds ratio of greater than 1. The distribution of habitat-associated genes was illustrated
by Heml (version 1.0.1) (82).

Test of sialic acid catabolism. Strains possessing the nan gene cluster and strains negative for the
presence of this gene cluster were parallelly tested for the ability to utilize sialic acid as a sole carbon
source. Each strain was precultured on ISP (International Streptomyces Project) medium 2 (83) at 28°C for
5 days, and then spores on a 25-cm? lawn of the culture were collected in 1.5 ml of distilled water. For
the test, 60-ul quantities of the spore suspensions were inoculated, in triplicate, into basal mineral salt
medium agar plates (84) supplemented with 1% (wt/vol) N-acetylneuraminic acid as the sole carbon
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source, and the plates were incubated at 28°C for 5 days. The growth of strains indicated their ability to
catabolize sialic acid.

Detection of siderophore production and mass spectrometric measurement. Strains were grown

in liquid ISP medium 2 at 28°C for 10 days on a shaker at 150 rpm. The production of griseobactin was
detected by the presence of catechol in the supernatant of culture broths with Arnow’s test (40). The
presence of a red color in the solution was recorded as a positive test for catechol. To detect
hydroxamate siderophores in culture broths, the FeCl, test (85) was conducted. To further identify the
hydroxamate siderophores, 100-ml quantities of the culture supernatant were treated by an adsorption
process with 20 ml of macroporous resin HP-20 and eluted with 80 ml of alcohol. The eluate was
concentrated in vacuo to evaporate the solvent and the residue was redissolved in 1.5 ml of methanol
(MeOH) for analysis. After adding excessive FeCl; solution, high-performance liquid chromatography
(HPLC) analysis was performed on a Shimadzu Prominence HPLC system using a Waters Xbridge
octyldecyl silane (ODS) column with a linear gradient of MeOH-H,O from 20:80 to 100:0 over 15 min. The
effluent was monitored at 435 nm. The peak with a retention time of ca. 2.4 min in the HPLC analysis was
collected and freeze-dried. The residue was resuspended in aqueous acetonitrile and the resulting
solution was analyzed by high-resolution ultraperformance liquid chromatography-mass spectroscopy
(UPLC-MS) on a Waters Acquity UPLC BEH C,4 column (2.1 mm by 50 mm, 1.7 um, and 45°C) connected
to a Waters Acquity UPLC/Xevo G2 QTof MS system (Waters Corporation, Milford, MA), equipped with an
electrospray source. The mass peak with m/z 614.2 [M+H]* represented the iron complex of desferriox-
amine B ((MH + Fe-3H]* = ferrioxamine B) (86).

Recombination estimates. SplitsTree version 4.13.1 (47) was employed to construct a network

based on the concatenated single-copy core genes with the NeighborNet algorithm and to calculate the
pairwise homoplasy index (48). In addition, we used PhiPack (48), which performs three different
methods (neighbor similarity score, maximum chi, and phi), to identify genetic recombination occurred
in each single-copy core gene. The potential recent recombination events were identified as having P
values (computed from 1,000 permutations) lower than 0.05 in at least two of the three methods. The
population-scaled mutation rate (6, Watterson’s mutation parameter) and recombination rate (p) in 40
randomly chosen consecutive blocks (each with a length of 10 kb collected from the whole-core genome
alignment) were estimated by LDHat (87) implemented in the RDP4 suite (88). The number of interlin-
eage recombination events, for which donor-recipient relations could be inferred and Bayesian factors
(BF) were >1, was estimated using fastGEAR (49).

Accession number(s). The genome sequences reported in this paper have been deposited at

GenBank under the accession numbers listed in Table 1. Sequencing reads have been deposited at the
NCBI Sequence Read Archive (SRA) under accession numbers SRP127744 and SRP127754.
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