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Abstract
Background  Numerous studies in the past have expanded our understanding of the genetic differences of global 
distributed cyanobacteria that originated around billions of years ago, however, unraveling how gene gain and 
loss drive the genetic evolution of cyanobacterial species, and the trade-off of these evolutionary forces are still the 
central but poorly understood issues.

Results  To delineate the contribution of gene flow in mediating the hereditary differentiation and shaping the 
microbial evolution, a global genome-wide study of bloom-forming cyanobacterium, Microcystis aeruginosa 
species complex, provided robust evidence for genetic diversity, reflected by enormous variation in gene repertoire 
among various strains. Mathematical extrapolation showed an ‘open’ microbial pan-genome of M. aeruginosa 
species, since novel genes were predicted to be introduced after new genomes were sequenced. Identification of 
numerous horizontal gene transfer’s signatures in genome regions of interest suggested that genome expansion via 
transformation and phage-mediated transduction across bacterial lineage as an evolutionary route may contribute 
to the differentiation of Microcystis functions (e.g., carbohydrate metabolism, amino acid metabolism, and energy 
metabolism). Meanwhile, the selective loss of some dispensable genes at the cost of metabolic versatility is as a mean 
of adaptive evolution that has the potential to increase the biological fitness.

Conclusions  Now that the recruitment of novel genes was accompanied by a parallel loss of some other ones, a 
trade-off in gene content may drive the divergent differentiation of M. aeruginosa genomes. Our study provides a 
genetic framework for the evolution of M. aeruginosa species and illustrates their possible evolutionary patterns.
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Background
Evolutionary biology has been guided by a concern for 
the genetic differentiation of living organisms, and evolu-
tionary scenarios have outlined the origins and diversity 
of life forms over time. The accumulating genome data, 
which is rapidly produced as a result of recent techno-
logical and methodological advances such as next gen-
eration sequencing [1], has provided exciting avenues for 
exploring basic knowledge of microbial species’ genetic 
nature. In the past, the advent of omics including com-
parative genomics has fueled the development of evolu-
tionary biology and mapped these possible instances of 
genome turnover events in the tree of life, thus provid-
ing a wider perspective on characterizing the microbial 
evolution. Development of evolutionary genomics has 
recently revealed the inter- and intra-specific differentia-
tion, suggesting that species- and lineage-specific genetic 
variation significantly contributes to adaptive genotypic 
diversity [2, 3]. Comparison of genome organization and 
gene repertoire was commonly employed to identify the 
homologous and non-homologous genes of diverse spe-
cies in a given taxon and to further predict their putative 
exchange of genetic information in an evolutionary lin-
eage. These genetic exchange events in natural popula-
tion as an evolutionary force have great potential to cause 
the functional diversification. In short, current knowl-
edge on evolutionary biology has extended our under-
standing of gene flow that driven the genetic evolution of 
microbial individual and communities [4–6].

For decades, large genome-scale studies highlighted the 
gene gain and loss in the gene pool as a pervasive source 
of genetic change that played a critical role in shaping 
microbial genome [6–9]. As the major driving forces 
contributing to the microbial genome evolution, gene 
acquisition is often accompanied by events of horizontal 
gene transfer (HGT), and the loss of genes and genome 
segments is also important for genome differentiation 
[8–11]. In general, HGT is well-known as a crucial fac-
tor contributing to the evolution of bacterial genomes 
[12–14]. In the last few decades, numerous studies have 
been attempted to explain the HGT events in prokary-
otic genomes. For instance, the “complexity hypothesis” 
[15, 16] indicates that informational genes are consid-
ered to be seldomly horizontally transferred compared to 
operational genes. In addition, several existing theories 
for genome reduction have also been proposed in some 
organisms [17, 18], such as streamlining (streamlining 
hypothesis), community-dependent adaptation (Black 
Queen Hypothesis), an increased mutation rate (mutator 
strain hypothesis), and symbiotic lifestyle. Collectively, 
genome expansion and reduction are recognized as par-
allel evolutionary pattern in microbial life.

In the long-term evolution, cyanobacterial species has 
inherited the dual role as both oxygen-producing and 

bloom-forming bacteria [19, 20]. As the most important 
primary producers on our planet, cyanobacterial popula-
tions are frequently found in various aquatic ecosystems 
worldwide, and play important roles in biogeochemical 
cycles in their living habitats, which may provide ideal 
materials for the exploration on basic knowledge of adap-
tive evolution [21]. As one of important members, cya-
nobacterial genus Microcystis is capable of aggressive 
expansion in its native dynamic environments [22]. Pre-
vious genetic and genomic studies revealed that Micro-
cystis populations are globally distributed and constitute 
a homogeneous gene pool [23–26], so they are often 
considered as a study model of genetic evolution and 
niche adaptation [27]. Unicellular Microcystis with high 
phenotypic plasticity has the capability of forming colo-
nies that are covered by mucilage [28]. The application 
of multiple taxonomic criteria, such as colony morphol-
ogy, mucilage structure, and cell shape, has traditionally 
classified Microcystis into several morphospecies or mor-
photypes [28–30], such as M. aeruginosa, M. wesenbergii, 
M. panniformis, and M. flos-aquae. In the past decades, 
numerous sequenced genomes of Microcystis species 
are deposited at the genome repository, yet we do not 
know how gene gain and loss of Microcystis strains con-
tribute to their genetic evolution, and the trade-off and 
links between these traits. Thus, it is of interest to per-
form the deep mining of genome data from Microcystis 
isolates, such as systematic studies on phylogeny evolu-
tion. Despite the high sequence identity with respect to 
their core genome, Microcystis have shown a great deal 
of genotypic diversity [23] and frequent homologous 
recombination [24, 31, 32], characterized by the pres-
ence of large accessory genome. For instance, genetic 
studies revealed that some but not all Microcystis isolates 
have the ability to synthesize the secondary metabolites 
or harmful toxins such as the potent microcystin (MC), 
which causes massive mortality and poisoning events of 
livestock, wildlife, and even humans [33–36]. It has been 
widely acknowledged that accessory genes across species 
boundaries are an important basis for microbial genetic 
diversity, and thus identifying such genes might provide 
insights into cladogenic adaptation to diverse local envi-
ronments, resulting in divergent evolution of microbial 
species.

On basis of its morphological characteristics, Micro-
cystis, a bloom-forming cyanobacterial genus, can be 
divided into various morphospecies [27]. Over decades, 
numerous Microcystis isolates have been obtained 
from a diverse range of aquatic environments world-
wide and genomically sequenced. As of June 2021, 173 
genomes from different Microcystis morphospecies were 
sequenced and released into public databases (Table S1). 
The rapidly growing number of sequenced genomes pro-
vides insights into the genetic basis of Microcystis strains 
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[23, 27, 37–39]. Here, we performed a comprehensive 
and genome-oriented study to investigate the genetic 
basis, functional roles, and evolutionary lineages of these 
Microcystis strains. Phylogenomic analyses spotted the 
coherence of Microcystis morphospecies, which sup-
ported the unification of globally distributed Microcystis 
strains into the M. aeruginosa species complex. Math-
ematical extrapolation further suggested the genetic 
expansion of M. aeruginosa isolates, reflected by the 
continuous introduction of new genes. In addition, varia-
tions in gene content were observed among M. aerugi-
nosa strains, and analyses on functional profile showed 
their differences in metabolic potential. Furthermore, 
genome regions with accessory genes were compared to 
identify the patchy distribution of orthologues across M. 
aeruginosa species, and the events of cross-species gene 
gain and gene loss as parallel evolutionary strategy may 
contribute to the divergent differentiation of M. aerugi-
nosa genomes. This study’s findings suggest the genetic 
diversity of M. aeruginosa species and extend the under-
standing of trade-off between gene gain and gene loss in 
evolution.

Methods
Sample selection and whole genome comparison
To explore their genetic diversity and allopatric specia-
tion, up to 173 draft/complete genomes from different 
Microcystis morphospecies were collected from the Gen-
Bank database (Table S1). The quality of these bacterial 
genomes was evaluated using the CheckM package [40] 
with built-in parameters, and genome assemblies with 
completeness above 95% were used to assess the degree 
of genome similarity between pairs of Microcystis strains. 
Values of ANIm, and correlation index of tetranucleo-
tide signature (Tetra) were calculated using the pairwise-
comparison-based JSpeciesWS [41] with the following 
parameters: query length, 1,020  bp; sequence identity 
cut-off, 30%; and alignment cut-off, 70%. A threshold 
value for species definition (95%) was employed to deter-
mine whether Microcystis strains belong to the same phy-
lospecies (Table S2). The available genome datasets (106) 
were selected for BLASTP-based all-versus-all alignment 
using the PanOCT v3.18 program [42] with the following 
criteria: match length cut-off, 65  bp; sequence identity 
threshold, 65%; and E-value cut-off, 1e− 5. Architecture 
and gene repertoire of the flexible genome including 
orthologous and non-orthologous genes was visualized 
using the Circos software [43]. In addition, the web server 
CVTree3 [44] using a composition vector approach was 
employed to construct the whole-genome-based and 
alignment-free phylogenetic tree, with Gloeocapsa sp. 
PCC 7428 as an outgroup.

Mathematical extrapolation for Microcystis genomes
To evaluate the plasticity and potential expansion of 
Microcystis genomes, a mathematical model based on 106 
available genomes (Table S2) was constructed to extrapo-
late the sizes of the core genome and pan-genome with 
the sequential inclusion of sequenced genomes, as pre-
viously described [3, 45]. In this study, we employed the 
BPGA pipeline [46] for mathematical extrapolation by fit-
ting the exponential equation [Fc (n) = κcexp (-n/τc) + Ω] 
and empirical power-law equation [Ps (n) = κnγ] respec-
tively, in which Fc (n) and Ps (n) respectively denote the 
extrapolated sizes of the core genome and pan-genome, 
n means the number of Microcystis genomes, and κc, τc, 
Ω, κ, and γ are the fitting parameters. The exponent γ < 0 
indicates that the Microcystis pan-genome is ‘closed’; oth-
erwise, it is ‘open.’

Functional annotation of Microcystis strains
Amino acid sequences from gene repertoire of Microcys-
tis isolates were extracted using the in-house Perl script, 
and long sequences above 100 aa were then used for COG 
classification via BLASTP alignment against the extended 
COG database [47]. To explore the metabolic potential of 
Microcystis isolates, KEGG Automatic Annotation Server 
(KAAS) [48–51] with default settings was used for KEGG 
Orthology (KO) assignments and metabolic prediction. 
Normalization for the abundance of COG category and 
KEGG profile were conducted by comparing them to 
the average abundance, and heatmap was employed to 
visualize the normalized dataset using the R package 
‘pheatmap’. In addition, Euclidean distance-based mea-
sure was calculated using the R package ‘gplots’ v2.3.1 to 
implement the clustering of different functional catego-
ries, and the optimum number of cluster was estimated 
by statistical test. Genes corresponding to COG and/
or KEGG categories were counted and visualized using 
the software GraphPad prism 8, and standard deviation 
was introduced to measure the level of statistical disper-
sion. Furthermore, core genome, dispensable/accessory 
genome, and unique genes of Microcystis strains were 
functionally annotated against both COG and KEGG 
database. For these non-normal distribution data, statis-
tical analysis with Spearman rank correlation was per-
formed to explore the possible link between genome size 
and KEGG categories, including ‘cellular processes’, ‘envi-
ronmental information processing’, ‘genetic information 
processing’, ‘metabolism’, and ‘organismal systems.’

Secondary metabolites are natural products usually 
synthesized by microorganisms, and are not essential 
for microbial growth but confer a selective advantage 
on these organisms. Comparison of these gene clusters 
potentially involved in the biosynthesis of secondary 
metabolites, to some extent, may expand our under-
standing of diversity and evolution of the accessory 
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genome of Microcystis species. In this study, we used a 
web platform antiSMASH 5.0 [52] to rapidly predict and 
annotate the putative biosynthetic gene clusters (BGCs) 
related to secondary metabolites in Microcystis genomes, 
and then chosen the BGCs having relatively higher simi-
larity (> 30%) with the reference sequences. Furthermore, 
the correlation and differences amongst these distinct 
groups were statistically analyzed by Kruskal-Wallis’ rank 
sum test through SPSS statistical package program. For 
these dichotomous variables, Fisher’s exact probabilities 
test as the measure of association rules analysis was used 
to estimate the statistical difference.

Gene turnover evaluation of Microcystis isolates
As a driving force that shapes the content of micro-
bial genomes and contributes to their evolution, HGT 
events frequently occur in microbes and are commonly 
regarded as an effective means of rapid changes in the 
genetic makeup to adapt to the fluctuating environ-
ments [10]. In general, much of the observed HGT events 
are considered to be attributed to the action of mobile 
genetic elements (MGEs), which are often characterized 
by certain remarkable sequence signatures, e.g., integra-
tion sites, accompanied with tRNA genes, varied codon 
usage, and/or abnormal G + C contents [8, 53, 54]. In 
our study, putative transposase and integrase were pre-
dicted using the platform ISfinder [55] with the following 
parameters: query length cut-off, 65  bp; sequence iden-
tity cut-off, 65%; and E-value threshold, 1e− 5. Prophinder 
[56] was used to detect the phage-associated genes via 
BLASTP search with an E-value cut-off of 1e− 3 against 
the ACLAME database for proteins of viruses and pro-
phages. According to the KO assignments, signature 
of bacterial conjugation (i.e., type IV secretion system, 
T4SS) was identified in all Microcystis strains. Addition-
ally, tRNAscan-SE [57] was used for searching and ana-
lyzing the tRNA genes. Finally, all predicted results were 
manually checked.

In light of the results calculated by statistical inference, 
metabolism-associated genes having significant statisti-
cal difference among these groups were collected and 
mapped to the corresponding genome regions. In this 
study, 50 genome regions with accessory genes of inter-
est were compared and visualized, and these accessory 
genes were then used to identify the potential cross-spe-
cies HGT events via aligning against a truncated NCBI-
NR database where nucleotide sequences of Microcystis 
strains were excluded, as described by a previous study 
[8]. Statistics and visualization for the number of putative 
alien genes derived from other microbial donors were 
then performed using the software MEGAN6 [58].

Results
Phylogenomic analyses of Microcystis strains
In our study, 173 publicly available genomes (Table S1) 
from different Microcystis morphospecies [27] were 
collected for phylogenetic and gene content analyses 
to gain insights into their global genetic traits. Among 
these Microcystis isolates from various aquatic ecosys-
tems, genome sizes significantly varied ranging widely 
from 1.44 to 5.89 Mbp. Quality index of each Microcys-
tis genome was firstly evaluated, and 161 genomes with 
high quality (completeness ≥ 95%; contamination ≤ 5%) 
were retained to analyze genome constitution and struc-
ture. Based on genome mapping and full sequencing, 
whole-genome-wide comparison, the replacement of 
conventional laboratory-based DNA-DNA hybridization, 
was employed for phylospecies delineation, with average 
nucleotide identity (ANI) based on MUMmer algorithm 
(ANIm) and correlation coefficient of tetranucleotide 
frequency (Tetra) as the indicators. In this measure-
ment, values of ANIm (≥ 95%) and Tetra (≥ 0.99) between 
pairs of bacterial genomes [59] were calculated to deter-
mine the unification of query genomes. Interestingly, our 
results (Table S2) revealed that these 106 Microcystis iso-
lates were highly likely to be assigned into the same phy-
lospecies, although they were once considered to be from 
diverse morphospecies (Table S1). Accordingly, we pro-
posed that all of these strains belonged to the common 
Microcystis aeruginosa species complex, with NIES-843T 
(= IAM M-247T) [26, 29, 60] as the type strain.

Genome-scale analyses and comparisons of genome 
structure
To comprehensively depict the genotypic diversity of 
M. aeruginosa species, the aforementioned genomes of 
Microcystis strains from a broad spectrum of ecological 
niches were selected for detailed comparative genomic 
analysis and data mining, excluding three genomes with-
out sequence information. In terms of relative gene con-
tent, the number of protein-coding genes among these 
106 Microcystis isolates ranged from 3,986 to 5,643, 
with a median number of 4,911 (Table S1). Based on 
the mapped genomes (Fig.  1A), there was a significant 
variation and genetic diversity among the M. aeruginosa 
isolates including NIES-843T, characterized by numer-
ous non-match sequences. Although shared a set of 893 
homologous genes, M. aeruginosa harbored much more 
flexible genes including strain-specific genes, which 
are not essential for bacterial growth but the important 
components contributing to species diversity and con-
ferring the selective advantages such as niche adaptation 
[61–63]. In light of the patchy distribution of orthologous 
and non-orthologous genes, it may reflect the non-simul-
taneous and multi-site gene flow events among these 
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Microcystis strains, suggesting that members of M. aeru-
ginosa species complex were genetically distant.

For each strain, only a fraction of genes (15.82–22.40%) 
were specified as the components of core genome, while 
the high proportion of genes were assigned to be the flex-
ible ones, ranging from 70.47 to 78.49% (Fig. 1B). In our 
study, M. aeruginosa isolates were predicted to harbor 
various amounts of strain-specific genes varying from 
0 to 397. In addition, a large number of accessory genes 
accounted for the majority of gene repertoire, and the 
amount significantly differs from each other, suggesting 
that M. aeruginosa species was shown to have a high level 
of intra-specific genetic diversity. Using strain NIES-843T 
as a case (Fig.  1C), the observed variability in genome 
structure further indicated a significant degree of genome 
plasticity in the organization of genetic elements.

Extrapolation for evaluating the genome expansion of M. 
aeruginosa species complex
In this study, structural genomics analysis indicated that 
differences in genome composition and organization 
were frequently identified and marked in M. aeruginosa 
strains (Fig.  1A-C). To evaluate the genome differentia-
tion and intra-specific variation, a mathematical model-
ing was firstly simulated to evaluate the common genes 
shared by all M. aeruginosa isolates. Numerically, a sum 
of 803 genes constituted the core genome of M. aeru-
ginosa species. As expected, exponential equation [Fc 
(n) = 2607.27e− 0.0111113n] demonstrated an extrapolated 
curve following a gentle slope, suggesting that the num-
ber of shared genes sequentially decreased with the addi-
tion of each new Microcystis strain, and the number of 
core genes asymptotically reached a minimum value after 
the addition of the 106th Microcystis genome (Fig. 1D).

Furthermore, M. aeruginosa pan-genome was predicted 
to harbor a total of 444,023 genes, of which 17,853 were 
non-redundant (or non-repetitive). Noteworthily, the 
empirical power law equation [Ps (n) = 4474.66n0.287432] 
(Fig.  1D), with the exponent 0 < γ < 1, further suggested 
that the expected size of M. aeruginosa pan-genome 
was simulated to follow the Heaps’ law [64] and would 
increase with the number of independently sequenced 
genomes, and thus M. aeruginosa pan-genome might be 
‘open’; the finding was similar to a previous study [23]. In 
individual evolutionary process, these genetic modules 
may undergo gene recruitment as a structural compo-
nent of bacterial genomes in a number of independent 
events. Our mathematically extrapolated model revealed 
the genome diversity within M. aeruginosa species, as 
novel genes were detected with the introduction of each 
newly sequenced genome. In other words, our prediction 
model suggested that novel strain-specific genes would 
be added into the M. aeruginosa pan-genome with the 

inclusion of new strains, probably resulting in a genetic 
expansion.

Whole-genome-wide functional profiling of M. aeruginosa 
species
To trace the potential evolutionary dynamics of M. aeru-
ginosa species complex, a genome-based phylogeny was 
analyzed, and ancestral states were constructed and esti-
mated at all nodes of the phylogenetic tree (Fig. 2A). Our 
results revealed that genetic divergence between strain 
pairs was expected at each branch, and all of these geno-
types were phylogenetically grouped into three distinct 
clusters, which reflected in large degree the hereditary 
variation among strains from different groups in evolu-
tion. In this study, the plausible evidence was likely to 
support the clustering of strains NIES-2549 and NIES-
2481, both isolated from the freshwater of Lake Kasum-
igaura in Japan. In an earlier study, a similar phylogenetic 
tree using hundreds of cyanobacterial genomes indicated 
that strains from the same habitats frequently formed the 
branching clusters, suggesting the association between 
genetic variation in cyanobacterial genomes and habi-
tat adaptation, as well as the importance role of ecologi-
cal constraints in shaping the evolution of cyanobacteria 
[21]. In addition, various strain-level genetic clustering 
and temporal-spatial patterns of strain abundance indi-
cated the ecologically distinct sub-structural clusters 
[65]. However, our results revealed that much more M. 
aeruginosa strains in the same clusters were character-
ized by distinctive habitats and geographic distribution, 
thereby more compelling evidence should be provided in 
the future studies to support the possible relatedness.

To take a global view of functional modules and their 
connection with genome diversification, M. aerugi-
nosa genomes were used to be functionally annotated 
and classified into COG categories and KEGG profiles 
by alignment against the extended COG database [47] 
and manually curated KEGG GENES database [48–51], 
respectively. As depicted in Fig.  2A-B, the classification 
of protein-coding sequences suggested the genetic diver-
sity and highly plastic nature of M. aeruginosa genomes, 
since there was a significant difference in the distribu-
tion and relative abundance of genes in COG and KEGG 
functional categories. Furthermore, clustering of func-
tional modules suggested a potential relationship among 
the elements in the matrix networks, as evidenced by 
the grouping of various gene sets. The set of functional 
genes was further used to map the statistical dispersion 
(Fig. 2C), and data sets characterized by high dispersion 
degree can reflect the distinct differences of gene count 
in different functional categories, such as COG catego-
ries [S] (function unknown), [L] (replication, recombi-
nation and repair), and [R] (general function prediction 
only). As for KEGG profile (Fig. 2D), functional genes in 
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categories “protein families: signaling and cellular pro-
cesses” were predicted to be highly dispersed, followed 
by that in “unclassified: genetic information processing”, 
“protein families: genetic information processing”, and 
“carbohydrate metabolism”. In short, differences in gene 
count in various functional categories further supported 
the result above that genome variation and genotype 
diversity were naturally present in M. aeruginosa strains.

Functional analyses focusing on gene sets with particular 
functionalities
Genome-oriented genetic comparison revealed an over-
all view of the individual-level functional heterogeneity 
in M. aeruginosa isolates, and enriched the understand-
ing of intra-specific divergence of bacterial genome in 
functional traits. To further investigate the roles of vari-
ous functional modules in shaping genome architecture 
and diversity, functional gene sets were classified and 
statistically analyzed. As expected, the majority of core 
genes with known function were related to metabolism 
(Fig.  3A). Sub-category classification analysis further 
suggested that these genes were significantly enriched 
in COG category [E] (amino acid transport and metabo-
lism), followed by COG categories [J] (translation, ribo-
somal structure, and biogenesis), [C] (energy production 
and conversion), [M] (cell wall/membrane/envelope bio-
genesis), and [O] (posttranslational modification, pro-
tein turnover, chaperones). Furthermore, KEGG pathway 
annotation also revealed that most genes in core genome 
were categorized into the group “metabolism” (Fig.  3B). 
In addition to core genes, over half of the genes in each 
M. aeruginosa strain were assigned to the dispensable 
genome, suggesting a significant genetic diversity in the 
intra-species. In both COG and KEGG annotations, most 
of accessory and unique genes in M. aeruginosa genomes 
were predicted to be involved in metabolism, indicating 
that these genes may contribute to genome expansion 
and functional recruitment in evolution.

To further study the correlativity between genes in 
various functional modules with total genes, scatterplot 
matrix was employed to analyze the distribution pattern 
of data sets and evaluate the trend in quantitative asso-
ciation (Fig.  3C), which suggested that these variables 
were linearly related. Using these non-normal distribu-
tion data, Spearman rank correlation test was performed 
to analyze the potential contribution of functional mod-
ules to the genome size. In this correlation analysis 
(Fig. 3D), all variables were significantly positively corre-
lated with each other (P < 0.05), and the correlation coef-
ficient between genes in metabolism category and total 
genes (ρ = 0.59) was the largest, probably suggesting that 
the greatest contribution of metabolism-related genes to 
genome difference. In addition, there was also a relatively 
high correlation between genes in metabolism category 

and that in other categories. As a measure of statistical 
dispersion, standard deviation was further used to eval-
uated whether the set of metabolism-related genes in a 
collection were clustered around the mean (Fig. 3E). High 
values in KEGG sub-categories “carbohydrate metabo-
lism” (σ = 14.575), “amino acid metabolism” (σ = 11.175), 
and “energy metabolism” (σ = 11.107) indicated that gene 
sets in these groups were widely scattered, which means 
that functional genes in these sub-categories were spread 
out over a relatively broader range, and their numbers in 
M. aeruginosa strains were significantly different.

Comparisons and analyses of metabolic potential of M. 
aeruginosa strains
To acquire more detail to extend the understanding of 
these KEGG sub-categories above, corresponding genes 
in the third functional hierarchy were further compared 
and mapped to KEGG pathway. Comparative analyses 
suggested the copy number and distribution of functional 
genes involved in various metabolic pathways, show-
ing that there was a high degree of divergence, and all of 
these genes were scattered in various functional modules 
in M. aeruginosa isolates (Fig. 4A). Furthermore, Fisher’s 
exact probabilities test using these dichotomous variables 
revealed that the differences between groups were statis-
tically significant (P < 0.05) in KEGG categories “amino 
sugar and nucleotide sugar metabolism”, “carbon fixa-
tion pathways in prokaryotes”, and “nitrogen metabolism”, 
and were highly significant (P < 0.01) in KEGG categories 
“pentose phosphate pathway”, “photosynthesis - antenna 
proteins”, “carbon fixation in photosynthetic organisms”, 
“sulfur metabolism”, “alanine, aspartate and glutamate 
metabolism”, “cysteine and methionine metabolism”, and 
“arginine biosynthesis.”

Fig. 1  Comprehensive analyses of structural genomes of M. aeruginosa 
isolates. A Structural features and genetic differences of M. aeruginosa 
genomes. Comparison of genome architecture was conducted to illumi-
nate the diversity of M. aeruginosa strains as to gene content, using strain 
NIES-843T as the reference. The presence and absence of genes in each 
strain are shown in green and red color, respectively. B Statistics and vi-
sualization for the number of accessory genes and unique genes. Micro-
cystis genomes are labeled and sorted according to their numeric value. 
More details for their order are listed in Table S2. C Circular representation 
of whole-genome of type strain (NIES-843). Gene repertoire, dispensable 
genes, and core genes are shown on the 1st to 3rd ring from the outside. 
Columns with different colors indicate different COG functional catego-
ries, including ‘information storage and processing’ (red), ‘cellular processes 
and signaling’ (blue), ‘metabolism’ (green), ‘poorly characterized’ (purple), 
and ‘no hits’ (black). Moving inward, predicted insertion sequences, tRNA, 
and G + C content are displayed on the 4th to 6th circles. D Genome-
based mathematical extrapolation of M. aeruginosa. The small bar symbols 
in orange and cyan mean the number of pan-genome and core genome 
of each strain of M. aeruginosa, respectively. A detailed description of mod-
eling approaches was shown in section mathematical extrapolation for M. 
aeruginosa genomes. Especially, the exponent 0 < γ < 1 and γ < 0 indicates 
that pan-genome of M. aeruginosa is ‘open’ and ‘closed’, respectively
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Microbial secondary metabolites are compounds with 
diverse and sophisticated chemical structures, gener-
ally produced by certain restricted taxonomic groups. 
In this study, analyses of sequenced genomes indicated 
that many biosynthetic gene clusters (BGCs) related to 
secondary metabolites were predicted in M. aeruginosa 

genomes (Fig.  4B). More specifically, various BGCs 
with different sizes, ranging from 4.4 to 90.6 Kbp, were 
dispersed in diverse genome regions of M. aeruginosa 
strains, and their nature products mainly included non-
ribosomal peptide, followed by polyketide, microviri-
din, and cyanobactin. In these BGCs, differences in 
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piricyclamide, phenalamide, and anabaenopeptin NZ857 
between groups were significant (P < 0.05), and that in 
microcystin (MC)-LR, kawaguchipeptin A, and aerugi-
nosin 98-A were highly significant (P < 0.01). These bioac-
tive compounds are often considered to be the product of 
“cryptic” synthetic pathways [66], and are not necessary 
for the normal growth, development, and reproduction 
of microorganisms, but serve diverse survival functions 
in nature. For instance, BGCs for MC synthesis were pre-
dicted in the genomes of several M. aeruginosa strains, 
such as NIES-843T (NC_010296: 3,466,516–3,557,123), 
CACIAM 03 (MCIH01000026: 1–65,855), and SPC777 
(ASZQ01000275: 44,826 − 104,107). This metabolite, 
originally identified as Fast-Death Factor [67], was gen-
erally regarded as a toxin that harmfully affected the liv-
ing organisms including humans. Furthermore, genome 
regions in some M. aeruginosa isolates were predicted to 
have a homology of 100% to the BGCs for natural com-
pounds, such as microviridin B, cyanopeptin, and micro-
peptin K139.

Comparison of genome regions with flexible genes of 
interest
In light of the significant genetic difference in meta-
bolic pathways (such as “pentose phosphate pathway” 
and “amino sugar and nucleotide sugar metabolism”) 
and BGCs related to secondary metabolites (such as 
MC-LR and kawaguchipeptin A), it is of interest to map 
these functional genes into the corresponding genome 
regions to further study the architecture composition of 
these regions with flexible genes. Phylogenomic analysis 
divided these M. aeruginosa isolates into three clusters 
(Fig. 2A), and many functional regions of interest in dif-
ferent clusters had a wide variation in genotype, as evi-
denced by the complex organization of conserved blocks 
which were cross-strand and colinear syntenic (Fig. 5A). 
Using type strain NIES-843T as the reference, numer-
ous dispensable genes were predicted, accompanied by 
the identification of mobile genetic elements (MGEs), 
such as transposases, integrases, and phage-associated 
genes (Fig. 1C and Table S3). Since MGEs were typically 
regarded as HGT’s signature, their substantial existence 
suggested that HGT events might significantly contrib-
ute to genome evolution and diversity of M. aeruginosa 

Fig. 2  Whole-genome-wide functional annotations of M. aeruginosa strains. Taxonomic partitioning of M. aeruginosa strains was conducted using 106 
whole genomes, and three distinct groups or clusters were highlighted and numbered. Relative abundance of genes associated with COG categories (A) 
and KEGG profiles (B) in M. aeruginosa genomes were analyzed. Additionally, statistics for gene count in COG (C) and KEGG (D) functional categories was 
shown to illuminate the statistical dispersion of gene sets in M. aeruginosa genomes. Both COG categories and KEGG profiles were grouped based on 
Euclidean distance. The abundance ratio was normalized by sample mean and was exhibited using heatmap with color gradients. A positive and negative 
number on the scale bar indicate the value above and below the average abundance, respectively
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strains. Similarly, around 11% of genes in each M. aeru-
ginosa genome were estimated to be introduced result 
from HGT events in a previous study [23].

Flexible genes in these 50 genome regions were used 
to be annotated against a truncated NCBI-NR database. 
Results showed that although the translated sequences 
of most accessory genes were phylogenetically affiliated 
with phylum Cyanobacteria, there were many sequences 
assigned to other phyla, such as Proteobacteria (Fig. 5B), 

suggesting that alien species across other bacterial phyla 
may act as the potential gene donors. In other words, 
M. aeruginosa genomes were likely to undergo cross-
species HGT events that driven their genetic evolution. 
Noteworthy, many sequences with BLASTP hits were 
observed, and some were matched to unclassified viruses. 
Further analyses revealed that many of alien genes were 
predicted to be involved in metabolic pathways, such 
as carbohydrate metabolism, energy metabolism, and 

Fig. 3  Genome-oriented functional analyses of M. aeruginosa species. A Visualization for gene sets related to COG categories and sub-categories. B 
Statistics and comparison of KEGG-associated genes. For both COG categories and KEGG profiles, core genes, accessory genes, and unique genes are 
counted and compared, and the relative percentages of these genes were plotted with a histogram. C Scatter diagram depicting the relation between 
genome size and KEGG-based functional genes. In the coordinate systems, symbols on horizontal axis indicate the counts of genes associated with dif-
ferent functional units in individual strains of M. aeruginosa, and that on vertical axis represent the total number of genes. D Correlation analysis between 
genome size and functional genes. Spearman rank test was used to measure the correlation, and correlation coefficient and color gradation were applied 
to value the correlation degree, with the P-value detection significant level. E Difference comparison of M. aeruginosa genomes on a metabolism scale. 
Standard deviation was used to describe the dispersion degree of genome-related datasets, and genes associated with ‘carbohydrate metabolism’, ‘energy 
metabolism’, and ‘amino acid metabolism’ were accordingly used for subsequent analyses
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Fig. 4  Comparative analyses of metabolism-related functional genes. A Statistics and comparison of genes associated with metabolic function. Relative 
abundance of metabolism-related genes in each strain are shown using a heatmap. B Predicted biosynthetic gene clusters (BGCs) related to secondary 
metabolites in strains of M. aeruginosa. Sequence similarity was calculated to identify and predict the functionality of gene clusters, and similarity de-
gree between query sequences and reference sequences were shown by the color gradation of each bar. For statistical difference analysis, non-normal 
distribution data and dichotomous variable were analyzed by Kruskal-Wallis’ rank sum test and Fisher’s exact probabilities test respectively, and ‘*’ and ‘**’ 
indicate P-value below the threshold of 0.05 and 0.01 respectively
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amino acid metabolism (Fig. 5C). The findings suggested 
that this kind of extensive recruitment probably contrib-
ute to functional diversity of M. aeruginosa species.

In addition, the kind of genome reduction resulting 
from concurrent evolution was also observed in some 
M. aeruginosa strains, since there was no MGEs in the 
neighborhood of these genome regions. For instance, a 
suite of gene cluster (mcyCBADEFGHIJ) encoding MC 
synthetase was observed in most M. aeruginosa strains 
(genome region 33 in Table S3). As one of the critical 
characteristics, the potential to synthesize MC confers 
divergent functional roles on MC-producers. In these 

MC-synthesizing strains, mcy gene clusters were sig-
nificantly similar as to the gene content, order, and ori-
entation. To further investigate the possible origin of 
mcy genes in Microcystis genomes, signatures of HGT, 
including transposases, integrases, and phage-associated 
genes, were predicted at the upstream and downstream 
of mcy gene cluster. Results suggested no insertion ele-
ments present in these M. aeruginosa genomes, which 
indicated that the genetic basis for MC-producing ability 
might be vertically inherited from the common ancestor, 
and the absence of mcy gene cluster in these non-toxic 
strains was more likely to result in genome reduction. 

Fig. 5  Analyses based on genome regions with accessory genes of interest. A Comparison of 50 variable genome regions among M. aeruginosa strains. 
Herein, each row in this figure corresponds to one strain, and each column indicates a gene in the respective genome region. More details for these 
genome regions were shown in Table S3. B Taxonomic distribution of accessory genes with non-self BLASTP first hits in these sequenced genomes of 
M. aeruginosa. Sequences of these genome regions with accessory genes were used to be aligned against a truncated NCBI-NR database, in which se-
quences from Microcystis strains were excluded. C Functional assignments of these accessory genes using an online platform KAAS. Different colored balls 
indicate the number of genes associated with different functional categories
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The similar results were obtained in some other genome 
regions such as regions 20 and 36 (Table S3), in which 
components of phosphate ABC transporter and glucosyl 
transferase were present in most but not all Microcystis 
isolates. Accordingly, we thus proposed a possible sce-
nario that the early gene flow events had created diverse 
paralogous ancestors, and these ancestors might evolve 
into distinctive groups.

Discussion
Considering that colony morphology alone cannot accu-
rately delineate the Microcystis species, it has been sug-
gested that regrouping of multiple morphospecies is 
necessary [26, 29, 68]. The limited effectiveness of mor-
phological characteristics for species delineation has led 
to a search for alternative strategies for these morpho-
logically characterized species. Additional systematic 
approaches, such as 16  S rRNA gene sequence identity, 
DNA-DNA hybridization, conserved genes-based phy-
logenetic analysis, and ANI calculation, have been then 
attempted to re-evaluate the taxonomic status of Micro-
cystis morphospecies [23, 26, 29, 31, 69, 70]. To infer 
the phylogeny of bacterial species, metric employing 
sequenced genomes instead of 16  S rRNA genes pro-
vided efficient evidence for phylospecies definition. In 
our study, 106 Microcystis genomes were used for ANIm 
and Tetra calculation (Table S2), and our results might 
support the unification of globally distributed Microcys-
tis strains as a single-species complex. However, an ear-
lier phylogenomic analysis indicated that M. aeruginosa 
was paraphyletic with geographically unstructured pat-
terns, and a substantial genetic substructure that poten-
tially contains multiple sub-species was observed within 
a 95% ANI cluster of M. aeruginosa [27]. In this case, the 
improved criteria using additional characteristic parame-
ters such as recombination rate have been proposed to be 
likely to compensate for the morphology- and genome-
informed species definition [71–73].

A systematic investigation using 106  M. aeruginosa 
isolates presented a coherent picture of intra-specific 
differences in genome structure, evidenced by the high-
genetic diversity and variable gene content (Fig.  1A-C). 
Consistent with previous studies [23, 26, 74], large dis-
pensable genome representing the most of M. aeruginosa 
gene repertoire were diverse and divergent, although 
core genome shared by all M. aeruginosa strains were 
highly similar and conserved. In the evolutionary genom-
ics, species cohesion was maintained across most of 
the core genes, while accessory genes were generally 
recognized to be flexible and could be exchanged with 
gene pool across species boundaries. To further assess 
the genome expansion of M. aeruginosa species, twelve 
genome-based mathematical modeling in a previous 
study [23] indicated that M. aeruginosa had a large open 

pan-genome, and its size was largely underestimated, 
as the gene accumulation curve did not reach a plateau. 
Similarly, the extrapolation model in our study was con-
structed using up to 106 available genomes and the result 
predicted that M. aeruginosa pan-genome was still open 
(Fig. 1D), probably suggesting that novel genes would be 
introduced with the addition of sequenced genomes. In 
Microcystis spp., hereditary differences were apparent, 
and this fine-scale diversity exerted significant influence 
on biological phenotype, highlighting the importance of 
diversity within Microcystis species, and the genetic traits 
that probably underpinned the ecological differentiation 
of taxa [65]. A genome-wide functional analysis with 
large-scale sequence alignment further revealed that the 
distribution and relative abundance of genes in diverse 
functional modules were significantly different within 
M. aeruginosa strains (Fig.  2A-D). Studies on genetic 
traits have suggested the significant differences between 
Microcystis strains [75, 76], and each of them was usually 
independently considered, but in reality these traits were 
intertwined [65]. The clustering of functional modules 
in our study may also support the potential relatedness 
between genetic traits. However, available phenotypic 
data of Microcystis strains is limited, and the lack of map-
ping of phenotypic traits to genetic clusters highlights a 
knowledge gap that should be studied. This greatly hin-
ders the further explanation for the clusters of functional 
groups, and puts more requirements for future work to 
study the correlation between phenotypic traits across 
strains.

Consistent with a previous study [23], classification and 
statistical analyses of gene sets revealed the various abun-
dances of core and flexible genes of M. aeruginosa isolates 
in different functional categories (Fig.  3A-B), indicating 
that the uneven distribution of genetic resources across 
Microcystis taxa might contribute to the potential func-
tional heterogeneity. Further analysis highlighted the 
contribution of metabolism differentiation in shaping M. 
aeruginosa genomes, reflected by the high correlation 
between gene sets related to metabolism and genome 
size (Fig.  3C-D). Comparison of metabolic profiles sug-
gested a great difference within M. aeruginosa species, 
and gene components in metabolic modules, especially 
in carbohydrate metabolism, amino acid metabolism, 
and energy metabolism, were significantly different 
between strains, which characterized the underestimated 
diversity of metabolic potential, and highlighted the 
importance of genetic exchange of metabolism-related 
genes in genome diversification of M. aeruginosa species. 
The diversity of metabolic profiles might also explain 
why M. aeruginosa members are globally distributed and 
can successfully dominate the phytoplankton communi-
ties in lakes with changing physicochemical conditions 
over time and seasonal changes [65], and indicate that 
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this difference is a result of evolutionary adaptation to 
the wide-ranging environments. In addition, it was fre-
quently reported that Microcystis isolates have the large 
accessory genomes that harbor genes related to the bio-
synthesis of secondary metabolites or harmful toxins 
[23, 26, 74]. In our study, a matrix of presence-absence 
of BGCs related to secondary metabolites was then gen-
erated using the antiSMASH to further broadly char-
acterize the distribution of these gene clusters across 
Microcystis taxa (Fig. 4B). Similar with the previous study 
[27], some M. aeruginosa genomes lacked the gene clus-
ters such as mcy gene cluster, while contained another 
gene cluster instead such as anabaenopeptin-coding 
gene cluster. In contrast to these strains with much more 
BGCs, strains Mw_MB_S_20031200_S109D and Ma_
OC_H_19870700_S124 were predicted to harbor no bio-
synthetic gene clusters, probably suggesting the low toxin 
production. Furthermore, certain gene clusters were core 
to specific M. aeruginosa strains, such as BGC related to 
the biosynthesis of microviridin J in PCC-9443, which 
might confer potential niche adaptations and ecological 
distinctness onto these microorganisms.

To further explore the evolutionary trace of the 
metabolism-related genes with significant genetic differ-
ence, these gene sets were mapped into the correspond-
ing genome regions. COG annotation showed that the 
proportion of flexible genes was largely higher in [L] 
(replication, recombination and repair) compared with 
that of core genes (Fig.  3A), suggesting the existence of 
plentiful transposase encoding genes [23]. The predic-
tion of abundant MGEs, such as transposase, integrase, 
and phage-associated gene (Table S3 and Fig.  1C), fur-
ther highlighted frequent HGT events, suggesting that 
genome turnover may promote the genetic exchange of 
M. aeruginosa species with other community members 
in nature. Similarly, a substantial fraction of cyanobacte-
rial genes undergone genetic exchanges driven by HGT, 
which confers selective advantages on cyanobacteria 
that inhabit distinct ecological niches, and significantly 
contributes to the adaptation of cyanobacteria to spe-
cific habitats [21]. In addition, different Microcystis spp. 
isolated form the same geographic region exhibited the 
exchange of a significant proportion of genes, which 
probably contributed to local environmental adapta-
tion [27]. An earlier study revealed a strong positive 
correlation between HGT rate and genome size, and 
further showed that among these putative transferred 
genes, most of them were assigned as being related to 
metabolism, suggesting that HGT preferentially affected 
the metabolic function of cyanobacteria [21]. Similar 
trends in our study may explain why the positive cor-
relation between genome size and metabolic module 
is largest, and further highlight the importance role of 
metabolism-related gene acquirement in shaping the M. 

aeruginosa genomes. Furthermore, our results further 
revealed that the majority of donors of the predicted 
metabolism-related alien genes were identified across dif-
ferent bacterial phyla (Fig.  5B), suggesting that the suc-
cessful integration of genes via cross-species HGT events 
may enrich the gene repertoire of M. aeruginosa species, 
and play a key role in genetic diversity. Taken together, 
we proposed that HGT mediated by transformation and 
transduction might drive the diversification of M. aerugi-
nosa species, and future studies on potential DNA donor-
recipient networks may be an interesting prospect to 
extend our understanding of microbial evolution.

Comparison of mcy gene clusters revealed the coher-
ence of M. aeruginosa strains as to gene content and 
organization (Table S3). A previous research suggested 
that mcy gene cluster was likely to be vertically inherited 
from a cyanobacterial ancestor [77]. Genes encoding MC 
synthetase have evolved before eukaryotic lineage, and 
synthetic MC might not exclusively act as the grazing 
deterrent for predators in evolution [77]. Nevertheless, 
this inherent MC-synthesizing ability, to some extent, 
might confer a defensive mechanism on cyanobacteria 
when predators emerge, in light of MC’s contribution to 
toxicosis for predators including zooplankton and fish 
[78–80]. In our study, we deduced that M. aeruginosa 
isolates without MC-synthesizing ability might undergo 
a gene loss event (Fig. 5A and Table S3). A similar result 
was reported in magnetotactic bacteria [7], in which 
spontaneous loss of magnetosome genes frequently 
occurred. A possible explanation for the loss of mcy 
genes in some non-toxic Microcystis isolates was that the 
biosynthetic MC pathway was complicated and metabo-
lism-consuming, and in nature, weakened selective pres-
sure might reduce the dependence of microorganisms on 
MC-synthesizing capability when there was no remark-
able biological advantage. In this case, the loss of these 
expensive and dispensable metabolic traits at the cost of 
metabolic versatility has contributed to the economiza-
tion of genome sizes and the adaptive evolution of M. 
aeruginosa species. These evolutionary episodes might 
also lead to the divergence of toxic and non-toxic Micro-
cystis strains. There was a similar scenario in a previous 
study, in which pix gene cluster encoding light-sensing 
protein was present in the majority of terrestrial cya-
nobacteria, but absent in major groups of aquatic ones 
[21]. In addition, M. aeruginosa strains in this study have 
no genes involved in nitrogen fixation, similar to other 
non-N2-fixing cyanobacteria such as Planktothrix [20]. 
Unlike these microorganisms with diazotrophic lifestyle, 
Microcystis population had an alternative pathway for 
assimilatory nitrate reduction, as other community mem-
bers with N2-fixing ability can ensure a constant supply 
of nitrogen sources to maintain the availability of com-
munity equilibrium.
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In this work, a genome-oriented study provides a 
snapshot of the genetic basis of M. aeruginosa strains 
and sheds light on their possible evolutionary patterns 
(Fig.  6). Gene flow frequently occurs in M. aeruginosa 
species, suggesting an unexpectedly large genetic diver-
sity. In M. aeruginosa population, functional expansion 
(e.g., metabolic function) by cross-species HGT events 
across bacterial lineage may contribute to the genome 
differentiation, and genome reduction at the cost of the 
metabolic versatility is as a parallel pattern that has the 
potential to increase cellular fitness, reflected by the 
loss of these expensive and dispensable genetic traits. In 
short, the gain and loss of genes, especially metabolism-
related genes, are considered as the evolutionary forces 
that drive the diversification of M. aeruginosa species, 
and the trade-off in genome turnover events as a means 
of adaptive evolution may play a critical functional role in 
shaping microbial genome.

Conclusion
Taken together, we provide a more comprehensive 
understanding of the taxonomic status of M. aeruginosa 
species complex, and interpret their possible evolution-
ary patterns, highlighting the importance of trade-off 
between genome gain and loss in bacterial evolution.
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