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Abstract

Background: Free-living microorganisms have long been assumed to  have ubiquitous distributions w ith  little  
biogeographic signature because they typically exhib it high dispersal potential and large population sizes. However, 
molecular data provide contrasting results and it is far from clear to what extent dispersal lim itation determines geographic 
structuring o f microbial populations. We aimed to  determ ine biogeographical patterns o f the bloom -form ing freshwater 
cyanobacterium Microcystis aeruginosa. Being w idely distributed on a global scale but patchily on a regional scale, this 
prokaryote is an ideal model organism to  study microbial dispersal and biogeography.

Methodology/Principal Findings: The phylogeography o f M. aeruginosa was studied based on a dataset o f 311 rDNA 
internal transcribed spacer (ITS) sequences sampled from six continents. Richness o f ITS sequences was high (239 ITS types 
were detected). Genetic divergence among ITS types averaged 4% (maximum pairwise divergence was 13%). Preliminary 
analyses revealed nearly completely unresolved phylogenetic relationships and a lack o f genetic structure among all 
sequences due to  extensive homoplasy at m ultip le hypervariable sites. A fter correcting for this, still no clear 
phylogeographic structure was detected, and no pattern o f isolation by distance was found on a global scale. 
Concomitantly, genetic differentiation among continents was marginal, whereas variation w ith in  continents was high and 
was mostly shared w ith  all other continents. Similarly, no genetic structure across climate zones was detected.

Conclusions/Significance:JUe high overall diversity and wide global d istribution o f common ITS types in combination w ith 
the lack o f phylogeographic structure suggest that intercontinental dispersal o f M. aeruginosa ITS types is not rare, and that 
this species m ight have a tru ly cosmopolitan distribution.
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Introduction

Dispersal, geographic isolation, past range restrictions and  
expansions, drift processes, founder events and  selection all leave 
their signature in the lineage com position of contem porary  
populations [1], T h e  im portance o f such historical factors for 
free-living m icrobial organism s is contentious however, given that 
the large population  sizes an d  high passive dispersal capacity o f 
these organism s m ay drive a  ubiquitous distribution w ith little or 
no biogeographic structuring [2,3]. How ever, biogeographic and

m acro-ecological studies at the com m unity level have shown that 
relatively few free-living m icrobial eukaryotes have cosm opolitan 
distributions [4,5,6,7]. M any species show p ronounced  phylogeo­
graphic structure, o r even regional or continental endem ism , 
w hich counteracts the previously held paradigm  o f continuous and  
global panm ixia.

Prokaryotes are generally smaller an d  have faster reproduction  
cycles than  the eukaryotic m icroorganism s that were the subject o f 
these biogeographic studies [8], In  addition, m any bacteria  have 
resistant do rm an t stages, o r m etabolic non-active cells that can
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survive passive transport th rough  a hostile environm ental 
landscape m atrix  [9], T herefore, bacteria  have been  thought to 
experience virtually no dispersal lim itation [3]. T h e  absence of 
spatial structuring in bacterial com m unities has been  corroborated  
by m olecular da ta  for sod [10], m arine [11] an d  freshwater 
bacteria  [12,13] including cyanobacteria  [14], Conversely, several 
studies have reported  clear phylogeographic structuring in o ther 
prokaryotes, including m arine [15], soil [16] and  soil-freshwater 
bacteria  [17]. For prokaryotes occurring in extrem e environm ents 
such as ho t volcanic springs or deep-sea hydrotherm al vents, 
phylogeographic structure indicates the effects o f strong geograph­
ic isolation an d  dispersal constraints [18,19,20], although no t all 
therm ophylic (cyano)bacteria show clear spatial structure [21]. For 
m ore widely distributed bacteria, biogeographic patterns m ay 
result from  historical (e.g. dispersal lim itation) a n d /o r  contem po­
rary  environm ental processes (e.g. local selection) [22,23]. T he 
relative im portance o f these processes in structuring m icrobial 
systems is still poorly understood [3]. Few studies have addressed 
questions o f phylogeographic structure and  dispersal lim itation in 
bacteria  on  a  truly global scale in discontinuous b u t globally 
com m on habitats, and  yet such studies w ould provide a  realistic 
insight into the degree o f dispersal lim itation typically encountered  
by bacteria.

T h e  cyanobacterium  Microcystis abounds in  eutrophic and  
hypertrophic freshw ater bodies worldwide [24,25,26,27]. Such 
freshwater bodies are globally com m on and  can be regarded as 
aquatic  islands in a  terrestrial and  m arine m atrix. T h ey  are 
therefore ideally suited to study the role o f dispersal lim itation for 
free-living m icroorganism s [13]. As Microcystis often displays mass 
developm ents a t the surface o f lakes, it can  easily be detected and  
sam pled, and  is therefore a  good m odel organism  to study global 
biogeographical patterns in free-living bacteria . Microcystis forms 
dense bloom s th a t m ay be toxic, causing econom ical and  
ecological problem s worldwide [28]. A bette r understanding of 
patterns o f  dispersal an d  genetic structure o f  Microcystis is therefore 
also relevant in the light o f control o f toxic cyanobacterial blooms.

Microcystis has a  com plex taxonom ic history. T h e  genus includes, 
next to the type species M . aeruginosa, a  num ber o f o ther species 
th a t have been  delim ited on  the basis o f colony m orphology. 
T hese m orphospecies, however, are no t supported by  m olecular 
da ta  form ing a  clade o f nearly identical 16S rD N A  sequences 
[29,30]. Based on  this extrem ely low 16S sequence divergence, 
along with D N A -D N A  hybridisation data, O tsuka et al. [31,32] 
suggested m erging all m orphospecies into a  single species. W e 
include various described m orphospecies o f Microcystis into our 
study, b u t these all refer to the nam e M . aeruginosa following O tsuka 
et al. [31].

O n  regional scales, significant spatial differences have been 
observed in Microcystis genotypic com position, yet phylogeographic 
structuring seemed absent [33,34,35]. O n  larger geographical 
scales, bo th  presence [36,37] o r absence [34,38,39,40,41] o f 
biogeographic structuring in Microcystis has been  suggested 
depending on  the sam pled a rea  o r m arkers used. A global study 
o f biogeographic patterns in relation to clim atic conditions is still 
lacking.

T h e  fast-evolving 16S-23S rD N A  IT S  region has proven to be  a 
useful m arker for phylogeographic studies o f various (cyanobac­
teria  [40,42,43,44,45,46]. In  Microcystis, considerable IT S  variation 
am ong Microcystis strains has been  shown [34,39]. Possibly, distinct 
ecotypes ( = physiologically different strains) m ay be distinguished 
in Microcystis by IT S  sequencing as shown for the cyanobacterium  
Prochlorococcus [45,47]. A link betw een IT S  type an d  phenotypic 
and  chem otypic traits was suggested for Microcystis [39,42,48,49], 
Additionally, van  G rem berghe et al. [50] showed a (limited)

environm ental influence on Microcystis IT S  population  structure in 
T igray  (Ethiopia). T h e  Microcystis genom e contains two identical 
rR N A  opérons, although po in t m utations m ay occur occasionally 
[39,42,51]. Based on these criteria an d  the fact th a t a  large 
num ber o f IT S  sequences is available in GenBank, IT S  was 
selected as phylogenetic m arker.

This study assesses global biogeographical patterns and  dispersal 
o f  M . aeruginosa on  six continents based  on sequence variation.

Methods

Dataset construction
O u r dataset consists o f 311 IT S  sequences o f Microcystis sam pled 

from  six continents: E urope (199), Africa (40), Asia (45), N orth  
A m erica (7), South A m erica (12) an d  O ceania  (8). All sequences 
from  Belgium (52), South A m erica (12) and  E thiopia (29) were 
newly obtained in addition to some sequences from  D enm ark  (5), 
T h e  N etherlands (7) and  Spain (2) (Table 1, Figure 1). New 
sequences w ere generated  using three  m ethods: by  sequencing 
bands o f D enaturing  G rad ien t Gel Electrophoresis (DGGE) of 
w ater samples (57), by cloning of m ixed P C R  products from  w ater 
samples (36), or by direct sequencing o f isolated an d  cultured 
Microcystis strains (14). These were com pleted with 204 sequences 
from  G enB ank (h ttp ://w w w .n cb i.n lm .n ih .g o v /G en b an k /), which 
were also obtained from  cultivated isolates (135), sequenced 
D G G E  bands (28) o r cloned P C R  fragm ents (41). A n overview of 
all sequences used in this study is shown in T able  S I. Newly 
generated  sequences were deposited in G enB ank under accession 
num bers H Q 4 1 5 6 0 7 -H Q 4 1 5 7 1 3  (Table SI). Because no quanti­
tative sequence da ta  (i.e. abundance of particu lar IT S  types per 
location) w ere available for m ost locations, only a  single sequence 
o f each IT S  type per country  was included in the dataset.

Sampling, strain isolation and culture conditions
W ater samples from  lakes and  ponds in E urope, South Am erica 

and  E thiopia were filtered th rough  a  25 m m  0.2 pm  G SW P filter 
(Millipore) and  im m ediately frozen a t —20°C. Individual Micro­
cystis colonies from  samples from  Belgium and  E thiopia were 
picked ou t using sterile glass Pasteur pipettes under a  stereo 
m icroscope. T h e  strains w ere grown in W C  m edium  [52] (but 
w ithout p H  adjustm ent or addition  o f vitamins) a t 19°C, an 
irradiance of approxim ately 30 pm ol photons m -2  s-1 and  a 
12:12 h  light:dark cycle. In  total, ten  IT S  sequences from  strains 
isolated from  Belgium an d  two from  E thiopia were included in the 
m olecular analyses.

DNA extraction and PCR amplification
D N A  from  the w ater samples and  isolated strains was extracted 

using bead  beating, phenol extraction an d  ethanol precip itation  as 
described by  Z w art et al. [53]. After extraction, the D N A  was 
purified on a  W izard  colum n (Promega). C om plete IT S  sequences 
o f the isolated Microcystis strains were am plified using the protocol 
described by Jan se  et al. [54] using the prim ers C SIF  an d  U L R . 
For the D N A  from  the w ater samples, a  specific nested-PC R  
protocol based  on  Jan se  et al. [54] was developed to amplify only 
Microcystis IT S  sequences. In  a  first PC R , a specific 16S rD N A  
prim er for Microcystis (CH) described by R udi et al. [55] was used as 
forw ard prim er com bined with the universal reverse 23S rD N A  
prim er U L R  [54], This P C R  was perform ed using the protocol 
described by Jan se  et al. [54]. T h e  resulting P C R  p roduct was 
purified using a  Q iaQ uick  P C R  purification kit (QiaGen), diluted 
lO x , and  used as tem plate (2 pi in a  total volum e o f 50 pi) for a 
second P C R  w ith the cyanobacterium -specific 16S rD N A  prim er 
(GC)-CSIF (with G C -clam p for DG GE-analysis, w ithout G C -
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T a b le  1. Origin of the ITS sequences used to infer the global phylogeography o f Microcystis.

Continent Population Climate No. of sampled lakes No. o f distinct sequences

Europe Belgium Cfb 37 52

The Netherlands Cfb 10 38

Germany* Cfb 3 8

Italy Csa 1 3

Spain Csa 3 11

Portugal-Csa Csa 1 1

Portugal-Csb Csb 1 1

Greece* Csa 2 26

Romania Dfb 1 6

France Cfb 1 37

Scotland* Cfb 3 9

Czech Republic Cfb 1 1

Denmark* Cfb 5 6

Africa Uganda-Af Af 1 4

Uganda-Aw* Aw 2 3

Kenya-Af* Af 2 2

Kenya-Aw Aw 1 1

Ethiopia* BSh 29 (*: 5) 29

South Africa BSh 1 1

Asia China* Cfa 2 7

Japan-Cfa* Cfa 8 (*: 5) 26

Japan-Dfb Dfb 2 3

Thailand* Aw 3 7

Israel Csa 1 2

North America Canada* Dfc 1 2

USA* Dfb 4 5

South America Brazil-Aw* Aw 5 5

Brazil-As* As 2 3

Argentina-ET* ET 3 3

Argentina-Cfc Cfc 1 1

Oceania New Zealand* Cfb 5 6

Australia Cfb 2 2

Only the  populations indicated with an asterisk were used in the  restricted dataset correcting for differences in sample size (asterisk in the  column 'num ber of sampled 
lakes' indicates the  num ber of lakes selected in the  restricted dataset). Climates were classified according to  Köppen-Geiger. Main climates: A = equatorial, B = arid,
C = warm tem perate, D = snow, E = polar. Precipitation: S = steppe, f=fully humid, s = summer dry, w = winter dry. Temperature: a = hot summer, b = warm summer, 
c = cool summer, h = hot arid. T = polar tundra. 
doi:10.1371 /journal.pone.0019561 .t001

clam p for cloning) in com bination  w ith the universal p rim er U L R . 
T h e  com position o f the reaction  m ix was the same as for the first 
PC R . T h e  second P C R  started with a  dénaturation  step o f 5 m in 
at 94"C. After pre-incubation , 30 cycles were perform ed. Cycle 
step times were 1 m in each for dénaturation  (94"C), annealing 
(65"C) and  extension (72"C). A final extension step was perform ed 
for 30 m in a t 72"C.

DGGE profiling
D G G E  was essentially perform ed as described by M uyzer et al. 

[56], T he denaturing  gradient contained 35-40%  dénatu ran t 
[100% d énatu ran t corresponded to 7 M  urea  an d  40%  (v/v) 
form am ide]. Electrophoresis was perform ed for 16 h  a t 7 5 V  and  
the tem perature  was set at 60"C. Finally, the gels were stained with 
ethidium  brom ide an d  pho tographed  on a LTV transillum ination 
table w ith a  C C D  cam era. Next, a  small piece o f gel from  the

m iddle o f the target b an d  was excised from  the D G G E  gel and  
incubated  in 50 pi sterile T E  buffer (10 m M  Tris, p H  7.6, 1 m M  
EDTA) for 24 h  a t 4"C . T h e  eluent was then  ream plified and  
purified on D G G E  one or two times. T h e  resulting P C R  products 
were purified using a  Q iaQ iiick  P C R  purification kit (QiaGen). 
Sequencing was perform ed with the ABI-Prism  sequencing kit and  
the resulting sequencing reaction products w ere analysed on an 
autom atic sequencer (ABI-Prism 3100).

Cloning
Microcystis-spcáSx, IT S  sequences obtained from  samples from 

Belgium and  E thiopia were ligated into pG EM ® -T Easy Vectors 
(Promega), and  transform ed into com petent Escherichia coli JM 1 0 9  
cells. T h e  transform ed cells were p lated  on  L uria-B ertani (LB) 
plates containing 20 pg I-1  ampicillin, 20 pg I-1  X -G al (5-bromo- 
4-chloro-3-indolyl-ß-D-galactopyranoside) and  5 pg  1 1 IP T G
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Figure 1. Map indicating the origin of the Microcystis ITS sequences used in this study.
doi:10 .1371/jo u rn a l.p o n e .0 0 1 9561 ,g001

(isopropyl- ß-D -thiogalactopyranoside) and  incubated  overnight at 
37"C. W hite recom binants were picked out an d  grown overnight 
in am picillin-supplem ented liquid m edium  (Luria-Bertani-Broth). 
T h e  clones were screened for inserts using prim ers C SIF an d  U L R  
(see before). 4 0 -7 0  clones pe r sample were screened by D G G E  
analysis (see before) to identify groups o f clones containing 
(presumably) the same inserts. O n e  or m ore representatives o f 
each group were then  chosen for sequencing. In  total, 34 IT S  
sequences from  Belgium and  four from  E thiopia were obtained in 
this way. Sequencing was perform ed with the ABI-Prism 
sequencing kit and  the resulting sequencing reaction products 
were analysed on an  autom atic sequencer (ABI-Prism 3100).

Phylogenetic analysis
T h e  311 IT S  sequences were aligned using M U SC L E  [57] and  

m anually  adjusted (Dataset SI). T he am ount o f  phylogenetic 
signal versus noise in the alignm ent was assessed by two different 
approaches. First, the Iss statistic, a  m easure o f substitution 
saturation in m olecular phylogenetic da ta  sets, was calculated with 
DA M BE [58], Second, the m easure o f skewness [gl-value 
calculated by  using 10,000 random ly selected trees in PALTP* 
4 .0 b l0  [59] was com pared  w ith the em pirical threshold values in 
Hillis & H uelsenbeck [60] to verify for non-random  structuring of 
the data. V isual inspection o f the alignm ent suggested the presence 
o f m ultiple hypervariable regions in the IT S  region an d  detailed 
analysis o f D N A  site polym orphism  using D naSP  4.50.3 [61] by 
m eans o f the sliding window option (window size = 1, step size = 1) 
revealed eight hypervariable regions (see Results for details). T o 
test w hether these regions were phylogenetically informative, 
linkage betw een these hypervariable regions was assessed using 
Genetix  v. 4.5 [62] by  encoding each varian t o f a  particular 
hypervariable site o r region as a  distinct allele and  testing the Black 
& K rafsur [63] correlation coefficient for linkage disequilibrium . 
For this test to run, haploid da ta  w ere considered as hom ozygous 
diploid da ta  as suggested by G oudet [64], A lthough this test is 
usually used to test for independence of inheritance o f supposedly 
physically unlinked genetic m arkers, we used it to test the degree o f 
correlation betw een proxim ate regions w ithin the rD N A  IT S  locus 
(< 300  base pairs apart). T he hypervariable regions showed weak

linkage, despite their close proxim ity (see Results). Because the 
hypervariable regions w ould potentially m ask phylogenetic signals 
due to extensive hom oplasy [65], we opted  for perform ing 
subsequent analyses on  the com plete IT S  dataset (from here on 
referred to as full dataset), as well as on the IT S  alignm ent 
excluding the hypervariable regions (from here on  referred to as 
stripped dataset).

Statistical parsim ony networks [66] were constructed with T C S  
1.21 [67], w ith calculated m axim um  connection steps at 95% and  
alignm ent gaps treated  as m issing data. Additionally, statistical 
parsim ony analyses were perform ed using the hypervariable 
regions only (separate networks for each hypervariable region of 
m ore than  two basepairs o r one netw ork for all hypervariable 
regions concatenated) to check for the presence o f a  phylogenetic 
and  phylogeographical signal in these regions.

T h e  production  o f P C R  artefacts (e.g. chim eras and  heterodu­
plexes) is a  potential risk w hen m ixed tem plates o f related sequences 
are amplified by P C R  [68,69], and  this w ould lead  to an 
overestim ation of the genetic variation through the amplification 
o f artificial sequences [70,71]. D G G E  and  cloning using PC R - 
amplified D N A  obtained from  w ater samples m ay involve such risks 
and  therefore phylogenetic analyses were also perform ed on 
sequences derived from  isolated strains only (149 sequences in total).

RNA secondary structure analysis
Prediction o f the R N A  secondary structure o f the IT S  region 

was based on the com plete rrn  operon sequence extracted  from 
the com plete genom e of Microcystis (strain N IES843, EM BL 
accession num ber AP009552; IT S  sequence identical to BG08 of 
the present study). R N A  sequences were folded using M fold [72]. 
Foldings were conducted  a t 25"C using a  search w ithin 10% of 
therm odynam ic suboptim ality and  the obtained R N A  structures 
were com pared  with published da ta  [47,73]. T h e  secondary 
structure d iagram  was created  using R naV iz [74],

Biogeographic and climatic structure analysis
T h e  sequence dataset was divided into 32 pre-defined 

populations, each population  consisting o f sequences from  a  single 
country (Table 1). For each IT S  sequence, the clim ate o f the
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region o f origin was indicated according to K öppen-G eiger [75]. 
For some larger countries spanning different clim ate zones, m ore 
th an  one population  was considered. In  total, twelve distinct 
climates were distinguished (Table 1). Since only a single sequence 
o f each IT S  type was included for each country  in the dataset, the 
genetic diversity w ithin these populations is overestim ated. 
Therefore, we did no t in te rp ret the genetic diversity w ithin the 
populations (see Results).

T o  test w hether genetic distance was correlated  to geographical 
distance (Isolation By Distance) the p rogram  IBD W S [76] was 
used. N onparam etric  M antel tests were perform ed for the full and  
stripped dataset to test for non  random  associations betw een 
m atrices o f genetic distances betw een all population  pairs and  
m atrices o f pairwise geographical distances. Genetic distances 
were com puted  using Slatkin’s [77] similarity m easure: M  = ( ( l /  
Fst) —1)/4. G eographical distances betw een the different popula­
tions w ere m easured using geographical coordinates o f the lake 
from  w hich the sequences were obtained or if  several lakes were 
sam pled pe r population, the centro id  betw een these lakes was 
taken. W e calculated the great-circle distances as well as the 
shortest distance over land  since Microcystis m ight disperse easier 
over land  using stepping stones in betw een sam pled locations 
(lakes, ponds, pools) th an  across oceans. T h e  latter distances were 
calculated using Google E arth  (h ttp ://e a rth .g o o g le .c o m /). M antel 
tests w ere perform ed using b o th  types o f geographical distances.

Patterns o f genetic structuring based on  the stripped IT S  
sequence alignm ent am ong geographical localities (continents) and  
climates w ere estim ated by analysis o f m olecular variance 
(AMOVA) using A rlequin 3.1 [78]. A M O V A  was perform ed 
only on  the stripped dataset as the genetic diversity (num ber o f 
IT S  types) was too high to obtain reliable estimates in the full 
dataset. For inter-continental com parisons, using the total dataset 
can give a  biased view as m ore populations w ere sam pled in 
Europe com pared to the o ther continents. T o  obtain  com parable 
sample sizes, populations were selected based on the num ber o f 
lakes sam pled pe r country  (2-5 lakes pe r country, except for 
C anada, see T ab le  1). A M O V A  was also perform ed on the dataset 
contain ing all populations. In  addition, we divided the selected 
dataset into two “ super continents” : A fro-Eurasia (random  
selection o f four populations: Greece, D enm ark, E th iopia and  

Japan) an d  the Am ericas (North and  South America). A M O V A  
was also perform ed on the dataset containing all populations. 
Furtherm ore, three  clim ate groups w ere considered. First, a  group 
based on the clim ate according to K öppen-G eiger resulted in 
twelve different climates. Second, only climates represented  by 
m ore th an  ten  IT S  types (Aw, BSh, Cfb, Csa, Cfa, Dfb) were 
considered. T hird , the dataset was split into cold-tem perate (Cfb, 
Dfc, Cfc, Csb, Dfb, ET) an d  (sub)tropical clim ate (Af, As, Aw, Cfa, 
Csa, BSh), based  on  the average year tem perature  (see legend 
table 1 for explanation of the codes o f the different climates). T o 
perform  A M O V A , a distance m atrix  was calculated using T am u ra  
& N ei distances [79] and  significance levels w ere determ ined with 
1000 perm utations.

Demographic analyses
T h e  historical dem ographic structure o f the genetic variation at 

the IT S  locus was investigated using T ajim a’s D  [80] an d  F u ’s Fs 
[81] in D naSP  4.5.03 [61]. Negative values o f  bo th  test statistics 
result from  purifying selection in a  population  a t m utation-drift 
equilibrium , o r from  deviations from  m utation-drift equilibrium  
th a t are due to population  expansion events. W e used these 
statistics to test for dem ographic expansions. Since these tests rely 
on  the assum ption th a t all nucleotide positions are equally 
m utable, we only perform ed them  on  the stripped dataset.

Results

Data exploration
Specifications o f the full and  stripped IT S  sequence alignm ents 

are given in T able  2. M axim um  pairwise sequence divergence was 
13% for the full and  5 % for the stripped alignm ent. A lthough the Iss 
statistic did no t reveal significant saturation o f the full alignm ent, the 
m easure o f skewness equalled the em pirical threshold values in 
Hillis & Huelsenbeck [60], indicating th a t the alignm ent was only 
slighdy m ore structured than  random  data. Analysis o f  D N A  site 
polym orphism  revealed eight hypervariable regions o r positions in 
the IT S  sequences th a t displayed extrem ely high nucleotide 
diversity (0 .5 5 > tt> 0 .3 0 , a t positions 18, 44, 81-87; 114-116, 
217, 226-248, 269-284, 306-307) com pared to the average (0.03). 
R N A  secondary structure analysis revealed that these regions were 
all positioned in loop regions (Figure 2). Sequencing artefacts could 
be excluded based on  the observation th a t similar o r identical 
m utations were observed for all regions in all sequences, irrespective 
o f the m ethod used for obtaining the sequences. Such variable 
regions w ould only be phylogenetically informative if  their different 
genetic variants were autapom orphies, an d  if they were only 
transferred vertically and did no t suffer from  recom bination. U nder 
this m odel o f inheritance, we expected particular variants o f  these 
m utation-prone regions to be highly correlated to each other 
(r>0.90) due to nearly com plete physical genetic linkage. In  the 
opposite case, these hypervariable sites o r regions could behave as 
m ore independent units, m eaning that associations with other 
hypervariable regions w ould be weaker. This lack o f linkage and 
high level o f hom oplasy w ould increase the level o f  noise in the 
phylogenetic signal. All the aforem entioned hypervariable regions 
showed significant b u t very weak linkage (r = 0.07-0.22; p< 0 .05), 
showing th a t these regions display incongruent phylogenetic signals 
in the large m ajority o f cases. These regions did no t conform  to the 
assum ption of equal m utation  rates th roughout the sequence 
according to a  certain  m odel o f m utations. M ost o f these regions 
represented insertions/deletions o f  multiple nucleotides, thereby no t 
conform ing to classical single-step m utation  models. T hey likely 
represent ano ther process th an  the regular m utational processes in 
DN A. Because these regions potentially b lu r genetic signals in the 
rest o f  the data, further analyses on  the genetic relationships 
betw een IT S  sequences were perform ed on the com plete IT S  
dataset, as well as on the dataset from  w hich these hypervariable 
regions were excluded (stripped dataset). R em oval o f the hyper­
variable regions resulted in an  alignm ent that was significandy m ore 
structured than  random  data, as indicated by the m easure of 
skewness (Table 2).

Statistical parsimony analysis
Statistical parsim ony analysis o f the full IT S  alignm ent resulted 

in a  single, highly in terconnected  and  largely unresolved netw ork 
with m axim um  connection lim it o f 9 steps (Figure 3). Similar 
results were obtained w hen using sequences from  isolated strains 
only, indicating th a t these results were no t a  consequence o f P C R  
artefacts (data no t shown). In  total, the dataset contained 239 IT S  
types (gaps treated  as missing), o f  w hich 34 were detected m ore 
th an  once (Table 2). Seventeen IT S  types were detected on m ore 
th an  one continent, o f w hich th irteen  were found on two 
continents, two on three  continents, one on four continents and  
one on  five continents. A high diversity o f IT S  types was detected 
in each continent (Table 2). Parsim ony networks based on the 
separate hypervariable regions were highly unresolved an d  showed 
a  similar lack of geographic structuring (data no t shown).

T h e  parsim ony netw ork derived from  the stripped IT S  
sequence alignm ent was to a  certain  extent still unresolved, bu t
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T a b le  2 . Specification o f the full and stripped ITS sequence alignment and summary of models and model parameters obtained.

ITS sequence a lignm ent

Full Stripped

Alignment length/variable sites/parsimony informative sites (basepairs) 374/142/68 314/99/33

Number of ITS types in the total dataset/total number of sequences 239/311 119/311

Number of ITS types per continent/total num ber of sequences per continent:

Europe 162/199 86/199

Africa 34/40 26/40

Asia 41/45 21/45

North America 7/7 2/7

South America 10/12 7/12

Oceania 7/8 7/8

Number of ITS types detected once/num ber of ITS types detected more than once in the  total dataset 205/34 94/25

Uncorrected pairwise sequence divergence (max/average %) 13/4 5/1

Measure of skewness (g-i-value) -0 .079 -0 .305

lss statistic (Us/lss-c, p-value of 32 taxon data subsets) 0.248/0.682, p < 0.001 0.044/0.675, pCO.001

doi:10.1371 /journal.pone.0019561 .t002

with a m uch lower degree o f connection uncertainties (Figure 4). 
O ne particu lar IT S  type accounted for fifteen percent o f  all 
sequences. This IT S  type was also considered as the m ost likely 
root o f  the netw ork by T C S , following the general tren d  that

ancestral types tend  to be  centrally placed, are ab u n d an t and  have 
m any closely related dérivâtes [82,83]. This central type was 
distributed over all six sam pled continents. Four smaller clusters 
(num bered 1 -4  in Figure 4) could be  discrim inated, connected  to
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Figure 2. Predicted secondary structure of the spacer region of the rrn operon transcript. T he rrn o p e ro n  tran sc rip t sh o w n  in th e  figu re  is 
th e  5 ' le ad er s e q u e n c e  u p s tre am  from  th e  16S rRNA, th e  16S-23S  rRNA ITS an d  23S-5S rRNA sp ac e r o í Microcystis s tra in  NIES843 (EMBL accession  
n u m b e r  A P009552, ITS s e q u e n c e  iden tical to  BG08 o f  th e  p re s e n t s tudy). P1 in d ica tes  th e  p o sitio n  o f th e  p ro m o to r. Locations o f th e  16S rRNA, 23S 
rRNA a n d  5S rRNA are  re p re s e n te d  by  trian g les . T he a n tite rm in a to r  bo x  B s te m s  an d  bo x  A s e q u e n c e s  a re  in d ica ted  in th e  le ad er an d  sp ac e r do m ain s , 
in a c c o rd a n c e  w ith  R ocap et al. [47], T he co n se rv ed  m o tifs  (D 1-D 5, d e fin ed  by  Item an  et al. [73]) a re  m arked . Positions o f th e  h y pervariab le  reg ions , 
iden tified  in th e  p re s e n t s tu d y , a re  in d ic a ted  by  a b lack  b a ck g ro u n d . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 9561 ,g002
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Figure 3. 95%  probability parsimony netw ork of M icrocystis  rDNA ITS sequences based on the full ITS alignm ent. C olours ind ica te  
reg io n  o f o rigin: b lue: E urope, yellow : Africa, red : Asia, g re e n : S o u th  A m erica, grey: N orth A m erica, pink: O cean ia . A line b e tw e e n  ITS ty p e s  rep re sen ts  
o n e  m u ta tio n a l s tep , o p e n  circles re p re s e n t ITS ty p e s  n o t p re s e n t in th e  sam p le . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 9561 ,g003

this central group by one to five m utational steps, each o f w hich 
contained sequences from  two to four continents. T h e  sequences 
from  N o rth  an d  South A m erica an d  O cean ia  w ere mostly grouped 
a round  the ancestral IT S  type, bu t few sequences w ere available 
from  these continents. T h e  overall p a tte rn  suggests no relation 
betw een geographic origin an d  position in the network. In  total, 
119 stripped IT S  types were detected (gaps trea ted  as missing), o f 
w hich 25 w ere detected m ore than  once (Table 2). Sixteen IT S  
types occurred on m ore than  one continent, o f w hich seven 
occurred  on  two continents, six on three  continents, two on four 
continents and  one on six continents. T h e  unique IT S  types 
(detected only once) were generally connected  to m ore frequently 
observed IT S  types by  a single m utational step (Figure 4). A high 
diversity o f stripped IT S  types was detected in each continent 
(Table 2). Tw enty-tw o stripped IT S  types were found in different 
clim ate regimes, o f  w hich eighteen were detected in (sub)tropical 
as well as cold-tem perate clim ate regimes. Eleven different 
climates o f a  total o f twelve were represented  by the one dom inant 
IT S  type (only Csb was not included, how ever this clim ate was 
represented  by only one sequence in the dataset). No genetic 
structuring based on  tem perature  seemed present since the African 
sequences (warm climates) and  E uropean  sequences (tem perate 
climates) were spread all over the network.

Isolation by Distance
A M antel test for m atrix  correlation betw een genetic similarity 

(M) an d  geographic distance using great circle distances showed no 
significant negative correlation for the full dataset (£ = 2 8 * 1 0 " , 
r=  0.127, one-sidedp = 0.958) o r the stripped dataset (£  = 16*10", 
r=  0.131, one-sided p  = 0.948). Similarly, a  M antel test for m atrix  
correlation betw een genetic similarity (M) and  geographic distance 
using the shortest distance over land  showed no significant

negative correlation for the full dataset (£ = 4 6 * 1 0 " , r=  0.112, 
one-sidedp  = 0.918) or the stripped dataset (£  = 2 4 * 1 0 '', r=  0.058, 
one-sided p = 0.775).

Analysis o f Molecular Variance (AMOVA)
A M O V A  based on the stripped IT S  sequence alignm ent 

showed no genetic structuring am ong continents (Table 3). T he 
dom inant com ponent o f  genetic variation  was found within 
continents (96.08%) instead of betw een them  (3.92%). A M O V A  
on  the dataset contain ing  all populations showed similar results 
(not shown). A significant bu t weak genetic structure was found 
betw een the super continents A fro-Eurasia and  Am erica 
(Fc t = 0 .064, j6 = 0.01), bu t the dom inant com ponent o f  genetic 
variation  was again found w ithin (93.55%) instead o f betw een 
these super continents (6.45%). A M O V A  on the dataset 
containing all populations showed similar results (not shown). No 
significant genetic structuring was found am ong all twelve clim ate 
groups, am ong  the six climates represented  by m ore th an  ten  IT S  
types, o r betw een cold-tem perate and  (sub)tropical climates 
(Table 3).

Demographic analyses
Both T ajim a’s test (D= — 2.393, ƒ)<().01) and  F u’s test 

(Fs = —127.581, j6<0.0001) are indicative o f a  recent global 
expansion o f M . aeruginosa. N ote th a t the term  ‘recen t’ only has a 
qualitative m eaning, relative to the rate  o f m utation  and  genetic 
drift at the IT S  locus.

Discussion

In  this study, we analyzed biogeographical patterns and  inferred 
dispersal patterns o f the freshwater cyanobacterium  Microcystis
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Figure 4. 95%  probability  parsimony netw ork of M icrocystis rDNA ITS sequences based on the stripped ITS alignm ent. C olours 
in d ica te  reg ion  o f origin: b lue : E urope, yellow : Africa, red : Asia, g reen : S o u th  A m erica, grey: N orth A m erica, pink: O cean ia . A line b e tw e e n  ITS ty p es  
re p re s e n ts  o n e  m u ta tio n a l s tep , o p e n  circles re p re s e n t ITS ty p e s  n o t p re s e n t in th e  sam p le . Radius o f th e  circles re p re s e n t n u m b e r  o f  seq u e n c es , 
n u m b e rs  1 -4  in d ica te  su b c lu s te rs . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 9561 ,g004

aeruginosa on  a global scale using rD N A  IT S  sequence data  
sam pled from  s lx  continents. T he com bination o f a  high genetic 
resolution with global sam pling allowed a  sound evaluation o f the 
global biogeography o f this cyanobacteria! species. Adm ittedly, 
only one locus was used, bu t the lack o f structure that we found 
can hardly be a ttribu ted  to insufficient genetic variability.

O u r results show th a t there  are no genetically distinct clades o f 
IT S  sequences w ithin the genus Microcystis and  that genetic 
divergence is low com pared to o ther cyanobacteria! genera 
[47,84], T his reinforces the hypothesis that all described taxa in

Table 3. Results o f AMOVA based 
sequence alignment.

on the stripped ITS

FCT P

Continent 0.039 0.054

Afro-Eurasia/the Americas 0.064 0.010

Climate (all 12) -0 .003 0.654

Climate (6 most sampled) 0.001 0.423

Cold~temperate/(sub)tropical -0 .005 0.823

doi:10.1371 /journal.pone.0019561 .t003

the genus Microcystis represent a  single hom ogenous bacterial 
taxon, M . aeruginosa, w ith a  relatively young evolutionary history 
[31,32]. This contrasts with IT S-based phylogenies o f  several 
o ther bacterial taxa in which, typically, well-supported and  
relatively deep evolutionary lineages are distinguished. For 
exam ple, in the m arine cyanobacteria! genera Synechococcus and  
Prochlorococcus, genetically distinct IT S  clades w ere detected, with 
very b ro ad  distributions [47,84], In  these cyanobacteria, IT S  
diversity was com parable with Microcystis, however, genetic 
structure was clearly m ore pronounced.

Several regions in the IT S  alignm ent w ere highly variable with 
only weak correlation betw een the various alleles o f each locus, 
even am ong those that w ere separated by ju st a  few dozen 
nucleotides. This lack o f linkage and  high level o f hom oplasy is 
very rem arkable. A possible bu t scarcely conclusive explanation 
for this singularity is that it is the result o f recom bination  within 
the genom e itself. Several studies have revealed exchange of 
genetic inform ation th rough  horizontal gene transfer and  
recom bination  in cyanobacteria  [85,86,87,88], Recently, T anabe  
et al. [89] suggested that recom bination  is an  im portant 
evolutionary force for the generation and  m aintenance o f genetic 
diversity in Microcystis. A lthough there are m any  tests for 
recom bination, they also rely on substitution rate  hom ogeneity, 
and  cannot distinguish autocorrelation in  substitution rates am ong
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sites (such as found in m utation  motifs, o r these caused by 
secondary R N A  or D N A  structure) from  true recom bination  [90]. 
As the observed hypervariable regions were all located  in regions 
with h igher expected m utation  rates (loops), an d  therefore likely 
violate the assum ption of substitution ra te  hom ogeneity, tests for 
recom bination  canno t provide reliable answers for the problem s 
caused by the hypervariable regions. K aneko et al. [91] and  
Frangeul et al. [51] showed th a t the genom e o f Microcystis aeruginosa 
is very plastic and  displays a  high transposon activity. T he 
hypervariable regions found in the rD N A  IT S  region are too short 
to be  transposons, however, and  the exact na ture  o f these regions 
rem ains uncertain. N otw ithstanding these uncertainties, all 
analyses on  the geographic genetic structure yielded concordant 
results.

T h e  global distribution of Microcystis, along with the lack o f 
geographical genetic structuring and  the prevalence o f a  single, 
w idespread IT S  type (excluding the hypervariable regions) m ay be 
explained by two radically different scenarios: 1) Microcystis 
represents an  ancient lineage, w hich acquired  its worldwide 
distribution gradually on  evolutionary tim e scales, o r 2) Microcystis 
represents a  young clade th a t spread globally recendy, experienc­
ing ongoing passive dispersal. Several clues favour the second 
hypothesis. Firstly, 16S rD N A  da ta  clearly indicates th a t Microcystis 
forms a  distinct clade o f nearly identical sequences, indicating a 
relative recent origin [29,30]. Also, variation  in IT S  sequences is 
relatively low, supporting the 16S-based hypothesis o f a  young 
clade. Secondly, an  ancient and  slowly dispersing taxon w ould 
likely lead  to isolated populations over long periods o f time, which 
w ould leave a  biogeographical signature (i.e. the presence o f 
distinct, geographically isolated lineages o r clear biogeographic 
structure). In  contrast, our statistical parsim ony analysis revealed a 
single, highly in terconnected  network, indicating little phylogeo­
graphic signal, w hich can be explained by curren t dispersal events. 
Thirdly, the test results o f deviations from  m utation-drift 
equilibrium  (Tajim a’s D, F u ’s Fs) support the hypothesis o f  a 
recent worldwide population  expansion following a  bo tüeneck or a 
selective sweep. Fourthly, the isolation-by-distance analysis showed 
no correlation betw een genetic and  geographical distance, and  
analysis o f m olecular variance shows a  lack of overall genetic 
differentiation betw een continents reinforcing the notion of 
frequent o r occasional ongoing global dispersal o f Microcystis. W e 
only found a  subtíe geographic structure betw een A fro-Eurasia 
and  the Am ericas, an d  IT S  types from  the Am ericas were absent 
in some o f the subclusters in the stripped IT S  network. However, 
this could be due to relatively low sam pling in the Am ericas. I t  is 
difficult to com pare the T e r  values from  the A M O V A  direcdy with 
studies on  o ther organism s as o ther m olecular m arkers are often 
used. How ever, the finding th a t the dom inant com ponent o f 
genetic variation was found w ithin, instead of betw een continents, 
supports the ubiquitous nature  o f M . aeruginosa.

T h e  exact tem poral scale o f dispersal rem ains uncertain  due to 
the absence o f an  evolutionary tim efram e o f cyanobacteria, as well 
as limits o f the design of the study and  the tem poral resolution that 
is inheren t to the m utation  rate  o f the studied IT S  fragm ent. W e 
can only state th a t the elapsed tim e since the m ost recent global 
dispersal events is p robably  no t longer th an  the average time 
needed for new  m utants to arise in isolated populations and  
increase above the detection threshold. This, in  turn, depends on 
the population  biology o f Microcystis, the role o f  random  drift 
versus selection and  the m utation  ra te  o f  the IT S  sequence. 
Answers to these questions w ould require genetic m arkers with 
h igher resolution as well as a  spatially explicit experim ental design 
to study colonization an d  succession dynamics. So far, the question 
rem ains w hether the lack o f geographic structure in  the da ta  is due

to frequent global dispersal an d  gene flow am ong distant 
populations, or w hether this is due to occasional transoceanic 
colonisations o f new  hab ita t patches com bined w ith persistent 
founder effects. Population-genetic theory strongly argues against 
the first scenario, as a  result o f extrem ely large population  sizes o f 
bacterial populations th a t w ould necessitate large am ounts o f gene 
flow for im m igrant strains to be detected in established populations 
and  contribute to genetic differentiation [92]. It is therefore m ore 
plausible th a t the genetic structure o f Microcystis populations is 
driven by founder effects th a t arise w henever new  hab ita t patches 
are created  [93], w hich are then  colonized by a random  selection 
o f strains from  regional o r possibly global sources.

T h e  absence o f phylogeographic patterns found in this study is 
rem arkable given the fact th a t freshw ater bodies are small and  
often highly isolated h ab ita t patches in a  vast terrestrial m atrix, 
w hich in itself is separated by extended oceanic regions a t a  global 
scale. T h e  p a tte rn  in M . aeruginosa contrasts w ith th a t o f ano ther 
bloom -form ing freshwater cyanobacterium , Cylindrospermopsis raci­
borskii, in w hich phylogenetic analyses based  on four genes, 
including IT S , showed a clear clustering o f strains according to 
con tinen t [44]. Similarly, phylogeographic structure has been 
im plied for the freshwater cyanobacterium  Arthrospira sp., based  on 
the appearance o f two discrete IT S  clusters corresponding to 
Africa-Asia an d  Am erica [46]. C ontrary  to Microcystis, Cylindros­
permopsis and  Arthrospira have a narrow er ecological am plitude, 
m ainly occurring  in tropical to w arm -tem perate regions 
[94,95,96,97]. T he lack o f in term ediate suitable stepping stones 
in tem perate regions m ay explain their m ore restricted dispersal, 
b u t local adap tation  m ay be equally im portant. This illustrates that 
freshwater cyanobacteria  can have different biogeographies, 
ranging from  cosm opolitan to geographically restricted. Previous 
studies have also indicated a  diversity in bacterial biogeographical 
patterns a t different taxonom ic levels [3,22,23,98]. A lthough 
analyses o f a  single fast-evolving m arker such as IT S  provide a 
relatively fine level o f genetic resolution, m ulti-locus analyses 
w ould offer additional insights into the behavior o f  m icrobial 
populations (cfr. the frequency o f genetic exchange, recom bination 
and  lateral gene transfer).

Little inform ation is available on  the dispersal ability and  
transport m echanism s o f Microcystis [99,100]. Microcystis cells have 
thick cell walls and  are grouped into colonies surrounded by a 
protective mucilage layer, w hich m ay pro tect them  from  harsh 
environm ental conditions during  dispersal. T hey  have been 
observed in vegetative condition in the sedim ent [36,101], and  
are to lerant to low tem peratures and  darkness [102]. T he latter 
observations indicate th a t they m ight resist d rough t or intestinal 
conditions for a  certain  period, w hich could explain their ability 
for rap id  global dispersal [100,103]. T h e  probability  o f successful 
passive long-distance dispersal depends strongly on the effective­
ness o f the carrier (animal or a irborne dispersal), and  the ability o f 
Microcystis to tolerate the transport conditions [104,105]. An 
effective way for Microcystis to disperse m ight be by  m igrating birds 
[97,106]. D uring  Microcystis bloom s, colonies m ay easily be 
transferred by  birds either th rough  internal o r external transport. 
If  m igrating birds were the dom inan t dispersal vectors, however, 
m uch stronger phylogeographic patterns could be  expected, 
reflecting the north-south  m igration routes o f w ater birds. T he 
absence o f such pa tte rn  suggests th a t transport m ay also be driven 
by o ther factors, such as w ind dispersal. T ranscontinental w ind 
and  dust events have been  proposed to form  atm ospheric bridges 
over land  an d  sea, facilitating long-distance dispersal o f m icro­
organism s [107]. Finally, the worldwide occurrence o f Microcystis 
strains m ight also be  facilitated by  hum an-m ediated  dispersal, 
m ainly by the recreational use o f  w ater bodies an d  transport o f fish
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and  m acrophytes, as already suggested for several o ther small 
aquatic  organism s [108,109].

No genetic structuring according to clim ate conditions was 
found in Microcystis, w hich contrasts w ith some other studies on 
cyanobacteria  [14], Several Microcystis IT S  types were detected in a 
wide range o f climates, indicating a b ro ad  tolerance or capacity for 
rap id  local adap tation  to different clim atic conditions. W e did not 
find indications th a t distinct ecotypes o f Microcystis can be 
differentiated by IT S  as has been suggested for Prochlorococcus 
[45,47], bu t m ore research should confirm  this. Microcystis 
populations are likely phenotypically a n d /o r  ecologically differ­
entiated  by different suites o f functional genes. Indeed, a  high 
functional diversity (cfr. differences in grow th rate, colony 
form ation, cell size an d  m icrocystin production) in sym patric 
and  allopatric Microcystis strains has been  shown by laboratory  
experim ents [110,111]. A num ber o f studies have highlighted the 
extent o f bacterial functional diversity and  environm ental 
adaptation , beyond the resolution o f ribosom al D N A  m arkers 
[112,113,114,115]. T h e  plasticity o f  the genom e of M . aeruginosa 
[51,89,91] m ay be a  key feature in allowing rapid  local adap tation  
in a  wide array  o f environm ental conditions by yielding new 
interactions betw een genetic loci and  therefore releasing additive 
genetic variance on  w hich na tura l selection can  act. In  addition, 
also de novo m utations m ight be involved in rap id  adap tation  to 
novel environm ents given the large population  sizes an d  short 
generation  tim e o f M . aeruginosa.
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