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SUMMARY
Despite the enormous ecological importance of marine phytoplankton, surprisingly little is known about how
new phytoplankton species originate and evolve in the open ocean, in the absence of apparent geographic
barriers that typically act as isolation mechanisms in speciation. To investigate the mechanism of open-
ocean speciation, we combined fossil and climatic records from the late Quaternary with genome-wide
evolutionary genetic analyses of speciation in the ubiquitous and abundant pelagic coccolithophore genus
Gephyrocapsa (including G. huxleyi, formerly known as Emiliania huxleyi). Based on the analysis of 43
sequenced genomes, we report that the best-fitting scenario for all speciation events analyzed included
an extended period of complete isolation followed by recent (Holocene) secondary contact, supporting
the role of geographic or oceanographic barriers in population divergence and speciation. Consistent with
this, fossil data reveal considerable diachroneity of species first occurrence. The timing of all speciation
events coincidedwith glacial phases of glacial-interglacial cycles, suggesting that stronger isolation between
the ocean basins and increased segregation of ecological niches during glaciations are important drivers of
speciation in marine phytoplankton. The similarity across multiple speciation events implies the generality of
this inferred speciation scenario for marine phytoplankton.
INTRODUCTION

How do new species emerge? This question is particularly acute

in relatively homogeneous habitats, such as the open ocean,

where few physical barriers to gene flow seem to exist1 to pro-

mote allopatric speciation—divergence of physically isolated

populations2,3 was traditionally regarded as the predominant

mode of speciation.3 Speciation research remains heavily biased

toward terrestrial organisms,4 and the lack of data regarding the

mode of speciation is particularly acute for pelagic protists (but

see Postel et al.5). Despite their important and global contribu-

tion to the earth ecosystem, evolutionary genetic processes un-

derpinning origination and adaptation in planktonic unicellular

species remain poorly understood.6 Constant mixing of pelagic

plankton populations by ocean currents may lead to extensive

gene flow across the species range. The homogenizing effect

of this mixing may be difficult to overpower with diversifying se-

lection, making physical barriers to gene flow essential for the

establishment of new species.7 We test this idea with genome-

wide evolutionary genetic analysis in an ecologically important

phytoplankton group—the coccolithophores.

Among the vast diversity of eukaryotic phytoplankton lineages,

the coccolithophore family Noëlaerhabdaceae used in this study

represents an ideal system for the study of speciation in marine

phytoplankton. They are widely distributed, abundant, cultura-

ble, have relatively small genomes, and undergo intermittent
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sexual reproduction, with haploid and diploid generations in the

life cycle.8–10 The fossil record reveals thatmembers of this family

dominated coccolithophore populations over the last 20 million

years (Ma),11,12 with important implications for the global carbon

cycle.13,14 Coccolithophores produce more than 1 billion tonnes

of CaCO3/year,
15 which can accumulate as sediments and act as

a major long-term geological sink of carbon dioxide. An inte-

grated analysis of fossil and genome sequence data demon-

strated that the extant members of this group, represented

mostly by Gephyrocapsa species, originated in a species radia-

tion within the last half a million years.16 That study reported a

macro-evolutionary pattern of cyclical coccolith size changes,

with the radiation of extant species corresponding to the most

recent of these cycles. The current study focuses on the micro-

evolutionary processes during this species radiation.

Of theGephyrocapsaspecies, the largest,G.oceanica (Figure1),

is usually found in mesotrophic subtropical and tropical waters.

G. muellerae, which is medium sized, occurs in cooler productive

waters.G. ericsonii, the smallest, is mostly reported in subtropical

and tropical waters, occasionally in co-occurrence with the small

ex-Reticulofenestracomplex representedbyG.parvula.16,17While

most species used in this study formally belong to the Gephyro-

capsa genus, we also included an outgroup Reticulofenestra ses-

silis, which, as shown below, is closely related to Gephyrocapsa.

R. sessilis is a curious coccolithophore that is known to form sym-

biotic colonies around a diatom (Figure 1) in the deep-photic zone
cember 20, 2021 ª 2021 The Authors. Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:dmitry.filatov@plants.ox.ac.uk
https://doi.org/10.1016/j.cub.2021.09.073
http://creativecommons.org/licenses/by/4.0/


Figure 1. Phylogenetic relationships and gene-tree discordance of the Noëlaerhabdaceae

(A) DensiTree plot (green lines) based on 910 phylogenies constructed for genomic fragments 10 kb long and consensus species topology tree (black lines)

inferred with a multi-coalescent method. All nodes are supported with >0.9 ASTRAL26 branch value support (Figure S2).

(B) Scanningelectronmicrographs (SEM) of species used in the study.R. sessilis (strainRCC6730) are coccolithophores surrounding a symbiotic diatom in the center.

The diatom is not analyzed in this study. SEMsare courtesy of JeremyR. Young. For all SEMs, the scale bar represents 4 mm.See also Figures S1–S3 andTable S1.
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of equatorial and tropical oceans.18,19 This species is little studied

and has not been isolated previously. It is worth noting that our

analysis also includes Gephyrocapsa huxleyi, formerly known as

Emiliania huxleyi. Consistent with this name change, this species

clusters within Gephyrocapsa, as shown below. G. huxleyi has

become a model species for marine phytoplankton studies, and

many strains are available in culture collections.20–22 Its �140-

megabase (Mb)genome is sequenced,23 andbasic populationge-

netic parameters have already been characterized to some

extent.24 This emblematic coccolithophore species is ubiquitous

and so abundant in the modern oceans that the coccoliths shed

during the extensive annual blooms are visible from space. It is

thought to be one of the main calcite producers on Earth21 and

plays an important role in the global carbon cycle.25

In this study, we combined population genetic analysis of

whole-genome sequence data from 43 Gephyrocapsa and Re-

ticulofenestra isolates from across the global ocean, with fossil

and climatic records from the late Quaternary to shed light on

the evolutionary processes underpinning speciation in marine

phytoplankton.

RESULTS

The strains and sequence data used in the analyses
Our analyses are based on 28 newly sequenced and 15 previously

published genomes for Gephyrocapsa and Reticulofenestra
2 Current Biology 31, 1–11, December 20, 2021
clonal isolates from all over the world oceans (Figure 1A; Table

S1). All the strains in the analysis were sequenced with short

read Illumina paired end sequencing, totaling 360.9 gigabase

(Gb) of newly generated sequence data across all the strains

(Table S1). The ploidy of strains was checked with K-mer

spectra,27,28 which consistently formed two peaks, indicating

diploidy (Figure S1).

The analyzed set of strains includes two morphotypes (A and

B) described for G. huxleyi,29 as well as nearly all known extant

morphospecies in the genus Gephyrocapsa (Figure 1B). Due to

considerable genetic differentiation between the strains

belonging to the A andBmorphotypes ofG. huxleyi (Figure 1; Ta-

ble 1), these morphotypes are analyzed separately and referred

to as G. huxleyi A and B, respectively.

Sequence diversitywithin and between coccolithophore
species
The total sequence diversity in our sample ofGephyrocapsa and

Reticulofenestra strains (pooling all strains of all species

together), calculated as the average number of nucleotide differ-

ences per synonymous site (p = 0.039 ± 0.0159), reveals that

analyzed species are closely related. The total genetic diversity

at non-synonymous sites is over three times lower than those

per synonymous site (p = 0.013 ± 0.0057), indicating the pres-

ence of considerable purifying selection. Analysis of molecular

variance (AMOVA)30 applied to species with multiple individuals



Table 1. Sequence divergence and population differentiation for all pairs of species

Species A B Gm Gp Ge Go Rs

A 0.0085a 0.0153b 0.0302b 0.0334b 0.0251b 0.0608b 0.0243b

B 0.3602c 0.0085a 0.0293b 0.0317b 0.0238b 0.0597b 0.0236b

Gm 0.7556c 0.7490c 0.0018a 0.0268b 0.0201b 0.0548b 0.0215b

Gp 0.7692c 0.7573c 0.8023c 0.0019a 0.0011b 0.0579b 0.0238b

Ge 0.5437c 0.5193c 0.5501c N/Ac 0.0019a 0.0434b 0.0179b

Go 0.8378c 0.8354c 0.8642c 0.8658c 0.7349c 0.0061a 0.0242b

Rs 0.4563c 0.4431c 0.4991c 0.5342c N/Ac 0.4533c 0.0059a

Intra-specific diversity for species with just a single sample sequenced (Ge and Rs) are based on heterozygosity of that sample. See also Table S2. A

and B, G. huxleyi morphotypes A and B, respectively; Ge, G. ericsonii; Gm, G. muellerae; Go, G. oceanica; Gp, G. parvula; N/A, not available; Rs,

R. sessilis.
aSynonymous genetic diversity within species (p)
bSynonymous (4-fold degenerate) pairwise sequence divergence between the species (Dxy)
cPopulation differentiation (Fst; all significant by permutation test, p < 0.001)
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sequenced reveals that about 88.6% of total diversity is due to

divergence between the species and only about 11.4% due to

polymorphism within the species (Table S2).

Although most of the genetic diversity in this group is due to

species divergence (Table S2), the species analyzed are closely

related and synonymous nucleotide divergence between the

most divergent species G. oceanica and most other species is

only about 6% (Table 1), although divergence between the other

species analyzed is even lower. Population (species) differentia-

tion, measured with Fst, is high and significant for all compari-

sons of species with more than one sample sequenced (Table

1, below diagonal). This conclusion is also visually supported

by the DensiTree plot showing clustering of the samples by spe-

cies at different genes across the genome (Figure 1A).

The analyses within the species reveal relatively low nucleo-

tide polymorphism (Table 1, diagonal), consistent with the previ-

ous report of low diversity in G. huxleyi.24 Genetic diversity

in globally distributed G. huxleyi (both A and B morphotypes

separately) and G. oceanica is similar, while the diversity in

G.muellerae,G. parvula, andG. ericsonii is much lower (Tables 1

[diagonal] and 2), consistent with their limited distribution. It is

interesting that genetic diversity (heterozygosity) in the single

R. sessilis isolate sequenced (p = 0.59% ± 0.587%) is closer

to the level of polymorphism in the ubiquitous G. huxleyi

and G. oceanica rather than the geographically restricted

G. muellerae, G. parvula, and G. ericsonii. It is worth noting

that smaller sample sizes for these species do not affect the ac-

curacy of their genetic diversity estimates because different re-

gions across the genome provide independent samples of the

past coalescent process; as such, it is more informative to

analyze longer sequences than larger sample sizes.31,32

The models of speciation with isolation and secondary
contact fit the data best
In order to analyze the population genetic processes during

consecutive speciation events in this ecologically important

phytoplankton group, we used a wide range of population split

speciation models, allowing for population size change and

interspecific gene flow (Figure 2A; Table S3), implemented in a

Poisson random-field framework.35 The models were fitted to

genome-wide polymorphism data from pairs of species with at
least four diploid individuals sequenced. Themodel fit was quan-

tified with log-likelihood, and the models were compared using

sample-size-corrected Akaike information criterion (AICc).36

Comparing the model fit for simpler and more complex models,

we tested whether additional parameters significantly improve

the model fit to data (Table S4). Overall, we analyzed model fit

and estimated parameters for 30 different speciation models in

pairwise species analyses (Figure 2A; Table S4). This revealed

that secondary contact (SC) models, allowing for a period of

isolation followed by secondary contact (Figure 2B), fitted the

data best (Figure 2A; Table S4). The parameter estimates for

the best-fitting model for each speciation event analyzed are

listed in Table 3, and the inferred speciation scenario is summa-

rized in Figure 2D. To convert the parameter estimates to biolog-

ically meaningful units, we used the per-nucleotide mutation rate

(m = 5.53 10�10 [SD: 5.053 10�10–6.093 10�10] per nucleotide

per cell division) measured for G. huxleyi in a recent mutation

accumulation experiment.37

The oldest speciation event analyzed (labeled ‘‘1’’ in Figure 2D)

includes the split between R. sessilis and all other species in this

clade. R. sessilis is a previously unsequenced species that

evolved a symbiotic relationship with a centric diatom (Fig-

ure 1B), which might have caused the speciation of R. sessilis.

According to pairwise sequence divergence, R. sessilis is equi-

distant from other species analyzed (Table 1), indicating its basal

position in this clade. The chloroplast genome sequences from

outgroups Isochrysis galbana and Tisochrysis lutea confirm the

basal position of R. sessilis among the Noëlaerhabdaceae spe-

cies (Figure S3). The DensiTree plot (Figure 1A) reveals that

some R. sessilis genes cluster with G. oceanica, while other

genes are closer to the clade including all other species

analyzed. This may reflect incomplete lineage sorting or some

introgression between these species. Despite the basal position

of R. sessilis, its divergence from other species (dxy � 0.025) is

two times lower than that for G. oceanica (dxy � 0.055; Table

1), which suggests slower divergence of R. sessilis, likely due

to a longer generation time compared to the other species stud-

ied here. Indeed, R. sessilis inhabits the deep photic zone in the

ocean and is characterized by a relatively slow growth rate in cul-

ture. As only one R. sessilis sample is available, we cannot infer

the parameters of speciation using the polymorphism-based
Current Biology 31, 1–11, December 20, 2021 3



Table 2. Level and patterns of genetic diversity at different types of sites

Species na Ls
b Ln

c Ss
d Sn

e ps (%)f pn (%)g DTaj
h ZnS

i

A 11 606,144 2,532,365 20,100 34,890 0.85 ± 0.450 0.33 ± 0.187 �0.267 0.096

B 11 606,144 2,532,365 21,575 38,557 0.85 ± 0.483 0.34 ± 0.207 �0.520 0.087

Gm 4 606,144 2,532,365 2,068 5,036 0.18 ± 0.072 0.11 ± 0.042 2.116j 0.416

Gp 4 606,144 2,532,365 2,544 6,242 0.19 ± 0.088 0.11 ± 0.052 0.876 0.260

Ge 1 606,144 2,532,365 1,163 2,572 0.19 ± 0.192 0.10 ± 0.102 N/A N/A

Go 11 606,144 2,532,365 16,665 25,183 0.61 ± 0.373 0.25 ± 0.135 �0.795 0.109

Rs 1 606,144 2,532,365 3,559 9,545 0.59 ± 0.587 0.38 ± 0.377 N/A N/A

Total 43 606,144 2,532,365 101,342 152,025 3.88 ± 1.587 1.28 ± 0.570

Species abbreviations are as in Table 1.
aSample size
bSynonymous positions analyzed
cNon-synonymous positions analyzed
dSynonymous polymorphic sites
eNon-synonymous polymorphic sites
fAverage heterozygosity per 100 synonymous sites
gAverage heterozygosity per 100 non-synonymous sites
hTajima’s D33 at synonymous sites. The positive DTaj values for G. muellerae and G. parvula likely reflect population contraction of these species

(Figure 2D).
iZnS

34 at all sites calculated as weighted average for 260 longest genomic contigs, with weighting proportional to the length of the contig.
jp < 0.05
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approach, which we have employed for other species splits.

Nevertheless, given that heterozygosity in the sequenced

R. sessilis sample is similar to that in G. oceanica (Table 2), the

population size of this species is likely comparable to that in

G. oceanica. The sediment data (Figures 2E and 2F) also

show comparable species abundance for G. oceanica and

R. sessilis, though G. oceanica abundance shows occasional

peaks (e.g., at around 220 ka), while the abundance of

R. sessilis is more stable through time.

The second speciation event (labeled ‘‘2’’ in Figure 2D) was

analyzed using the two species pairs with the largest sample

sizes available: G. huxleyi A–G. oceanica (A-Go) and G. huxleyi

B–G. oceanica (B-Go) (Figure 2A; Tables 3 and S4). Based on

the best-fitting SC model, the speciation is estimated to have

occurred around 565 ka (Table 3). We estimate that G. huxleyi

and G. oceanica lineages inherited more or less an even propor-

tion of ancestral species diversity (0.3 < s < 0.6 in A-Go and in B-

Go analyses, respectively; Table 3). Following the species split,

the population size of G. oceanica remained stable over time,

while the population of G. huxleyi has grown considerably in

recent times (Figure 2D), an inference that is consistent with

the sediment record of increasing G. huxleyi abundance toward

the modern day (Figures 2E and 2F). Although abundance of a

species in sediment does not directly reflect its past population

size, the increased abundance at multiple sediment locations

likely reflects expanding population size.

The third speciation event (labeled ‘‘3’’ in Figure 2D; �300 ka,

Table 3) gave rise to the clade includingG. huxleyi species A and

B (hereafter AB) and the ‘‘Gmpe’’—the lineage including

G. muellerae (‘‘Gm’’), G. parvula (‘‘Gp’’), and G. ericsonii

(‘‘Ge’’). Our analysis of this species split involved four species

pairs: A-Gm; B-Gm; A-Gp; and B-Gp (Figure 1A; Tables 3 and

S4). While the small sample sizes for Gm and Gp could affect

the accuracy of the analysis, the consistency of the parameter
4 Current Biology 31, 1–11, December 20, 2021
estimates across the species pairs (Table 3) provides some reas-

surance in the accuracy of the analyses for this speciation event.

According to the analyses including either G. huxleyi A or B and

either Gm or Gp, the speciation of AB and Gmpe occurred with

over 95% of the ancestral diversity inherited by the AB lineage

(s > 0.95; Table 3) and <5% going into the Gmpe lineage (Fig-

ure 2D). This species split was followed by population growth

in G. huxleyi and population growth and then decline for both

G. parvula and G. muellerae to their current sizes, an order of

magnitude smaller than the ancestral species at the Gmpe-AB

species split (Figure 2D), consistent with the current low genetic

diversity in G. parvula and G. muellerae (Table 2).

The scenario of population expansion, followed by a decline in

the Gmpe lineage, is also supported by the parameter estimates

in the IMpre model that allows for a population size change prior

to speciation. Applying that model to the species split between

G. parvula and G. muellerae (labeled ‘‘4’’ in Figure 2D), we esti-

mated that the effective population size in the Gmpe lineage

expanded from the ancestral �4.8 million to 34.5 million before

speciation and then underwent a massive decline after the spe-

cies split 4. A similar scenario can be inferred using the best-

fitting SCm1_hnmodel, which estimates that the ancestral effec-

tive population size was �16.8 million just before the species

split 4 that occurred around 167.1 ka, followed by a massive

decline in both G. parvula and G. muellerae (Table 3). The

sediment data also support this scenario, with a peak in

G.muellerae abundance around 150 ka (Figure 2E). After the first

common occurrence of G. muellerae in the fossil record at ma-

rine isotope stages (MIS) 6/7 (c. 190–170 ka),42,43 this species

dominated the coccolith populations for about 50 ka, but its

abundance declined as G. huxleyi abundance grew, exceeding

the G. muellerae population by the MIS 4/5 boundary (�71

ka).44–47 Our estimated time of G. parvula and G. muellerae

speciation is more recent than the G. muellerae occurrence in



Figure 2. Reconstruction of demographic history of speciation in coccolithophore family Noëlaerhabdaceae

(A) Akaike weights (formula 4 in Wagenmakers and Farrell38) for 30 speciation models fitted to ten species pairs (representing four species splits) show that

secondary contact models (SC.) fit the data best. The details of different models are described in the STAR Methods and Table S3.

(B) The diagram of secondary contact model. The ancestral species with effective size Na splits into two derived species, with the proportion s of ancestral

diversity inherited by the species 1 and 1-s inherited by the species 2, and over time, population sizes of the two species change exponentially to reach the

present sizes N1 and N2. Following the species split, the two species remain completely isolated for the time period T1, but interspecific gene flow restarts after

secondary contact at time T2 in the past. Interspecific migration after secondary contact occurs with rates (M1 and M2) in two directions.

(C) The change of sea surface temperature (SST) through time.39

(D) Visual representation of the parameters inferred for consecutive speciation events in Noëlaerhabdaceae. The width of the branches reflects effective pop-

ulation size (Ne) estimated for the extant and ancestral species. The red bars at the species splits show min-max ranges for the estimates of the speciation time

across bootstrap replicates, taking mutation rate uncertainty (from Krasovec et al.37) into account. The actual parameter estimates are listed in Table 3.

(E) The counts of coccoliths (3106; per gram of sediment analyzed) from Ocean Drilling Program (ODP) site 1082 from the eastern South Atlantic off Namibia.40

The counts for G. muellerae are scaled down 5-fold to fit the high peak around 150 ka to the scale of the plot. The colored dots are the actual data, and the lines

show moving average of five data points for G. huxleyi (red), G. oceanica (black), R. sessilis (green), and G. muellerae (dashed blue).

(F) The counts of coccoliths (3106; per gram of sediment analyzed) from core GeoB12613-1 from the western Indian Ocean off Tanzania.41

Yellow and blue shading across (C)–(F) correspond to interglacial and glacial periods, respectively. See also Figures S4 and S5 and Tables S3 and S4.
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the fossil record, which may be explained by the evolution of a

phenotype resembling G. muellerae in the ancestral species

before the species split betweenG. parvula andG.muellerae. Af-

ter that speciation event,G. muellerae retained the phenotype of

the ancestral species, while G. parvula lost the coccolith bridge

and evolved its modern phenotype (Figure 1B).
Thesplit betweenG.huxleyi speciesAandB (labeled ‘‘5’’ in Fig-

ure 2C) is estimated to have occurred around 99.4 ka (Table 3),

with roughly a quarter of the ancestral diversity inherited by

G.huxleyiA (s�0.2;Table3) and the restbyG.huxleyiB.The latter

is inferred to have had a stable population size since speciation,

while the former has grown considerably (Figure 2D; Table 3).
Current Biology 31, 1–11, December 20, 2021 5
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This is consistent with theG. huxleyi sediment record (Figures 2E

and 2F) that indicates a massive increase in population size in the

last 100 ka.42,44,46,48 Following the appearance ofG. huxleyi in the

fossil record �290 ka,12 the abundance of G. huxleyi has grown

dramatically to current estimated census size of 7 3 1022 living

cells49 but fluctuated over time (Figures 2E and 2F). The effective

size of a fluctuating population is equal to a harmonic mean of

population sizes over time,50,51which explainswhy the expansion

of theG.huxleyieffectivepopulation size inferred inourpopulation

genetic analysis (Figure 2A) is smaller than implied by the rise in

coccolith abundance in the sediment record. Furthermore, the

15 orders of magnitude disparity between this astronomical

census size andestimated effective population size (Ne� 107; Ta-

ble3) is likelydue to theeffectof linkedselection that limitsgenetic

diversity in very large populations—an extreme instance of ‘‘Lew-

ontin’s paradox’’ analyzed previously in G. huxleyi.24

Hybridization between Gephyrocapsa species is likely a
recent phenomenon
The ABBA-BABA-like tests for interspecific gene flow52,53 de-

tected significant gene exchange between most Gephyro-

capsa species analyzed (Figure S4; Table S5). Consistent

with this, the model without gene flow (IMm0) fitted data

much more poorly compared to models allowing for gene

flow (Table S4), indicating that interspecific gene flow is an

important feature of the data. However, in all cases, gene

flow was estimated to be low (M < 1; Table 3), revealing that

interspecific hybridization between the species in this genus

is not too common.

To analyze the evolution of barriers for interspecific gene flow,

we used the models allowing for migration to change over time.

In one such model, IM-eM, migration changes exponentially

from migration rate right after speciation (Msplit) to migration at

present (Mpresent). This model consistently estimated the Msplit =

0 and 0 < Mpresent < 0.1. The other models—ancestral migration

(AM) and SC—allowed for two time periods with distinct migra-

tion rates over time (Figure 2B). The AM models correspond to

a scenario of species evolving reproductive isolation over time,

with interspecific gene flow initially present after the species split

but prevented by evolution of reproductive barriers later on. The

SC models implement a secondary contact scenario when two

previously isolated (sub)species meet and start to hybridize (Fig-

ure 2B). The SC models fitted the data significantly better than

the alternative models (Figure 2A; Table S4), indicating that a

period of complete isolation, followed by secondary contact

and hybridization, is a plausible scenario for species in this

phytoplankton group. The time of secondary contact, as esti-

mated in the best-fitting SC models (Tsc < 15 ka in most species

comparisons; Table 3), indicates that interspecific hybridization

and gene exchange is a recent phenomenon in this group,

possibly driven by climatic changes, such as the ending of the

last ice age. The models allowing for multiple phases with vari-

able migration (VM models) do not provide support for interspe-

cific migration during older glacial cycles, possibly due to lack of

power and convergence problems with too-parameter-rich

models (Figure S5).

The secondary contact scenario implies that the species are

initially isolated by extrinsic factors, such as geographic or

oceanographic barriers, while maintaining some degree of



Figure 3. The diachroneity in first occurrence

(FO) of G. huxleyi in sediment data across the

world oceans

The timing of FO (thousands of years ago, kyrs) is

shown on the y axis in (A) and with color in (B). White

dots on the map (B) indicate the locations of the

sediment cores, and the color reflects the time of the

FO in the area around each sediment core. To ensure

reliability of the pattern observed, we included only

the areas with at least two cores analyzed in the

area. The data sources are listed in Table S6. See

also Table S7.
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reproductive compatibility enabling interspecific gene flow after

secondary contact. To shed light on the extrinsic factors that

may have caused isolation and drove speciation in this phyto-

plankton group, we used fossil data available for this calcifying

phytoplankton group.

Fossil-based evidence of speciation in
Noëlaerhabdaceae
The origin of G. huxleyi is relatively well documented in the fossil

record (Table S6). In order to analyze where the species first orig-

inated and whether geographic (e.g., continents or ice sheets)

and physical oceanographic barriers (e.g., ocean fronts) acted

as isolating mechanisms promoting speciation, we compiled

the timing of the first occurrence (FO) of G. huxleyi across the

global oceans, focusing on the regions with multiple sediment

cores available to ensure the accuracy of FO dating (Figure 3).

Diachroneity of FO in different places could support the role of

physical isolation mechanisms helping genetic isolation and

speciation. The data reveal that G. huxleyi first appeared in the

tropics, and there is an apparent delay of 20 ka for G. huxleyi

to escape from its origination at the equator into temperate lati-

tudes and up to �50 ka delay before the G. huxleyi FO reaches

the polar regions (Figure 3). There is also an apparent delay of

�20–30 ka with G. huxleyi reaching the tropical regions of the

Western Pacific, though the areas outside the Atlantic are too
Cur
sparsely covered by core data to infer the

patterns of species spread between the

basins. Similar analyses of sediment data

for other species in this clade are signifi-

cantly more complicated due to difficulties

in the exact placement of their biohorizons

in the fossil record54,55 and the different

taxonomic criteria followed by authors (Ta-

ble S7) for their identification.

DISCUSSION

Here, we reported population genetic

analyses of speciation in a predominant

marine phytoplankton group—the coccoli-

thophores. Our previous analysis of this

group revealed that extant diversity in Ge-

phyrocapsa originated in a single radiation

event that started only half a million years

ago.16 It also demonstrated that cycles in
predominance of large and small coccolithophores in the fossil

record correspond to consecutive events of species radiations

followed by extinctions, with the extant diversity in this genus

representing the latest species radiation. However, the previous

workwas based on phylogenetic analyses of only ten sequenced

strains,16 whichwas uninformative about the predominant speci-

ationmode in this radiation. The analyses of 43 strains presented

above allowed us to study the evolutionary genetic processes

underpinning speciation in this ubiquitous and abundant phyto-

plankton group. The analyses revealed patterns in common for

all speciation events, allowing us to reconstruct a speciation sce-

nario for this phytoplankton group.

First, our results suggest that the formation of new species in

marginal isolated populations is not the primary mechanism of

speciation in oceanic phytoplankton. Given the lack of obvious

physical barriers in the open ocean, origination of new plankton

species in small marginal populations cut off from the sea seems

a plausible possibility. This scenario implies strongly uneven

population sizes at the species splits. Contrary to this, three

out of four speciation events analyzed (numbered 2, 4, and 5

on Figure 2D) show relatively even species splits (0.2 < s < 0.8;

Table 3), which is incompatible with speciation in marginal iso-

lated populations.

Second, for all speciation events analyzed, the secondary

contact models had by far the highest likelihood (Figure 2A).
rent Biology 31, 1–11, December 20, 2021 7
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Our results are consistent with nearly instantaneous shutdown of

gene flow at the time of speciation and an extended period of

complete isolation, followed by recent secondary contact and

restart of gene flow (Table 3). In the terrestrial realm, such speci-

ation dynamics are often associated with vicariance driven by

glacial cycles, with fragmentation of species ranges in glacial

or interglacial refugia (e.g., on separate islands isolated by rising

sea level). For example, in Europe, many closely related species

formed during the last ice age due to isolation and divergence

between refugia at the Iberian peninsula, Italy, Greece, and Ana-

tolia.56 In the marine realm, similar dynamics can be caused by

cycles of opening and closing of straits by glaciers or changing

of sea level.57 The movement of oceanic fronts closer to the

equator during the glacial periods58 and poleward shifts in the in-

terglacials may also act as one possible mechanism isolating the

oceanic basins and driving the cycles of population isolation and

mergers for marine phytoplankton.

How physical barriers to gene flow play a role in plankton

speciation remains unclear, but the availability of an extensive

Gephyrocapsa sediment record40,41,59–61 (Table S6) provides

an additional resource about the past history of this group of

species. The fossil evidence points to the emergence of

G. huxleyi at equatorial latitudes, suggesting that the genetic

isolation that led to speciation was a low-latitude phenomenon,

in accord with the suggestion that the tropics are a diversity

pump.62,63 The delay in G. huxleyi appearance at temperate

and polar waters may reflect slow dispersal of the species after

origination at equatorial latitudes. However, near synchronous

appearance of G. huxleyi in the tropical and temperate regions

of the Atlantic and the Western Pacific (substantially earlier

than in the Southern Ocean; Figure 3) suggests that dispersal

is unlikely to be the limiting factor for the spread of this species.

Thus, it appears more likely that diachroneity in G. huxleyi FO

could be caused by physical and/or ecological barriers. More

detailed analysis of the sediment data from multiple regions is

required to reconstruct past biogeography and the history of

speciation and compare it to the results of evolutionary genetic

analyses.

Third, all the analyzed speciation events occurred during the

onset of glacial conditions at different times in the last �0.6 Ma

(Figure 2C), suggestive that the glacial ocean is more conducive

to genetic isolation and the emergence of new species. How-

ever, given the limited number of speciation events analyzed,

the coincidence of speciation with glacial conditions cannot be

tested statistically and has to be taken with caution. In addition

to the above-mentioned vicariance caused by glacial circles,

the changes in ocean circulation and water column stratification

may promote isolation and speciation in the glacial ocean. The

growth of ice sheets during glacial periods, aggravated polar

ocean cooling, and steepened latitudinal temperature gradients

led to ventilation of the deep ocean by colder, denser waters

sitting beneath the more muted cooling in the lower latitude re-

gions. Conceptually, the segregation of ecological niches may

have been more distinct within the glacial ocean. It experienced

greater density contrasts both vertically and from low to high

latitude: the lower latitude water column was more strongly

stratified and stronger oceanic fronts were more compressed

equatorward (e.g., Bard and Rickaby58). It remains to be studied

whether depth stratification or ocean fronts can cause complete
8 Current Biology 31, 1–11, December 20, 2021
isolation of plankton species implied by the extended isolation

phase in our best-fit SC models (Table 3).

Fourth, all species pairs showed a low but significant level of

interspecific gene flow, consistentwith the view that gene flowbe-

tween nascent species is common in the marine realm.64–66 How-

ever, the rate of gene flow was estimated to be fairly low (M << 1),

suggesting that hybridization played minimal, if any, role in the

evolution of these species. Complete reproductive isolation may

take millions of generations to evolve after the initial species split.

Gradual evolution of genetic incompatibilities between the spe-

cies is expected to result in more pronounced heterogeneity of

gene flow across the genome for older speciation events due to

reduced gene flow in regions adjacent to genes causing species

incompatibility. Indeed, the models allowing for heterogeneous

migration (._hm, ._hmhn and ._hm2hn) across the genome

were the best-fit models for the older species splits 2 and 3, but

not for the more recent speciation events 4 and 5 (Figure 2A;

Table S4).

Fifth, for all speciation events analyzed, the parameter esti-

mates for the best-fitting SC models (Table 3) indicate that the

gene flow was restricted to a short period of secondary contact

in the Holocene after an extended period of complete isolation.

This result is consistent with the glacial cycle driving vicariance

and secondary contact in the marine plankton, not dissimilar to

that described for terrestrial organisms.56 We hypothesize that

the secondary contact and low-level hybridization between the

coccolithophore species analyzed may have been induced by

perturbation of marine ecosystems by the discharge of large

amounts of fresh water from rapidly melting glaciers during the

abrupt ending of the last ice age �14 ka. Melting glaciers are

known to fertilize the ocean with iron67 and phosphorus,68 which

stimulates extensive phytoplankton blooms.69 Such blooms left

traces in barium content in sediments that peak at glacial to

interglacial transitions, reflecting past deglacial productivity

pulses.70 Interspecific hybridization could have occurred during

such phytoplankton blooms during glacial to interglacial

transitions. Additionally, a more stratified glacial ocean may

have stored more nutrients at depth, which become remixed

throughout the water column on breakdown of stratification at

the glacial termination.70 Alternatively, the poleward migration

of basin-isolating fronts (e.g., the subtropical front) beyond the

tips of southerly continents on glacial terminations could also

enhance genetic exchange among the coccolithophore popula-

tion. Because each of these mechanisms is likely to occur on

every deglacial transition, it may be hypothesized that glacial

to interglacial transitions in the older glacial cycles have also

driven bouts of interspecific hybridization. Detecting such events

would require more complex models with multiple migration

phases. However, such VM models show a poorer fit to data

compared to the best-fit SC models, which may be due

to lack of power to detect multiple migration events and prob-

lems with model convergence for too-parameter-rich models

(Figure S5).

While we detected interspecific gene flow, it was limited to a

short period of time following Holocene secondary contact; the

speciation events (species splits) appear to have occurred

without ongoing gene flow. The scenario of speciation without

interspecific gene flow favored by our analyses appears to

contradict the view that speciation with gene flow is a common
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mode of speciation in the marine realm.4,5,65,66,71,72 However,

this view is primarily based on studies in coastal, benthic marine

organisms and the pelagic realm remains understudied. Further-

more, a careful look into population genetics of speciation may

help to explain this controversy. In ecological speciation with

gene flow, the action of diversifying selection (e.g., to adapt to

distinct conditions) is opposed by ongoing gene flow that ho-

mogenizes gene pools of the nascent species.3,73–75 The

outcome of this selection and gene flow balance depends on

(1) the extent of gene flow, (2) the strength of selection, and (3)

the linkage disequilibrium (LD) between the target(s) of selection

and the ‘‘speciation gene(s)’’ causing incompatibility between

the nascent species. Plankton populations in the open ocean

critically differ from populations of terrestrial and benthic species

with respect to their population size. Although the large popula-

tion size (Ne) of pelagic species makes selection more power-

ful,76 it also results in a higher population-scaled recombination

rate, which reduces LD genome-wide. Indeed, the LD was re-

ported to be very low in the G. huxleyi genome.24 This makes it

difficult to establish non-random association (that is, LD) be-

tween the target(s) of diversifying selection and the genes

causing species incompatibility, which is critical for speciation

with gene flow to work (e.g., Gavrilets77 and Flaxman et al.78).

Thus, the model of speciation with gene flow may not work

well in open-ocean plankton, making physical barriers to gene

flow essential for speciation. This conclusion is likely applicable

to speciation of pelagic organisms beyond phytoplankton.

Indeed, in the recent review of speciation with gene flow in ma-

rine organisms,66 only one out of 33 cases was for a pelagic spe-

cies (cod), which is consistent with the idea that speciation with

gene flow is uncommon in pelagic organisms and physical bar-

riers to gene flow play a predominant role in their speciation.
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ProSeq3 v3.994 Filatov88 https://sourceforge.net/projects/proseq/

MEGA-X v10.1.5 Kumar et al.89 https://www.megasoftware.net/

RAxML v8.2.12 Stamatakis90 https://cme.h-its.org/exelixis/web/software/raxml/

R package phangorn v2.7.1 Schliep91 https://cran.r-project.org/web/packages/phangorn/index.html

R package ape v5.5 Paradis et al.92 https://cran.r-project.org/web/packages/ape/index.html

R package ggplot2 Wickham93 https://ggplot2.tidyverse.org/

R package cowplot Wilke94 https://wilkelab.org/cowplot/index.html

Densitree v2.2.5 Bouckaert95 https://www.cs.auckland.ac.nz/�remco/DensiTree/

ASTRAL v5.7.1 Mirarab et al.26 https://github.com/smirarab/ASTRAL

Ocean Data View v5.5 Schlitzer96 https://odv.awi.de
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Lead contact
Further information regarding the manuscript and requests for reagents may be directed to, and will be fulfilled by the lead contact,

Dmitry A. Filatov (Dmitry.Filatov@plants.ox.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
High throughput sequencing data generated in this paper is available fromNCBI under bioproject number PRJNA532411. Accession

numbers are listed in the Table S1 and the key resources table. The cleaned stratigraphic dataset used in the paper is available from

the repository Pangaea (https://doi.pangaea.de/10.1594/PANGAEA.935786).

All original code has been deposited at Sourceforge.net and is publicly available as of the date of publication using the following

URL: https://sourceforge.net/projects/rundadi/

Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twenty-eight Noëlaerhabdaceae strains that were newly sequenced in this study (listed in Table S1). The cultures from twenty-seven

Gephyrocapsa strains were obtained from Roscoff culture collection. These include six strains of G. huxleyi A, seven strains of

G. huxleyi B, nine G. oceanica strains, three G. muellerae strains and two strains of G. parvula. The R. sessilis strain we analyzed
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was isolated and provided by co-author Kyoko Hagino. Prior to genomic DNA extraction these clonal strains were maintained in

K/2(-Si,-Tris,-Cu) medium97 at 17�C with 50 mmol-photons.m-2.s-1 illumination provided by daylight neon tubes with a 14:10h L:D

cycle.

METHOD DETAILS

Genomic sequencing data
The sources of genome sequence data used in the paper are summarized in Table S1. For 28 strains newly sequenced in this study

the cell cultures were harvested by centrifugation (4500 g, 10 min), washed twice with TE buffer, and DNA was extracted with Plant

DNAeasy QIAGEN kit. For each sample, quantifications of nucleic acids were performed either with a Qubit 3.0 fluorometer (Thermo-

fisher Scientific) and a Nanodrop. Total DNA extracts were sequenced on Illumina platform at the Wellcome Trust Centre for Human

Genomics, Oxford. Paired-end libraries were prepared individually, barcoded, and then combined prior to sequencing. Libraries

were sequenced using an Illumina NovaSeq instrument to produce 150 base-pair (bp) paired-end reads. After quality trimming

with Trimmomatic,80 the sequence reads were mapped to G. huxleyi reference genome23 with bwa v0.7.82 Relatively low sequence

divergence between the strains (see Table 1) resulted in high (> 50%) proportion of reads mapping to the reference. Duplicate reads

were removed with samtools v1.2 (https://samtools.sourceforge.net), and regions around indels were realigned with GATK v3.4.83

SNP calling was done for all strains simultaneously, with samtools and bcftools v 1.2 (part of samtools package) using the alternative

multiallelic variant caller (-m option) and including homozygous blocks with minimum depth of 8 (-g 8), after excluding reads with

mapping quality below 20 (-q 20) and bases with base quality below 20 (-Q 20). SNPs with fewer than 8 reads supporting it, within

3 bp of an indel, with quality below 10, or with fewer than 2 reads supporting each allele (for heterozygous calls) were marked as low-

quality and excluded from further analysis. Resulting multisample vcf. files including confident SNP calls and homozygous blocks

were imported to proSeq3 software,88 which was used to convert the data to fasta, mega and dadi formats.

Palaeontology data
In order to assess patterns of diachroneity in the marine realm and constrain its possible causes, we have reviewed the literature and

compiled the first occurrences of G. huxleyi and other species of Gephyrocapsa, as revealed from the sediment record (Table S6).

This new synthesis includes previously published data, all with rigorous relationships of their emergence events with marine isotope

stages based on good quality oxygen isotope stratigraphy and/or astronomical tuning from each sediment core. To ensure reliability

of the pattern observed and to account for possible inconsistency of agemodels in individual cores we included only the areas with at

least two cores analyzed in the same area. Data processing and visualization (Figure 3A) was completed using R packages ggplot293

and cowplot.94 The spatial distribution of sediment cores (Figure 3B) was generated using Ocean Data View software.96

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of K-mer spectra
The analysis of K-mer spectra was conducted with hist function in the Kmer Analysis Toolkit (KAT) V2.4.1.28 K-mer spectra show how

many fixed length words (k-mers) appear a certain number of times in the sequence data. The frequency of occurrence is plotted on

the x axis and the number of k-mers on the y axis. K-mer spectrum allows one to gain insight into the genome ploidy without genome

assembly, with the analysis done on raw sequence reads. K-mer is a ‘word’ of k nucleotides long; in this analysis we used k = 23, but

k = 19 and k = 27 give very similar results (data not shown). One can generate a list of k-mers that can be found in sequence data,

record for each k-mer howmany times it is seen in the data and build a histogram. For a haploid genome the histogram is expected to

form a unimodal distribution, while for higher ploidiesmore peaks should be observed.27,28 For a diploid genome two peaks should be

observed, with the right peak comprising k-mers corresponding to sequence content that is identical in two copies of the diploid

genome, while the left peak includes k-mers corresponding to unique sequence content, such as heterozygous sites that distinguish

the copies of the diploid genome. K-mer spectra for all species analyzed in this study formed two peaks, indicating diploidy, as shown

for G. muellerae, G. oceanica and G. huxleyi sequences on Figure S1.

Descriptive population genetic analyses
The annotations for the coding regions (CDS) from file ‘‘Emihu1_best_genes.gff’’ available for the reference genome,23 were used to

identify silent and non-silent sites in polymorphism analyses. Average heterozygosity (p) at different types of sites was calculated

using mstatspop.86 The same software was also used to calculate a range of summary statistics for intraspecific polymorphism

(Tajima’s D,33 ZnS
34) and interspecific differentiation and divergence (Fst, Dxy

98).

Phylogenetic reconstruction
For phylogenetic analysis of the Noëlaerhabdaceae, best-covered and aligned contigs were filtered out retaining 243 contigs with no

missing individual and around 80% positions completeness. For each contig, haplotypes were inferred using fastPHASE v1.4.0 and

one haplotype was selected per individual. Gene tree topologies were then assessed through a stepping window approach, contig-

alignments were split in 910 separate regions 10 kb long separated by at least 25 kb to minimize linkage between subsequent win-

dows, after excluding the alignment positions with gaps or missing data. For each of these 910 alignments, we performed a
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phylogenetic reconstruction using theGTRGAMMAmodel and 100 bootstrap replicates in RAxML. BestML trees with bootstrap rep-

licates were then used to produce a multicoalescent species tree using ASTRAL.26

The chloroplast phylogeny was reconstructed from consensus contigs called with samtools mpileup command for two strains per

species (Figure S3) except R. sessilis and G. ericsonii for which only one strain per species is available. To create the consensus for

each of these Gephyrocapsa and R. sessilis strains, we used short reads that were mapped to the G. huxleyi reference chloroplast

genome (NCBI accession JN022705.1) as part of sequence read mapping described in ‘‘Genomic sequencing data’’ section above.

The resulting consensus sequences were aligned to chloroplast genome sequences of outgroups Tisochrysis lutea (NCBI accession

NC_040291.1) and Isochrysis galbana (NCBI accession MT304829.1) using muscle software.99 The alignments were converted to

mega format with ProSeq3 software88 and used for reconstruction of the phylogeny with the maximum likelihood method and Ta-

mura-Nei model100 as implemented in MEGA software.89

Phylogenetic discordances
A DensiTree plot (left side of Figure 1) was produced using Densitree95 version 2.2.1 to visualize phylogenetic discordances between

loci based on 910 ML trees reconstructed for 10 kb long genomic regions. Each of the 910 genomic regions was used separately

(without concatenation) to reconstruct region-specific phylogenies using RAxML, as described in the previous section. The total

number of sites used in this analysis was 9,100,000. For the phylogenies reconstructed for each of these 10 kb fragments, we

used the pruneTree function in the R phangorn package91 to collapse nodes with bootstrap support < 75%. Trees with no nodes

over 75% bootstrap support were discarded. Using the root function, each of the pruned trees was then rooted by R. sessilis,

and each tree was made ultrametric using the chronos function with default settings in the R ape package.92 Resulting trees were

then loaded into DensiTree software95 that was used to generate the densiTree plot (Figure 1A). The consensus tree was produced

with DensiTree software with the following settings: star tree, consensuswidth = 1, consensus intensity 28.1, and default values for all

other settings.

Testing for interspecific hybridization
We performed Patterson’s52,53 D-statistic and f4-ratio tests (Table S5; Figure S4) which compare two phylogenetically incongruent

site patterns of ancestral (A) and derived (B) alleles ABBA—(((A,B),B),A) and BABA—(((B,A),B),A) on a four-taxon phylogeny with the

topology: (((P1,P2),P3),Outgroup). If the incongruence is due to incomplete lineage sorting, the frequencies of these site patterns are

expected to be equal, but in the case of introgression between P3 and either P1 or P2, they are expected to be biased toward the site

pattern that clusters the introgressed taxa together. Z-scores and p values were then used to determine significance. We used a

custom ABBA/BABA script (available at https://github.com/brunonevado/calcD_from_fas) and Dsuite87 to test every phylogeneti-

cally congruent three-species subtree using R. sessilis as outgroup. In the Dsuite package, D-statistics are always positive as P1

and P2 are ordered along with the f4-ratio statisitic. Z-scores and associated P-values were calculated by block-jackknife proced-

ure52 to assess the significance for a deviation of the D-statistic from zero. Bonferroni-adjusted P-value < 0.05 indicated potential

signal of gene flow.

Demographic modeling of speciation
For demographic inference (Figures 2A and 2D; Tables 3, S3, and S4) we used the dadi package35 with pairs and trios of species. The

analyses involving trios of species did not converge even for simple models, hence we restricted the analyses for pairs of species,

using multiple species combinations per species split, whenever possible. For all pairwise analyses we used ‘unfolded’ 2-dimen-

sional site frequency spectrum, where ancestral and derived alleles were identified using outgroups (G. oceanica + R. sessilis for

all other species and R. sessilis for the analyses involving G. oceanica). After filtering out the SNPs with missing data, the dataset

used in the analysis included 321,327 SNPs.

The models used in the analysis are summarized in Table S3 and the python code defining and running these models is available:

https://sourceforge.net/projects/rundadi/. To ensure efficient use of multicore processors, the code implements parallel running of

multiple instances of model optimization with different starting parameters, which maximizes the chance of finding the global

maximum. In our analyses, eachmodel was re-run at least 40 timeswith different starting parameters (via ‘‘.perturb_params’’ function

in dadi). The code also implements parametric bootstrap (via ‘‘.sample’’ function in dadi), which was used to estimate the bootstrap

confidence intervals for the parameter estimates for the best-fitting models, based on 100 bootstrap replicates (Table 3).

As our initial analyses revealed that allowing for interspecific gene flow and population size change significantly improve the fit of

models to data, the speciation models we used in the paper include both population size change and interspecific migration rate that

is either constant (isolation-migration [IM] models) or variable (IM-eM, ancestral migration [AM] and secondary contact [SC] models)

over time (Table S3). Furthermore, the IM, AMand SCmodels weremodified by adding additional parameters to improve fit to data. In

particular, the ‘‘m2’’ models (IMm2, AMm2 and SCm2) allowed for different migration rates in two directions, while the ‘‘hm’’ models

(e.g., IMm1_hm) accounted for heterogeneity of migration rate across the genome with p and 1-p proportions of the genome having

different migration rates. Furthermore, possible heterogeneity of effective population size across the genome (e.g., between genomic

regions with frequent and rare recombination) was taken into account in the ‘‘hn’’ models (e.g., IMm1_hn). The combinations of ‘‘hm’’

and ‘‘hn’’ modes (‘‘hmhn’’ and ‘‘hm2hn’’) were also analyzed (e.g., IMm1_hm2hn; see Tables S3 and S4). The fit of models to data was

assessedwith log-likelihood. Model fit to data was compared using the sample size corrected Akaike information criterion (AICc36) to
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rank the different models. The best fitting model for the given pair of species was used as a reference to calculate the Akaike weights

(formula 4 in Wagenmakers et al.;38 Table S4) that can be interpreted as the probability that the model is the best.

The parameter estimates are initially in units of ancestral population size (Na). To calculate the Na and to convert the parameter

estimates to biologically meaningful values we used the value of theta estimated by the program and the mutation rate (m =

5.55x10�10) measured for G. huxleyi in a mutation accumulation experiment.37 For confidence intervals of parameter estimates [in

brackets in Table 3] we conservatively used the minimal and maximal estimates for 100 bootstrap replicates, taking the uncertainly

of mutation rate estimate (m = 5.05 to 6.09 x10�10 per nucleotide per cell division37) into account. That is, the minimal and maximal

parameter estimates were calculated assuming the mutation ratesm = 6.09*10�10 and 5.05*10�10, respectively. The population size

estimates for each species weremultiplied byNa to calculate the size in units of individuals. The times of speciation (and other times –

of secondary contact, TSC etc.) were converted into units of generations by multiplying the estimates by 2Na. Finally, to convert the

number of generations into years we assumed 50 generations per year. Under optimal growth conditions in lab culture theG. huxleyi

generation time is 1.17 days, on average,37 but given that growth conditions in nature vary through the year, the average time be-

tween cell divisions in nature is likely much longer than one day. Furthermore, the frequency of meiotic versus mitotic cell divisions

is not known, which makes it difficult to be certain about the actual number of generations per year. Assuming 50 generations per

year, on average, appears biologically realistic and yields the correct timing for the origin of G. huxleyi – the event well documented

in the fossil record,12 that we implicitly use as a calibration point for the ‘‘generations per year’’ parameter.

The number of migration parameters per model ranged from 0 to 4 (Table S3), with some models allowing for separate migration

rates in two directions and for variation of migration across the genome. To obtain the mean migration rate listed in Table 3, we aver-

aged all estimates of migration per model per species pair, taking into account the proportion of the genome for which the particular

migration rate was estimated. That is, for the ‘‘hm’’ models that allow for different migration at two classes of sites in the genome, the

average migration was calculated asmavrg = (map+mb(1-p))/2, wherema andmb are estimates of migration for sites classes A and B,

while p is the proportion of the genome estimated to belong to site class A, with the rest belonging to site class B.
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