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SUMMARY
Microbial eukaryotes (protists) havemajor functional roles in aquatic ecosystems, including the biogeochem-
ical cycling of elements as well as occupying various roles in the food web. Despite their importance for
ecosystem function, the factors that drive diversification in protists are not known. Here, we aimed to identify
the factors that drive differentiation and, subsequently, speciation in a free-living protist, Synura petersenii
(Chrysophyceae). We sampled five different geographic areas and utilized population genomics and quanti-
tative trait analyses. Habitat and climate were the major drivers of diversification on the local geographical
scale, while geography played a role over longer distances. In addition to conductivity and temperature, pre-
cipitation was one of the most important environmental drivers of differentiation. Our results imply that flush-
ing episodes (floods) drivemicroalgal adaptation to different niches, highlighting the potential for rapid diver-
sification in protists.
INTRODUCTION

Eukaryotes are estimated to consist of over 8.7 million species,1

with the vast majority of the diversity found among the microbial

unicellular members, i.e., the protists.2 Protists are found in virtu-

ally all environments on Earth and occupy multiple roles in the

food web.3 Although many are free-living and often photosyn-

thetic, others form various symbiotic associations with other pro-

tists and cyanobacteria4 and act as parasites and pathogens.5

Photosynthetic protists are important producers of oxygen,

form the base of the food web in various ecosystems, and are

implicated in many energy and nutrient fluxes.6,7 Nonetheless,

very little is known about the processes that lead to species gen-

eration in protists. This is a remarkable gap, considering their

importance in ecosystem functioning aswell as their abundance.

Knowledge of the mechanisms that drive diversification would

help to expand the understanding of protist biogeography and

biodiversity.

Most concepts and models of speciation, diversification, and

adaptation are based on animal and plant systems with obligate

sexual reproduction, but to date it is unknown to what extent

these can be generalized tomicrobial speciation.8 Protists prolif-

erate mainly by asexual reproduction through mitotic cell divi-

sion, with rare sexual events.9 Indeed, sexual reproduction

has been observed under laboratory conditions in many spe-

cies,10–12 implying that protist species are likely separated by
reproductive barriers as conceptualized byMayr in the biological

species concept.13 However, actual mating studies or hybrid

zones are not always possible and, in the majority of protist spe-

cies, mating cannot be induced in the laboratory. Therefore,

speciation processes in protists are generally investigated by

detection of among-population genetic differentiation indicating

a restriction of gene flow due to hitchhiking of alleles or genetic

drift facilitated by the prevalence of asexual reproduction.14,15

Moreover, the existence of reproductive barriers in protists is

challenged by their huge population sizes and potentially unlim-

ited dispersal,16,17 as these attributes should virtually eliminate

the presence of barriers to gene flow and prevent the emergence

of population differentiation.18 Accumulating molecular data,

however, provide evidence for high levels of population differen-

tiation in protist species, which show geographical,19,20 ecolog-

ical,21,22 or temporal patterns.23,24 It is plausible that speciation

can occur while the gene flow is still present (e.g., by introgres-

sion between the populations and species), as it was recently

demonstrated in several animalmodels.25,26 Because habitat se-

lection may stimulate speciation, it is additionally advantageous

to study local adaptations in quantitative traits.27 However, due

to the scarcity of morphological features in protists, non-pheno-

typic traits are usually investigated, such as growth responses to

various environmental variables.28 Furthermore, several studies

have confirmed the existence of evolutionarily very young protist

species,29,30 indicating that the speciation rates of protists may
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Figure 1. Map of sampled freshwater localities
A total of 22 populations were investigated in 5 distinct geographical regions (color coded).
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be equivalent to those of macroorganisms (10,000 to 1 million

years).30 These findings indicate that the assumptions regarding

protist dispersal are incorrect and that isolation by physical and/

or ecological barriers represents an important driver of protist

species divergence.19

We investigated Synura petersenii (Chrysophyceae, Strame-

nopiles), a cosmopolitan freshwater golden-brown protist spe-

cies that is photosynthetic, colonial, and flagellated. This spe-

cies is particularly well-suited for population differentiation

analyses, as it occurs in a great variety of freshwater bodies

spanning a broad variety of habitat types.31 It is also well char-

acterized because numerous studies have focused on its dis-

tribution, molecular diversity, morphology, and physiology

(e.g., see references in �Skaloud et al.32). Finally, because of

a recognizable fossil record, the origin of this species could

be dated to the penultimate glacial period of the mid-Pleisto-

cene.32 This allows for time estimations of population diver-

gence events.

Synura and other Chrysophyceae often dominate the phyto-

plankton of meso-oligotrophic temperate habitats33,34 as they

have low demands on temperature, irradiance, and nutrients.35,36

In general, phytoplankton diversity is maintained by constant

changes in abiotic (light, temperature, nutrients) and related biotic

factors.37,38 One of the most prominent factors that changes the

structure of freshwater phytoplankton dramatically is the trophic

(nutrient level) gradient, which tends to be linked to pH and con-

ductivity.39,40 Conductivity expresses the concentration of dis-

solved substances (ions) in water and is usually measured as a

proxy value for the trophy or the amount of all dissolved inorganic

nutrients. The distribution of Synura is considered to be ecologi-

cally determined mainly by temperature, pH, and conductiv-

ity.41,42 The solubility and availability of important nutrients, such

as phosphorus, change along the pH gradient.43 Furthermore,
2 Current Biology 34, 1–14, January 8, 2024
the shift of CO2 forms and their availability in the carbonate buff-

ering system is particularly linked to pH.44,45 Different phyto-

plankton species can only use some forms of CO2
46 and therefore

prefer environments with different pH.44 Chrysophytes lack the

carbon concentration mechanism (CCM) that concentrates car-

bon dioxide around the ribulose bisphosphate carboxylase/oxy-

genase (RuBisCO) enzyme and, therefore, rely solely on dissolved

CO2 input during photosynthesis.47,48

Considering the above, to gain insight into the mechanisms

underlying divergence processes in protists, it is essential to

identify the factors that affect population structuring on a recent

evolutionary timescale. This can only be achieved by combining

ecological studies with an assessment of multiple genetic

changes in the populations of interest, which would help tease

out the impacting factors. Modern genotyping tools, such as re-

striction-site-associated DNA sequencing (RAD-seq),49 provide

unprecedented opportunities to obtain such insights into the

recent evolutionary history of populations in non-model organ-

isms by allowing the investigation of thousands of DNA markers

in a population. RAD-seq has recently started to be utilized to

investigate the population structure of microalgal protist spe-

cies,21,50 providing a much higher resolution of genetic structure

than that obtained using other molecular analyses.

Accordingly, in the current study, we aimed to identify drivers

of population differentiation in Synura petersenii over a short

period of time (10,000–150,000 years) using single-digest (sd)

RAD-seq. We specifically tested the role of spatial and environ-

mental patterns by investigating the genomic divergence in 22

populations of protists sampled across ecological gradients in

5 geographical regions (Figure 1). In addition, we aimed to un-

cover whether the recently diverging populations, putatively

evolving into incipient species, already show evidence of local

adaptation in quantitative traits.
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RESULTS

Analysis of organellar loci
Prior to the analysis ofRAD-seqdata,weusedSanger sequencing

of nine mitochondrial and plastid loci to determine the most

basal population. Two ecologically most distinct populations

were selected in each region. The resulting sequences revealed

only minor variation (average p-distance among populations =

0.011) and showed a clear differentiation of the FRA1 population

from the other populations (Figure S1). The phylogenetic tree

rooted by the closely related Synura species clearly identified the

FRA1 population as the most basal lineage of all the investigated

populations (Figure S2).

RAD-seq and genotyping
sd RAD-seq of 107 S. petersenii strains (Table S1) yielded 717

million raw paired-end reads. Of these, 407 million paired-end

reads were retained after quality filtering. De novo assembly

identified 202,056 loci, for which we called 173,776 variant sites.

Per-sample depth of coverage ranged from 203 to 6663 (mean,

1173). To assess the impact of SNP filtering on the outcome of

population genetic analyses, we applied 12 different filtering

criteria (described in STAR Methods) for a subset of 10 popula-

tions (2 per region). The test datasets differed greatly in the num-

ber of loci (562–143,060), SNPs (496–106,183), and percentage

of missing data (23%–81%; Table S2). Nonetheless, principal-

component analysis (PCA), STRUCTURE, and maximum-likeli-

hood (ML) analyses of these datasets revealed similar clustering

and relationships between the strains (Figures S3 and S4). The

results were most dissimilar when we analyzed datasets filtered

to include loci found in at least one population, most likely

because of a high percentage of missing data. In addition,

reducing the datasets by including loci found in all but one pop-

ulation resulted in different ordinations of populations in the PCA.

Hence, we concluded that at least 50% of populations included

should be used as a filtering criterion for downstream population

genetic analyses. This filtering strategy, together with writing a

single SNP per locus, resulted in keeping 15,792 variant loci

(= 9,634 SNPs).

Population genetic diversity and structure
To explore the population genetic structure and genetic diversity

in Synura, we performed a series of analyses, starting with deter-

mining genetic diversity within populations. The basic statistics

on population genetic diversity are summarized in Table S3. In

general, we detected low levels (mean 2.9%) of polymorphic

loci (PP), suggesting that many SNPs were monomorphic with

one allele fixed. We observed the lowest percentage of PP

(1.6%–1.7%) in the FRA1, CAN1, CAN2, and CZE2 populations,

indicating that these populations have a lower genetic diversity

than the other populations. The FRA3 and FRA6 populations

had the highest proportion of private alleles (AP), which may indi-

cate a certain level of independent evolution of their gene pools.

For the variant sites, estimates of observed heterozygosity (HO)

were slightly higher than those of expected heterozygosity (HE)

in all populations (HO of 0.10–0.23, HE of 0.06–0.13). However,

inbreeding coefficients (FIS) were close to zero (�0.00005 to

0.00008), indicating no apparent deviation from the Hardy-

Weinberg equilibrium, suggesting randomly mating populations.
Two different cluster analyses, STRUCTURE and discriminant

analysis of principal component (DAPC), predicted the existence

of 2–5 clusters of populations, depending on the locus filtering

and analysis type (Table S2). The results of these analyses

were generally congruent for K = 2 and 3 (where K is the number

of populations determined a priori), while at higher values of K the

analyses showed different clustering of populations (Figure 2).

The analyses recovered populations CZE2, SWE2, SWE3, and

SWE4 as an independent and well-differentiated cluster I. For

K = 3, the remaining populations were separated into clusters

II (FRA1, FRA5, FRA6, NOR3, and all Canadian populations)

and III (the rest of the populations). The only difference between

the methods was in the assignment of the FRA3 population

and the presence of historical admixture revealed by the

STRUCTURE analysis. Noticeably, at least three strains (E2 in

FRA6, P27 in CZE4, and K85 in SWE2 populations) were as-

signed to a different cluster than the remaining strains of the

given population, showing the occasional dispersal of cells be-

tween European localities.

PCA (Figure 3A) and principal coordinate analysis (PCoA) plots

(Figure 3B) revealed similar clustering patterns of the popula-

tions. Both analyses identified a distinct cluster I, consisting of

populations CZE2, SWE2, SWE3, and SWE4. The remaining

populations formed a large cluster, but with the populations

positioned according to the STRUCTURE and DAPC plots. The

cluster II and III populations were positioned on the right-hand

and left-hand sides of the ordination plots, respectively.

The mutual k-nearest group graphs (mkNNGs) clustering (Fig-

ure 4) again recognized the populations CZE2, SWE2, SWE3,

and SWE4 as the most distinct cluster (I). The other populations

formed a separate network and were grouped into two clusters

generally corresponding to the STRUCTURE and DAPC clus-

tering for K = 3. The populations FRA3 and NOR2 were inferred

to be members of both clusters II and III.

Phylogeny and geographic structure
We employed Bayesian phylogenetic inference based on

RAD-seq data to estimate times for population divergence and

to compare the topology with the clustering results described

above. The phylogenetic analysis (Figure 5A) inferred the diver-

gence of the S. petersenii to 157 (± 21) thousand years ago

(kya) and identified several strains unrelated to the remaining

strains of the given population. The phylogenetic analysis sup-

ported the recognition of the CZE2, SWE2, SWE3, and SWE4

populations as a well-resolved cluster I and identified the cluster

II populations FRA1, NOR1, CAN1, CAN2, and CAN3 as themost

basal lineage. No other deep lineages were supported by poste-

rior probability values. Importantly, the topology was congruent

with the STRUCTURE analysis for K = 3 (Figure 5B) by recog-

nizing clusters II and III, the cluster of admixed populations

NOR1, NOR2, NOR4, FRA2, FRA4 (clusters II + III), and the ad-

mixed population FRA3 (clusters I + II). Collectively, considering

the results of all ordination, cluster, and phylogenetic analyses,

we identified a major division of populations into three groups,

as well as the presence of several admixed populations (Fig-

ure 5C). Cluster I separates four eastern European populations

CZE2, SWE2, SWE3, and SWE4, all of them originating from

high-conductivity localities (c = 355–892 mS/cm; mean, 527).

Cluster II consists of all three Canadian populations and western
Current Biology 34, 1–14, January 8, 2024 3
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Figure 2. Cluster assignment of the strains

Genetic clustering maps according to STRUCTURE (A) and DAPC (B) analyses, based on SNPs acquired from sdRAD-seq. Each vertical bar corresponds to a

strain, with the colors corresponding to the assignment probabilities to each genetic cluster (K). The groups identified by K = 2 and K =3 analyses are indicated by

encircled cluster codes (I–III).

See also Figures S1–S3 and Tables S2 and S3.
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European populations FRA1, FRA5, FRA6, and NOR3. Cluster III

consists of populations CZE1, CZE3, CZE4, CZE5 and SWE1,

originating from low conductivity localities (c = 57–185 mS/cm;

mean, 103). A total of six populations were identified to be of

admixture origin, all originating from localities sampled at the

border of clusters II and III. The majority of them (FRA2, FRA4,

NOR1, NOR2, NOR4) were recognized to arise by admixture of

cluster II and III source populations, whereas the FRA3 popula-

tion arose by admixture of cluster I and II source populations.

Interestingly, this population was sampled at a high-conductivity

locality (c = 603 mS/cm).

Genotype-environment associations
Next, we analyzed the association between the genotype and

the environment. The outlier detection analysis identified 2,550

loci (=2,550 SNPs) under putative selection, and the gradient for-

est analysis indicated that geography and climate were themajor

factors that explained the genetic variation of the loci under se-

lection (Figures 6A and 6B). The first principal coordinates of

neighbor matrix (PCNM) axis, representing the spatial structure

at the broader spatial scale (Europe vs. Canada), was identified

as the most important. Annual precipitation represented the

most significant environmental factor. Further, the generalized
4 Current Biology 34, 1–14, January 8, 2024
linear mixed modeling (GLMM) analysis of pairwise population-

level genetic distances, with geography, climate, and habitat

as the predictor variables, revealed the combined effect of geog-

raphy and habitat as the major driver of variation (Figure 6C).

Habitat was also identified as the major factor by Bayesian hier-

archical model (BHM) analysis, which was applied to identify the

loci associated with the three predictors above (Figure 6D). We

identified 158 loci as correlated with habitat variables only. A

significantly smaller number of loci were associated with climate

and geography (64 and 56 loci, respectively). In total, 48 loci were

associated with both habitat and climate, and 28 loci were asso-

ciated with both geography and climate.

The PCA of climate-associated loci showed that the loci

important for the association were predominantly coupled to

annual precipitation, annual mean temperature, and related vari-

ables (Figure 6E). The analysis thus suggested that the popula-

tions may have diverged as a result of selection connected to

precipitation and temperature. The PCA of habitat-associated

loci detected conductivity as the major factor behind the popu-

lation divergence (Figure 6F). Other factors, such as pH, cation

exchange capacity, and sand content, may also play a role in

habitat selection. Finally, the PCA of loci associated with geog-

raphy indicated that the Canadian populations may have
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Figure 3. Ordination analyses

PCA (A) and PCoA (B) ordination plots showing genetic relationships between the strains based on SNPs acquired from sdRAD-seq. The strains are color coded

based on their geographic origin (see Figure 1) and clustered based on their sampling site, with the exception of obvious immigrant strains. Cluster codes follow

the cluster assignment in Figure 2.

See also Figure S3.
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diverged from other populations as a result of geographical

isolation (Figure 6G).

Population-level differences in quantitative traits
Next, we examined whether selected quantitative traits are

differentiated in the identified population clusters. In a subset

of ten populations (two per region), we focused on DNA con-

tent and maximum growth rate dynamics, as these character-

istics are widely thought to play important roles in the ecolog-

ical strategy of microorganisms.51–53 We identified substantial

variation in DNA content among the populations, ranging from

0.95 to 1.79 Gbp (Table S1). The CAN2 population had the

highest DNA content (1.58–1.79 Gbp) and significantly differed

among populations (Figure 7A). The DNA content of cluster

I populations (CZE2 and SWE2) was slightly larger than that

of other related populations. Further, we observed that the re-

sponses of population growth rate to temperature were gener-

ally congruent among the investigated strains (Figure S5), with

the growth optima usually ranging from 15�C to 20�C. How-

ever, the growth optimum was significantly suppressed for

the CAN1 population, which showed the maximal growth

rate at 13.6�C–15.2�C (Figure 7B). Responses of population

growth rate to conductivity were much more variable, even be-

tween strains from a single population (Figure S6). Neverthe-

less, we were able to identify some patterns of differentiation

among the populations (Figure 7C). SWE1, CZE1, NOR2, and

FRA2 exhibited growth optima at intermediate conductivity

(395–762 mS/cm). On the other hand, SWE2 strains belonging

to cluster I exhibited the optimal growth rate at the highest

conductivity tested (2,230 mS/cm). Remarkably, the genetically

unrelated F85 (SWE2) strain displayed a preference for lower

conductivity. These observations indicated that there were

phenotypic differences among populations but that there

were also cases of intrapopulation variation and/or migration

between populations.
Finally, we performed the variation partitioning analyses to test

for the differentiation of clusters in quantitative traits. The tests

were performed with either four (I, II, III, and II + III) or six (the

basal cluster II divided into three separate lineages) clusters

used as a response variable (Figures 7D and 7E). Interestingly,

trait differentiation of clusters was much more pronounced

when we considered the overall growth dynamics rather than

growth optima (Figure 7E). Accordingly, the clusters were signif-

icantly differentiated by both, temperature growth dynamics and

DNA content, indicating phenotypic differences among the pop-

ulation clusters.

DISCUSSION

Although protists are ecologically importantmicroorganisms, the

knowledge of the mechanisms involved in their diversification

and speciation is incomplete. This information is critical to under-

stand their distribution patterns, genetic diversity, and what

drives differentiation and speciation. We evaluated the factors

that could act as drivers of S. petersenii differentiation and inves-

tigated whether the recently diverged populations, putatively

evolving into incipient species, exhibit any local adaptation in

quantitative traits.We found that geography, climate, and habitat

play an important role in the differentiation of populations.

Although geographical isolation has a significant impact on ge-

netic differentiation of distant populations, habitat and climatic

factors were the major drivers of population differentiation on a

local geographical scale. These findings imply that ecological

differentiation allows speciation in microorganisms despite

high dispersal capacity and large populations.

Our data suggest the existence of three groups of populations

in S. petersenii that are in the process of divergence, likely lead-

ing to the emergence of new incipient species. Not only do these

groups show high genetic divergence but our data also further

indicate: (1) restricted gene flow between these groups, low
Current Biology 34, 1–14, January 8, 2024 5
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Figure 4. Clustering
Themutual k-nearest group graphs (mkNNGs) of strains, showing the clustering according to the fast greedy algorithm. Edges connect each point to its k nearest

points under k = 28. The strains are colored either according to STRUCTURE analysis for K = 3 (A) or based on the geography (B) (see Figure 1). Cluster codes

follow the cluster assignment in Figure 2.

See also Figure S3.
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admixture inferences, and genome size differences potentially

impeding successful mating; and (2) evidence of environmental

selection, as indicated by different habitat and climatic prefer-

ences and local adaptation to conductivity. Although we cannot

compare our results directly with many other microeukaryotes,

several well-characterized animal and plant model systems of

speciation exhibit similar levels of divergence and local adapta-

tion among their speciating lineages.54,55 In these cases, the

sympatric and allopatric species pairs were reproductively iso-

lated, but with ongoing introgression.

Population genetic structure
Wedetected high levels of genetic differentiation among popula-

tions of the microalga S. petersenii and a robust grouping of the

investigated strains into several distinct clusters (Figure 5),

regardless of the locus filtering strategy used. The FRA1 popula-

tion from western France represents a clearly separated and

most basal lineage. Our clustering analyses (Figures 2, 3, 4,

and 5) revealed three major diverged clusters (I–III) with two tran-

sitional admixed clusters between them (I + II and II + III). This re-

sembles contact zones; areas where two or more populations

potentially hybridize.56 Contact zones are rarely observed

among the microalgae. However, the diatom Skeletonema mar-

inoi exhibits two populations adapted to higher and lower

salinity, connected by a transitional contact zone along the

gradient of salinity between the North and Baltic seas,56 similar

to animals and macroalgae.57 As in the case of S. marinoi, we

cannot observe hybrids in nature or in the laboratory, but the ge-

netic and ecological divergence of clusters I–III and transitional

admixed clusters suggest a divergence continuum of the popu-

lations along the environmental gradients and physical distance.

The admixed cluster II + III appears to represent a geographical
6 Current Biology 34, 1–14, January 8, 2024
contact zone situated between the western cluster II and eastern

cluster III, and the cluster I + II seems to have arisen by hybridi-

zation of the eastern cluster with the distant, high-conductivity

cluster I at an ecologically suitable locality. These results illus-

trate the high dispersal capacities of freshwatermicroorganisms,

probably mediated by passive transport by waterbirds.58

The whole Pleistocene period was characterized by climatic

oscillations, with repeated glaciations over Europe and North

America. The glaciations led to changes in distribution and

both effective population size and actual size in plant species.59

Because we observed a significant genotype-environment as-

sociation (see below), we assume that the S. petersenii popula-

tion are sensitive to climatic fluctuations. The whole species

S. petersenii diverged prior to the last glacial period (from 125

to 14.5 kya) and all major and transitional clusters diverged

during the glacial period. Interestingly, 15 populations (FRA1,

CAN1, CAN2, CAN3, FRA5, NOR2, NOR4, FRA4, CZE3,

CZE5, SWE1, FRA3, SWE4, SWE2, and CZE2) radiated after

the glacial period ending 14.5 kya. This suggests that the diver-

sification of Synura was affected by the quaternary climatic os-

cillations as Hewitt60 observed in many plant species (reviewed

in Kadereit and Abbott61).

Environmental drivers of the Synura diversification
The genotype-environment association analysis and RAD-seq

clustering patterns observed herein suggest the presence of

incipient, mostly environmentally driven diversification in the

investigated populations. Climate and habitat factors were identi-

fied as the major drivers of differentiation at the local scale, while

at larger distances allopatric differentiation seemingly took place

as a result of geographical barriers. Generally, very few studies

have focused on the factors promoting speciation in free-living
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Figure 5. Phylogeny and geographic structure

(A) The BEAST phylogeny based on the analysis of nuclear SNP data, with the FRA1 population specified as an outgroup following the result of organellar loci

analysis (see Figure S2). The numbers next to the branches show Bayesian posterior probability (PP) values. The fully supported branches (PP values = 1.00) are

thickened. Scale bar represents the expected number of substitutions per site. Time axis is in thousand years ago (kya).

(B) Results of the STRUCTURE analysis for K = 3 mapped in the phylogenetic context.

(C) Geographic distribution of ancestral groups (K = 3). Pie charts show ancestral group proportions, averaged for each locality. Grouping of populations into three

population clusters and two admixed clusters is indicated, based on the results of ordination, cluster, and phylogenetic analyses.

See also Figure S4.
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Figure 6. Genotype-environment associations

(A andB) The importance of climate (blue), habitat (violet), and geography (beige) in explaining genetic variation across populations, as determined by the gradient

forest analysis of three (A) or six (B) best explaining variables.

(C) Relative contribution of predictors (GEO, geography; CLI, climate; HAB, habitat), based on weighted deviance information criterion (DIC) coefficients from

GLMM analysis, explaining differentiation of populations using FST, GST, and DJost genetic divergence metrices. The best-supported models are indicated

by an ‘‘X.’’

(D) The number of loci identified by Bayesian hierarchical model (BHM) analysis as significantly associated with climate, habitat, and geographical distance. The

number of loci associating with multiple factors are given in intersections between circles.

(E–G) PCA ordination plots showing the associations of loci identified by BHM analysis with selected climatic (E), habitat (F), and geographical (G) predictors. The

strains are color coded based on the selected factors characterizing the sampling sites (annual precipitation, conductivity, and geographical area).
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protists.62 These studies have usually investigated the distribution

patterns of closely related species or species-level lineages and

suggest that both allopatric and sympatric speciation may occur

in protists.30 A few surveys, focusing primarily on foraminifera

and diatoms, clearly identified dispersal limitation by geographic

distance as likely promoting allopatric speciation pro-

cesses.19,27,63 However, amuch larger number of studies indicate

ecological partitioning of various protist species (including green

algae, dinoflagellates, foraminifera, radiolaria, and chrysophytes),

implying their origin by sympatric speciation, i.e., without any

physical barrier preventing the individuals from mating. In these

studies, several ecological factors are suggested as the potential
8 Current Biology 34, 1–14, January 8, 2024
drivers of protist speciation, including salinity,29,64–66 nutri-

ents,67,68 light,69,70 or pH.28,71,72 Our results corroborate the pre-

vailing view of sympatric speciation by ecological divergence,

particularly within a smaller geographical area. However, we

focused on much more recent evolutionary processes than those

considered in other studies. Considering the genetic and environ-

mental differentiation of cluster I dated to approximately 42 (32–

53) kya, we demonstrate that the ecological diversification pro-

cesses may be very rapid in comparison with the divergence

time in other Synura species (S. sphagnicola 15–17 Ma30), as

well as other protists such as diatoms (2.9–11.7 Ma73), dinoflagel-

lates (5.5–32 Ma74), and coccolithophores (0.3–5.6 Ma75).
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Figure 7. Analysis of quantitative traits

(A–C) Estimated evolution and differences among the ten selected populations in terms of cellular DNA content (A), temperature growth optima (B), and con-

ductivity (ionic content) growth optima (C). The strains are color coded based on their population affiliation (see Figure 1) and their grouping into the four clusters is

indicated.

(D) Venn diagrams showing the relative effects of DNA content, temperature growth optima, and conductivity growth optima on the differentiation of four (left) or

six (right) clusters of populations, as determined by cluster analyses.

(E) Venn diagrams showing the relative effects of DNA content, temperature growth dynamics, and conductivity growth dynamics on differentiation of four (left) or

six (right) clusters of populations. Significant net effects (D and E) are indicated by asterisks (*p = 0.05).

See also Figures S5 and S6 and Table S1.
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We identified precipitation, temperature, and conductivity as

some of the most important environmental variables that may

have impacted S. petersenii diversification in Europe (Figures

6E and 6F). Both temperature and conductivity represent the

most important abiotic factors in aquatic environments as

they vary greatly on spatial and temporal scales.76 Further,

temperature is often identified as the most important abiotic

factor that directly influences species performance and, indi-

rectly, the strength of species interactions, including competi-

tion and predation.77 Similarly, conductivity is often identified

as the major driver of changes in the composition of protist

freshwater communities.78 Further, conductivity as a climate-

sensitive variable also responds rapidly to changes in temper-

ature and precipitation.79 Indeed, both these factors are

repeatedly identified as the key variables controlling

the assemblage of freshwater phytoplankton,80,81 including

chrysophytes such as S. sphagnicola,30 a species related to

S. petersenii.82,83 Interestingly, precipitation is generally not
identified as an important factor that influences protist commu-

nities. However, flushing episodes (floods after heavy rains)

may greatly impact phytoplankton communities by upwelling

nutrients, decreasing transparency, affecting vertical stratifica-

tion, and removing grazers.76 Furthermore, climatic changes

affecting the balance of precipitation during the year can have

a major impact on the transport of nitrogen and phosphorus

into rivers and the subsequent eutrophication of lakes.84,85

The rainy season can cause a rapid and significant increase

in nutrient content and subsequent change in the composition

and structure of the phytoplankton of the lentic ecosystem.86,87

Local adaptation to any of the above-mentioned environmental

variables may be related to mechanisms that effectively pre-

vent immigrant genotypes from being incorporated into local

populations, such as the priority effect,88 resulting in rapid sym-

patric speciation. In addition, there is growing evidence that

species can diverge even in the presence of gene flow.25,89

Accordingly, we hypothesize that while some European
Current Biology 34, 1–14, January 8, 2024 9
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populations have differentiated by adaptation to low tempera-

ture and factors related to high precipitation levels, the recent

diversification of cluster I was promoted by local adaptation

to environments with high conductivity, which often relates to

high nutrient levels.

Evidence of ecological diversification and adaptation
The extent of local adaptation is critical for the speciation pro-

cesses.90 A combination of genetic differences and quantitative

trait variation can be used as indirect evidence for the role of se-

lection and may help to identify patterns of local adaptation.91

Considering the scarcity of morphological features in protists,

morphological trait analyses generally cannot be used to detect

the patterns of local adaptation. Only very few reports have been

published on the adaptive morphological differentiation in pro-

tists, including a recent divergence of dinoflagellates after a ma-

rine-freshwater postglacial transition29,66 or selection toward

larger coccolith size in the haptophyte genus Gephyrocapsa.92

Consequently, we focused on other phenotypic traits, namely,

intrinsic differences in fitness-related ecophysiology and DNA

content, to identify phenotypic differences in the populations in

the current study.

Although we cannot infer the ancestral ecological conditions

of the S. petersenii populations based on fossil records, we

show that temperature growth dynamics are the most impor-

tant factor explaining the differences between diverged

S. petersenii populations (Figure 7E). The basal species clus-

ters represent temperature generalists, whereas the most

recent species are temperature specialists, requiring a rela-

tively narrow range of temperature, trending toward warm con-

ditions. Such narrowing of the fundamental niche is usually

caused by negative biotic interactions, such as competition

and predation.93 Accordingly, the observed differences in tem-

perature growth dynamics may reflect local adaptations to bi-

otic interactions, recently shown to play a major role in shaping

protist community patterns.94 Moreover, we observed within-

cluster variability of the conductivity optima (Figures 7C and

S6). This is most liked explained by colonization of a cell orig-

inally belonging to another population rather than due to stand-

ing variation in the population.

In the current study, the genetic clusters identified by genome-

wide RAD-seq were also well differentiated by DNA content. In

particular, we detected a significant increase in DNA content in

all strains belonging to the CAN2 population (Figure 7A). Consid-

ering the nearly 2-fold difference in DNA content between CAN2

and other populations, ancient polyploidization followed by

genome downsizing is a likely explanation for this difference.

Alternatively, these strains could represent transitional diploid

stages because an alternation of two ploidy levels was recently

revealed in the life cycle of Synura species.95 However, the latter

is very unlikely as all three CAN2 strains would have to be in the

diploid phase at the time of DNA content estimation. In fact, pol-

yploidization appears to be an important yet barely studied

isolating barrier in many protists. To date, it has been detected

in green algae,96,97 diatoms,98 dinoflagellates,99,100 and cili-

ates.101 In addition, we detected minor differences in DNA con-

tent that distinguish cluster I from the other populations and

clearly do not reflect the changes in ploidy. Thus, these differ-

ences could be a result of transportable element activity, which
10 Current Biology 34, 1–14, January 8, 2024
is considered largely responsible for genome expansion.102

However, we cannot provide further evidence for themechanism

of the genome size fluctuations without a high-quality reference

genome.

It is possible that the observed minor variation in DNA content

may mirror a local adaptation of the populations, which is sug-

gested by the significant correlation between the DNA content

and cell size.31 Indeed, cell size is a very important adaptive

parameter that impacts numerous aspects of protist ecology,

including light absorption, metabolic activity, grazing susceptibil-

ity, and sinking rate.98 However, it should be noted that DNA con-

tent and/or cell sizemay also be a non-adaptive trait and therefore

does not necessarily provide evidence of local adaptation.

The current study might have some limitations, largely due to

the study system in question. First, we had a relatively small

sample size of 22 localities and 107 individuals, which may limit

the statistical power of the genotype-environment associations.

However, it is worth mentioning that Synura species, like many

protists, are characterized by their cryptic morphological diver-

sity (e.g., �Skaloud et al.30), which prevents genotyping tens of

strains isolated from a single locality. Because individuals cannot

be distinguished based on morphological features before strain

isolation, they were selected by Sanger sequencing of the inter-

nal transcribed spacer (ITS) rDNA after cultures had been estab-

lished. Second, the necessity to investigate isolated and cultured

strains might limit the observed genetic diversity due to culturing

bias. However, the effect of culturing bias in protists is currently

not known. Finally, the selected set of quantitative traits may not

represent all the major phenotypic divergences caused by adap-

tivemorphological differentiation of uncovered incipient species.

Nonetheless, a significant genotype-environment association

resolved by several diverse methodological approaches clearly

supports our major findings of rapid ecological speciation.

In conclusion, we show that the diversification process in the

protist Synura is characterized by high genetic differentiation be-

tween the evolving lineages, low gene flow, and strong selection

by the environment, suggesting that ecological speciation could

be an important mode of speciation in protists over smaller

geographical distances. These ecological factors include pre-

cipitation, temperature, and conductivity, indicating that climatic

changes may further drive the diversification in protists. In fact,

we conclude that the diversification process can be rapid, as

we observed several recent divergence events in the past

150,000 years. Accordingly, the vast biodiversity of protists

and other microorganisms can be explained by rapid ecological

speciation despite their widespread dispersal.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

WC medium Boenigk et al.103 N/A

Otto I buffer Otto104 N/A

Critical commercial assays

MyTaq DNA polymerase Bioline Cat#BIO-21107

Invisorb Spin Plant Mini Kit Invitek Cat#1037100300

Qubit dsDNA High Standard Assay Kits ThermoFischer Scientific Cat#Q32854

Sbf1-HF restriction enzyme New England Biolabs Cat#R3642S

NEB4 buffer New England Biolabs Cat#B7004S

NEB2 buffer New England Biolabs Cat#B7002S

rATP 100 mM Promega Cat#E6011

dATP 100 mM Fermentas Cat#R0141

T4 DNA Ligase 2000U/ml New England Biolabs Cat#CM0202M

Klenow Fragment 5U/ml New England Biolabs Cat#M0212L

MinElute PCR Purification Kit Qiagen Cat#28004

Quick Blunting Kit New England Biolabs Cat#E1201L

MagJET Magnetic Bead-Based Nucleic

Acid Purification kit

ThermoFischer Scientific Cat#K2828

Q5 High-Fidelity 2X Master Mix New England Biolabs Cat#M0492S

Deposited data

Raw Sequencing Reads This study NCBI: PRJNA756637

Sanger sequences This study NCBI: MZ853848- MZ853899, MZ935253-

MZ935633, OK001379- OK001430

Alignments This study https://doi.org/10.17632/pngtj6ymnp.3

R scripts This study https://doi.org/10.17632/pngtj6ymnp.3

R scripts This study https://github.com/dvorikus/Synura-RADs

geste2baypass.py N/A https://github.com/CoBiG2/RAD_Tools

WorldClim v. 2.1. database Hijmans et al.105 http://www.worldclim.com/version2

SoilGrids database Hengl et al.106 soilgrids.org

Experimental models: Organisms/strains

Synura petersenii; See Table S1 for the list of

investigated strains

This study N/A

Synura americana: S110.B6 This study S110.B6

Synura americana: M34 This study M34

Synura americana: J39 �Skaloud et al.32 J39

Synura borealis: S110.F3 �Skaloud et al.107 S110.F3

Synura borealis: J57 �Skaloud et al.32 J57

Oligonucleotides

See Table S4 for the list of primers This study N/A

Software and algorithms

FastPCR vs. 6 Kalendar et al.108 https://primerdigital.com/fastpcr.html

Haplotype Viewer Salzburger et al.109 http://www.cibiv.at/�greg/haploviewer

RaxML v. 8.1.20 Stamatakis110 https://cme.h-its.org/exelixis/web/software/raxml/

FastQC v. 0.11.9 Andrews111 https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

Kraken2 v. 2.0.8 Wood et al.112 https://ccb.jhu.edu/software/kraken2/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Stacks 2.5 Rochette et al.113 https://catchenlab.life.illinois.edu/stacks/

PGDSpider v. 2.1.1.5 Lischer et al.114 http://www.cmpg.unibe.ch/software/PGDSpider/

R v. 4.0.2 R Core Team115 https://www.r-project.org/

STRUCTURE v.2.3.4 Pritchard et al.116 https://web.stanford.edu/group/pritchardlab/

structure.html

DAPC Jombart et al.117 http://adegenet.r-forge.r-project.org/

NetView Steinig et al.118 https://github.com/esteinig/netview

ParallelStructure v.2.3.4 Besnier and Glover119 https://rdrr.io/rforge/ParallelStructure/man/

ParallelStructure-package.html

CLUMPAK Kopelman et al.120 http://clumpak.tau.ac.il/

StructureSelector Li and Liu121 https://lmme.ac.cn/StructureSelector/

IQ-TREE v. 1.6.1 Nguyen et al.122 http://www.iqtree.org/

BEAST v. 1.10.4 Suchard et al.123 https://beast.community/

BayPass v. 2.1 Gautier124 https://forgemia.inra.fr/mathieu.gautier/

baypass_public
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and code should be directed to and will be fulfilled by the lead contact, Pavel �Skaloud

(skaloud@natur.cuni.cz).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The genetic data reported in this paper have been deposited in the National Center for Biotechnology Information (NCBI) Short

Read Archive under the BioProject: PRJNA756637. Sequences of organellar loci have been deposited in the NCBI, GenBank:

MZ853848-MZ853899, MZ935253-MZ935633, andOK001379-OK001430. Multiple alignments of organellar loci and ITS rDNA

sequences are freely available on Mendeley Data: https://doi.org/10.17632/pngtj6ymnp.3.

d A custom script used to identify and extract outlier loci is available at GitHub: https://github.com/dvorikus/Synura-RADs. All R

scripts used to analyze the data are freely available on Mendeley Data: https://doi.org/10.17632/pngtj6ymnp.3.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

22 populations of a colonial flagellate Synura petersenii were collected in Europe and east Canada (Table S1). The populations

were collected to maximize the geographic area, as well as climatic and habitat variation. In each of five distinct geographical

regions (Canada, Czech Republic, France, Norway, Sweden), from three to six lakes were selected to represent a most diverse

localities in terms of the conductivity (ionic content) and pH (measured by WTW340i; WTW GmbH, Weilheim, Germany). Several

monoclonal cultures were established from each population by isolating single S. petersenii colonies by a micropipette. Cells

were transferred into 96-well polypropylene plate containing WC liquid medium + TES buffer103, and after 14 days the strains

were transferred into 50ml Erlenmeyer flasks and further cultivated at 15�C, under constant illumination of 40 mmol

photons , m-2 , s-1. All strains were genotyped by ITS rDNA sequencing as described previously125 to confirm their identity.

The PCR products were purified with MagJET Magnetic Bead-Based Nucleic Acid Purification (ThermoFischer Scientific, Mas-

sachusetts, USA) and sequenced in Macrogen Europe (Amsterdam, Netherlands). Finally, 4-5 strains per population (107 strains

in total) were selected for subsequent analyses. All selected strains have identical ITS rDNA sequences, except for the CZE2

population differing by a single nucleotide substitution.
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METHOD DETAILS

Organellar loci analysis
Nine highly variable organellar regions were sequenced for all selected strains, plus five strains of two outgroup taxa (S. americana,

S. borealis). Four published plastid and mitochondrial Synura genomes (GenBank accessions MH795128-30, AF222718) were used

for selecting appropriate regions and the primers were designed using the program FastPCR vs. 6.108 Seven mitochondrial (cox1,

cox1-trnY; trnM-atp6; trnW-trnM; rps7-trnI; atp8-nad4L; trnN-rps12) and two plastid (ycf66-petB; trnP-acpP) regions were finally

selected for sequencing. The primer details are provided in the Table S4. DNA was extracted as described previously.107 PCR ampli-

fication was performed in a mix consisting of 1 ml of DNA template (not quantified), 6.7 ml H2O, 2 ml buffer, 0.1 ml of each forward and

reverse primers and 0.1 ml MyTaq polymerase, carried out by initial denaturation at 94�C for 4 min; 30 cycles of denaturation at 94�C
for 30 s, annealing at 54�C for 45 s and elongation at 72�C for 30 s; with a final extension at 72�C for 10 min. The PCR products were

purified and sequenced as described above. The accession numbers of sequenced loci are provided in the Table S5. Aligned loci

were concatenated and those positions with either ambiguous bases or deletions in a big majority of sequences were discarded.

Haplotype networks were created by Haplotype Viewer.109 The phylogenetic tree was inferred using RaxML v. 8.1.20110 with 40 rep-

licates under the GTRGAMMA model, with two partitions corresponding to chloroplast and mitochondrial loci, using the rapid

bootstrapping.

Preparation of single-digest RAD-seq libraries
150 ml of densely grown strains were harvested by centrifugation, the supernatant was removed, and pellets were stored at �80�C.
Total genomic DNAwas extracted from the pellets using Invisorb Spin Plant Mini Kit (Invitek, Hayward, USA). The quality of extracted

DNA was checked on the 1% agarose gel stained with ethidium bromide and its concentration was measured using Qubit dsDNA

High Standard Assay Kits (ThermoFischer Scientific, Massachusetts, USA). The protocol for single-digest RAD-seq library was

derived from methodology published by Etter et al.126 and Rengefors et al.50 We started with 1 mg of genomic DNA which was di-

gested by single restriction enzyme Sbf1-HF (New England Biolabs, Massachusetts, USA) at 37�C for 60 min followed by 80�C
for 20 min for enzyme inactivation. The reaction mixture consisted of 40 ml of genomic DNA, 5 ml NEB4 buffer, 0.5 ml of Sbf1-HF

and 4.5 ml of ddH2O. The P1 adapters with unique 7-bp and 10-bp barcodes were then ligated to the restricted samples at 22�C
for 120 min. The ligation ended by inactivation of the ligase at 65�C for 30 min and slow cool down at 22�C for 30 min. The ligation

Master Mix contained 3 ml of 100 nM barcoded P1 adapters (modified Solexa adapters, Table S4), 1 ml of 10x concentrated NEB2

buffer, 0.5 ml of T4 DNA ligase (200.000 U/ml, New England Biolabs), 0.6 ml of 100 mM rATP (Promega), and 5 ml of ddH2O. The sam-

ples with corresponding P2 barcodes were multiplexed and purified using MinElute PCR Purification Kit (Qiagen). Then, the libraries

were exposed to short sonication using M220 Focused-ultrasonicator (Covaris) targeting a size of fragments about 500 bp and

checked its process on 1% agarose gel stained with ethidium bromide. The genomic DNA was then prepared for ligation of the

P2 adapters with 6-bp barcodes. To convert 50 or 30 overhangs the Quick Blunting Kit protocol (New England Biolabs) was imple-

mented. The libraries mixed with 2.5 ml of Blunting Buffer, 2.5 ml of 1 mM dNTP Mix and 1 ml of Blunt Enzyme Mix were hold at

22�C for 30 min finished by 70�C for 10 min. This step was directly followed by adding a polyA tail at the 30 ends of the blunt phos-

phorylated DNA. The libraries were incubated with 5 ml of NEB2 buffer, 4 ml Klenow Fragment (5U/ml, New England Biolabs) and 1 ml

100mM dATP (Fermentas) at 37�C for 30 min, cooled down slowly at room temperature and purified with MinElute PCR Purification

Kit (Qiagen). Afterwards, the ligation of barcoded P2 adapters on the genomic DNA took place with 5 ml of NEB2 buffer, 1 ml of T4 DNA

ligase (200.000 U/ml, New England Biolabs), 1 ml of 100 mM rATP (Promega) at 22�C for about 200 min. The libraries were again pu-

rified with both MinElute PCR Purification Kit and MagJET Magnetic Bead-Based Nucleic Acid Purification (ThermoFischer Scienti-

fic). The final full amplification was performed with 26 ml of DNA template (not quantified), using 28 ml of Q5 High-Fidelity 2X Master

Mix and 1 ml of each forward and reverse 10 mM Solexa primers (Table S4). The amplification was performed in a thermal cycler with

initial denaturation at 98�C for 30 s; 20 cycles of denaturation at 98�C for 10 s, annealing at 65�C for 60 s and elongation at 72�C for

45 s; and final extension at 72�C for 5 min. The success of amplification was checked on 1% agarose gel stained with ethidium bro-

mide. The DNA segments between 200 and 600 bp were size selected with Pippin Prep (Sage Science). The concentration of final

libraries wasmeasured usingQubit dsDNAHigh Standard Assay Kits (ThermoFischer Scientific) and equally pooled. Sequencingwas

performed using Illumina HiSeq2500 with TruSeq v4 chemistry (Macrogen, Korea), using 20% PhiX control.

DNA content estimation
A selection of 30 strains (three representatives from 10 selected populations) were used for DNA content estimation, using a propi-

dium iodide flow cytometry (FCM). Each strain was analysed three times on separate days to minimize the effect of random instru-

mental shift. In the case of low quality measurements (i.e., G1 coefficient of variation [CV] > 5 %), the strain preparation and analysis

was repeated. One ml of well-grown culture was centrifuged in a MiniSpin centrifuge (5 min, 2040 g; Eppendorf) and the superfluous

medium was removed by pipetting. Subsequently, 350 mL of ice-cold nuclei isolation buffer Otto I (0.1 m citric acid, 0.5 % Tween-

20)104 was added to the pellet, causing the release of Synura nuclei. The resulting suspension was thoroughly mixed and kept on ice.

To release nuclei of a plant standard Solanum pseudocapsicum (2C = 2.59 pg),127 a 20-mg piece of fresh leaf tissue was chopped

with a razor blade in a plastic Petri dish with 250 mL of ice-cold Otto I buffer. Both suspensions (with Synura and standard nuclei) were

thoroughly mixed together and filtered through a 42 mm nylon mesh into a special 3.5 mL cuvette for direct use with the flow cytom-

eter. Following a 20-min incubation at room temperature, 50 mg/ml of propidium iodide, 50 mg/ml of RNase IIA and 2 ml/ml
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b-mercaptoethanol were added to the sample. The stained sample was immediately analysed using a Partec CyFlow SL cytometer

(Partec GmbH, Münster, Germany) equipped with a green solid-state laser (Cobolt Samba, 532 nm, 100 mW). Measurements on

each sample were taken for up to 5,000 particles, and the resulting FCM histograms were analysed using FloMax v. 2.4d (Partec,

Münster, Germany). The first Synura peak on the FCM histogram was identified as G1 (vegetative cells), the second peak as G2

(dividing cells). The absolute nuclear DNA amount (C-value) was calculated as sample G1 peak mean fluorescence / standard G1

peak mean fluorescence 3 standard 2C DNA content.128

Growth rate experiments
The same selection of 30 strains was subjected to growth rate experiments. The strains were inoculated simultaneously into 50 ml

culture flasks with WC liquid medium and kept at 15�C, under constant illumination of 40 mmol photons ,m-2 , s-1. After 10 days of

acclimation, we inoculated six replicates per strain on 96-well plates to a starting concentration of 30 F0 with the total volume of

250 ml. For temperature gradient experiments, the plates were kept at seven temperatures of 3, 7, 10, 13.5, 18, 21 and 24.5�C using

the Labio thermostat (Praha, Czechia). For nutrient concentration experiments, eight different WC media were prepared as follows.

First, two stock WC solutions were prepared: the standard medium103 with conductivity 216 mS/cm and the 10x concentrated me-

dium with conductivity 2230 mS/cm. Then, the stock solutions were diluted with distilled water to obtain eight media of conductivity

20, 40, 100, 200, 400, 800, 1600, and 2230 mS/cm. The strains were inoculated into the media and kept at 15�C. Cell abundances
were estimated using the chlorophyll fluorescence yield (F0) measured by the closed FluorCam FC 800-C (PSI, Drasov, Czechia).

Each strain was analysed in six replicates. F0 was measured every day (1,080 and 1,260 replicates for temperature and nutrient con-

centration experiments, respectively) till most strains reached a stationary phase. The growth rates were calculated in R, using the

package growthcurver.129 After discarding data from non-growing strains, the data were trimmed to include only those days for

which none of the measured strains decreased in its abundance. Since the ‘‘r’’ values were sometimes wrongly generated in slowly

growing cultures, the growth rates were characterized by the ‘‘auc_e’’ value, which is the empirical area under the curve of the mea-

surements. The final growth rates were calculated by averaging ‘‘auc_e’’ values across replicates, and the growth rate plots were

created using the package ggplot2.130 Maximum growth was calculated by fitting the Loess model. In addition, the growth dynamics

of each strain were described by fitting 4-degree polynomial regression curves to maximum growth rate data.

We mapped the evolution of DNA content and growth optima in relation to temperature and conductivity onto the rooted, time-

calibrated tree inferred by BEAST v. 1.10.4 as described above. The tree was pruned to 30 strains for which the quantitative traits

were measured, and ancestral trait reconstructions were inferred using maximum likelihood (ML) in R, using the contMap function

of the package phytools. Variation partitioning analyses were performed using the package vegan. The affiliation of strains into either

four or six clusters was used as a response variable, following the results of population structure analyses (if six clusters were applied,

we considered tree basal cluster II lineages as individual clusters). As explanatory growth rate variables, we used either growth

optima (a single variable) or growth dynamics, characterized as the parameters of polynomial function (intercept and four degrees).

Significance of the net effect of explanatory variables was tested as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing of RAD-seq data
The demultiplexed reads were quality checked in FastQC v. 0.11.9.111 All samples proceeded to the subsequent analyses. Since some

strains were not axenic, we first removed reads which might originate from putative contaminants. The samples were filtered using

Kraken2 v. 2.0.8112 with default settings against a custom database of organisms detected in some strains: bacteria and a protist

Bodo. De novo assembly and single nucleotide polymorphism (SNP) calling were performed in Stacks pipeline v. 2.5.113 First, the pro-

gram process_radtags was run to demultiplex the individuals and remove low quality data (Q >30 and 150 bp). Then, the three main

parameters of pipeline program denovo_map.pl -m -M, and -n were selected based on the published protocol.131 We tested following

parameter combinations: m = 3-5, M = 1-6, and n = 1-6. The combination with the highest number of polymorphic loci and present in

80% of the samples was selected as optimal: m = 5, M = 3, and n = 3. The program denovo_map.plwas run using the selected param-

eters on paired-end data, removing PCR duplicates. To assess the impact of SNP filtering on the outcome of population genetic ana-

lyses, we generated 12 test datasets using the populations program, applying different values for parameters p (minimum number of

populations a locus must be present in to process a locus = 1, 5, 9) and r (minimum percentage of individuals in a population required

to process a locus for that population = 0.2, 0.4), writing either all SNP per locus or restrict the datasets to only the first SNP per locus.

The datasetswere not phased and remained haploid. All datasetswere exported in Structure, genepop and vcf formats for downstream

analyses. Other formats were prepared with PGDSpider v. 2.1.1.5114 if not specified otherwise. After evaluating 12 test datasets (see

Results), a filtering strategy p=5 r=0.2, and writing a single SNP per locus, was applied to generate a final dataset. This filtering strategy

received the best consensus of all filtering strategies and downstream analyses performed (Figures S3, S4).

Patterns of diversity
Genetic diversity statistics within populations, including number of private alleles (AP), percentage of polymorphic loci (PP), observed

(HO) and expected heterozygosity (HE), nucleotide diversity (p), and inbreeding coefficient (FIS) were estimated using the populations

program in Stacks, based on nuclear SNP data. Other analyses were run in R v. 4.0.5.115 Proportion of missing data and mean read

depth were calculated using the package vcfR.132
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Population structure analyses
Population genetic structure was inferred using a Bayesian model-based clustering in STRUCTURE v.2.3.4,116 a sequential k-means

clustering using the Discriminant Analysis of Principal Components (DAPC),117 and a mutual k-nearest neighbour graphs clustering

(mkNNGs) in NetView pipeline.118 Multiple STRUCTURE analyses were run using ParallelStructure v.2.3.4119 in CIPRES science

gateway.133 Initially, the analyses were run for 12 test datasets (see above), using K 1-8, 2,000 burn-in, 10,000 Markov chain Monte

Carlo (MCMC) generations, and 20 iterations for each K. The final dataset was analysed using K 1-14, 50,000 burn-in, 100,000MCMC

generations, running 100 iterations for each K. Replicates were summarized and visualized using the CLUMPAK server,120 applying

theCLUMPP LargeKGreedy algorithm. Estimates of the best K to describe the datawere determined by the Evannomethod using the

StructureSelector server,121 as well as bymanual visual inspection of clustering results. In general, delta K of STRUCTURE runs were

quite low (ranging from 0.1 to 3.6), suggesting STRUCTURE itself is unable to find a significant structure pattern. We obtained very

low delta K values (0.1-0.6) For K 6-14, therefore these STRUCTURE plots were not further considered. DAPC analyses were per-

formed in R, using the package adegenet.134 1,000,000 iterations were run for K 2-6. The number of retained PCs was set to 20

to visualize the admixture. Estimates of the best K were determined with the help of discriminant analysis scatterplots. The mkNNGs

analysis was performed in R, using the package netview.118 The Euclidean distance was used as an input. To detect the best k value,

we produced a plot of the number of detected clusters across k to indicate a stable assembly of the graph (a minimum range for the

k parameter). Accordingly, the network was constructed at k = 28, where all three algorithms (Fast-Greedy, Infomap, Walktrap) show

a general congruence in a number of resolved clusters. Further, we displayed genetic distances among individual strains using prin-

cipal component (PCA) and principal coordinate (PCoA) analyses. The calculations were performed in R, using the packages

adegenet and ade4.135 PCA analyses were run on both test and final datasets, using the genlight object generated by the vcfR pack-

age as an input. PCoA analysis was run for a final dataset only, based on Nei’s distances counted by the package StAMPP,136 and

transformed to Euclidean distances using the cailliez function.

Phylogenetic analyses
Initially, unrooted phylogenetic trees were inferred on 12 test datasets (see above), based on the multiple sequence alignments pro-

duced by the Populations program in Stacks. Maximum-likelihood tree reconstruction was performed in IQ-TREE v. 1.6.1122 using

GTR+I+G substitution model. The tree topology was tested using ultrafast bootstrapping with 2,000 replications implemented within

the same software. The final dataset was used to infer the rooted, time-calibrated tree. The Bayesian evolutionary analysis was per-

formed by BEAST v. 1.10.4,123 using the GTR+I+G substitution model with 4 gamma categories, the lognormal relaxed clock type,

and a birth–death diversification process tree prior. The population FRA1 was specified as an outgroup following the results of or-

ganellar loci analyses (see above). The root age was constrained to 0.140 Ma (SD 0.01), following the inferred molecular divergence

time of S. petersenii published by �Skaloud et al.32 Two MCMC analyses were run, each for 100 million generations (burn-in 20 million

generations). The convergence diagnostics was performed in Tracer v. 1.6.137

Detection of loci under putative selection
The outlier loci, which were likely to be largely affected by selection, were identified and extracted for the further analyses using a

custom-made script (https://github.com/dvorikus/Synura-RADs) using R package pcadapt 4.3.3138 and qvalue 2.28.0.139 Pcadapt

is not sensitive to the hierarchical population structure as other approaches, and it can also handle admixed individuals.138 The input

vcf file was produced by Stacks (see above), without any outlier filtering strategy applied. The number of principal components was

set to K = 5 based on scree plot and PCA in pcadapt produced by the pcadapt package itself. We also tested K = 4 and the extreme

value of K = 20 and obtained consistent results in the downstream analyses (data not shown). The outlier loci were identified based on

q-value and with p-value corrected by Benjamini-Hochberg procedure. Both approaches showed the same set of the 2,550 outlier

loci (= 1.26% of all loci).

Genotype-environment association analyses
Three approaches have been employed to detect the correlation between the allele frequencies of the outlier loci and climatic factors,

habitat, and geography. The gradient forest analysis and a generalized linear mixed modelling (GLMM) were employed to assess the

relative effects of climate, habitat, and geography on the genetic diversity, and a Bayesian hierarchical modelling (BHM) was applied

to identify loci associated with the three above-mentioned factors. The strains were isolated, cultivated and genetically characterized

by RAD sequencing as specified above. To avoid analyses of linked SNPs, the single SNP was selected per each outlier locus.

Accordingly, a total of 2,550 SNPswere analyzed. Explanatory climatic factors were represented by 19 bioclimatic variables obtained

from the WorldClim v. 2.1. database105 at resolution of 2.5 arc minutes. Habitat factors were represented by measured values of pH

and conductivity (ionic content), and by seven physical and chemical soil properties obtained from the SoilGrids database.106 At

every sampling site, climatic and habitat data were obtained by applying a 2-kmbuffer to limit the effects of spatial bias. Geographical

distances were transformed to the principal coordinates of neighbour matrices (PCNM)140 in R, using the packages BoSSA141 and

vegan,142 applying a threshold of 1,100 km to get appropriate PCNM scores. All variables were centred and standardized.

The gradient forest analysis was carried out in R v. 3.6, using the packages gradientForest and extendedForest.143 First, variation in

allele frequencies of 2,550 outlier SNPs was summarized using PCA as described above. The first 80 PCA axes were used as a

response variable. To reduce the number of explanatory variables, two most significant climatic and habitat factors were selected

by the forward selection in redundancy analysis (RDA) using the package vegan. The most significant variables included annual
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precipitation (BIO12), precipitation seasonality (BIO15), conductivity and cation exchange capacity. First and second PCNM axes

were used as geographical predictors. Two gradient forest analyses were performed, using either six explanatory variables as

described above, or three variables only, representing the most important predictors (annual precipitation, conductivity, PCNM1).

To take the hierarchical sampling design into account, the locality was set as a random factor. 300 separate analyseswere conducted

based on 26 randomly selected samples (one per each locality), and the models were combined using the ‘‘combinedGradientFor-

est’’ function. Gradient models were fitted with 500 trees, the correlation threshold set to 0.5 and maxLevel = 3.

GLMM analyses were performed in R v. 4.1.0, using the package MCMCGLMM,
144 running the modified script published by Lexer

et al.145 FST, GST, and DJost genetic pairwise distances were used as response variables, based on outlier loci only. FST was estimated

using the populations program in Stacks, the other two indices were calculated in R, using the package FinePop.146 As climatic and

habitat predictor variables, we used Euclidean distances retrieved from PCA analyses of all 19 bioclimatic and 9 habitat variables,

respectively. As geographical predictors, we used geospheric distances between populations. Locality pairs were set as a random

factor, using the idv variance function. The analyses accounted for nonindependence in the data by using pairwise matrices of pop-

ulation-level metrics. Eight different models resulted from combinations of the three predictor variables: a null model without any pre-

dictor, three models with a single predictor, three with different combinations of two predictors and one with all three predictors. The

deviance information criterions (DIC) and associated DIC differences and weights were used to compare all models. The analyses

were run with a burn-in of 200,000 followed by 2 mil iterations with a thinning interval of 750.

The BHM analyses were run using the program BayPass v. 2.1,124 using default parameters under the standard covariate model.

Population allele counts were used as input data. The input file was generated using the geste2baypass.py python script (https://

github.com/CoBiG2/RAD_Tools). The BayPassmethod assumesHardy-Weinberg equilibrium, which can be violated under predom-

inant asexual reproduction. However, our analyses indicate no apparent deviation from the Hardy–Weinberg equilibrium in most of

the populations indicating relatively frequent sexual reproduction, so the loci are not likely linked. As climatic and habitat predictor

variables, we used the first axis of a PCA on all 19 bioclimatic and 9 habitat variables, respectively. First PCNM axis was used

as geographical predictor. The BayesFactors estimates were calibrated by creating the pseudo-observed data sets with

1,000 SNPs, using the simulate.baypass function. SNPs with a false detection rate (q-value) under 0.05 were considered as signif-

icantly associated with the predictors, using the R function quantile. Finally, the loci under selection detected by BHM analyses

were used as input to the PCA using environmental and spatial variables as supplementary variables to show their associations

with PCA axes. The PCA analyses were run in R, using the package FactoMiner.147 Because PCA does not allow any missing

data, we imputedmissing values using themost common genotype at each SNP across all individuals. Prior the analysis, we reduced

the number of supplementary environmental variables by excluding correlated variables (Spearman rank correlation > 0.75). Vari-

ables to retain were selected by the inspection of PCA ordination plots and corrplots made in R, using the package corrplot.148

The final set of retained variables included seven climatic and six habitat predictors, as follows: annual mean temperature (BIO1),

isothermality (BIO3), temperature annual range (BIO7), mean temperature of wettest quarter (BIO8), annual precipitation (BIO12), pre-

cipitation seasonality (BIO15), precipitation of warmest quarter (BIO18), pH, conductivity, cation exchange capacity, sand, clay, and

silt contents. The first two PCNM axes were used as geographical predictors.
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