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Abstract

The Southern Ocean is characterized by longitudinal water circulations crossed by
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speciation within an endemic pelagic inhabitant, the diatom Fragilariopsis kerguelensis.
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nied by ecotypic divergence, followed by sympatric speciation.
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1 | INTRODUCTION coast drive southern water masses to the west. These mainly circum-
polar currents are crossed by strong meridional gradients in several

The Southern Ocean (SO) surrounds Antarctica in a continuous environmental conditions of importance for planktonic life, including

belt linking the three main ocean basins. With the exception of the
Weddell and Ross gyres, circumpolar currents dominate surface
water flow: while in the north, the powerful Antarctic Circumpolar

Current (ACC) carries water masses eastward, easterlies along the

temperature, light and macronutrient concentrations (Pollard, Lucas,
& Read, 2002; Post et al., 2014). Environmental heterogeneity is an
important driver of diversification (Rainey & Travisano, 1998), and in
general, environmental gradients have been proposed to facilitate
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adaptive divergence and speciation (Doebeli & Dieckmann, 2003;
Endler, 1977). In the particular oceanographic context of the
Southern Ocean, however, little is known about how this oceano-
graphic background shapes population structure of phytoplankters.
The pennate diatom Fragilariopsis kerguelensis (O’Meara) Hustedt
1952 is one of the best-studied phytoplankton organisms of this re-
gion. It has been one of the most important silicate exporting or-
ganisms in the pelagic of the SO during the Quaternary (Cortese
& Gersonde, 2008) to today, playing a key role in the oceanic sili-
con cycle (Assmy et al., 2013). Its frustules represent the dominant
diatom in terms of valve numbers in the siliceous sediment layers
below the ACC (Crosta, Romero, Armand, & Pichon, 2005; Esper,
Gersonde, & Kadagies, 2010; Gersonde et al., 2003) and are applied
to draw inferences about paleo-environmental conditions (Cortese
& Gersonde, 2007; Cortese, Gersonde, Maschner, & Medley, 2012;
Kloster, Kauer, Esper, Fuchs, & Beszteri, 2018; Shukla, Crosta,
Cortese, & Nayak, 2013; Shukla & Romero, 2018). F. kerguelensis is
a congener of Fragilariopsis cylindrus, the genome of which has re-
cently been sequenced (Mock et al., 2017). Although the biogeo-
graphic ranges of both species overlap, F. cylindrus is mainly at home
in the more southern, colder, temporarily ice-covered zone (Armand,
Crosta, Romero, & Pichon, 2005). In contrast, F. kerguelensis appears
along the entire range of the environmental gradients of the SO, from
latitudes displaying subantarctic/ temperate climatic conditions (up
to near 40°S, a latitude comparable to that of the Italian city Naples
in the Northern hemisphere; with summer surface water tempera-
tures near 10°C; ice free all year round), all the way to the year-round
subzero water temperatures next to the shelf ice edge (near and be-
yond 70°S, Crosta et al., 2005; Pinkernell & Beszteri, 2014), thus
providing an interesting model to study population differentiation to
different temperature and light regimes along these gradients.
Here, we hypothesized that the marked differences in environ-
mental conditions between the northern and southern fringes of
its distribution area could lead to an ecophysiological and genomic
differentiation between northern (ACC) versus southern, near-ice-
edge populations of F. kerguelensis. To test this hypothesis, popula-
tions were sampled along a meridional transect, ranging from close
to the northern boundary of the distribution range of the species
near the Subantarctic Front (Pinkernell & Beszteri, 2014), to the shelf
ice edge. We applied morphometric, physiological and genome-wide
molecular comparisons and tested mating compatibilities for a de-

tailed characterization of patterns of diversity and differentiation.

2 | MATERIAL AND METHODS
2.1 | Cultures

Strains of Fragilariopsis kerguelensis were isolated during expedition
PS103 on board RV Polarstern between 16.12.2016 and 3.2.2017.
Samples were taken with a 20 um mesh size plankton net from
20 m depth to the surface. Single F. kerguelensis chains were picked

under an inverted microscope (ZEISS Axiovert 40) into 12-well cell

culture plates filled with filter-sterilized F/2 medium(Guillard &
Ryther, 1962) cooled to 4°C (85%-95% of isolated clones per sta-
tion grew up, indicating a low cultivation bias). In order to minimize
contamination, every chain was isolated again in the same manner
for at least four further times. The cultures were incubated at 4°C
under illumination with cool white fluorescent tubes at an inten-
sity between 15 and 30 pmol/m?s under a 16:8 hr light:dark cycle.
Strains were transferred to 15 ml Falcon tubes for cooled transport
and transferred into 40 ml culture flasks within a week after arrival
at the home laboratory. Strains were held at 4°C at 20-30 umol/m?s
and a 14:10 hr daily light:dark cycle. Table S1 lists the strains used
and their sampling metadata.

2.2 | Morphometrics

To test whether strains can be classified in the high versus low rec-
tangularity morphotypes discovered by Kloster et al. (2018), morpho-
metric analyses were performed following that reference. Frustules
were prepared using household bleach following Friedrichs (2013)
and mounted in Norland Optical Adhesive 61 (Norland Products
Inc.). Manually selected valves were imaged in 20 focus levels,
and the latter combined to extended depth-of-focus images with a
Metafer slide scanning system (Metasystems Gmbh). Morphometric
measurements were performed by image analysis using SHERPA
(Kloster, Kauer, & Beszteri, 2014). Statistical comparison of geno-
typic groups (see Results) was performed in a mixed model frame-
work in Rv. 3.5.1. (R-Core-Team, 2015).

2.3 | DNA extraction

Within a time frame of three to ten months after their arrival in the
laboratory, cultures were grown in 200 ml cell culture flasks and
harvested using polycarbonate membrane filters (5 pm pore size,
Whatman®NucIepore“‘, Merck). After rinsing with sterile medium,
cells were washed from the filters with SL1 lysis buffer, snap-frozen
in liquid nitrogen and stored at -20°C until DNA extraction with the
NucleoSpin Soil DNA extraction kit (Macherey-Nagel). After thaw-
ing, cells were disrupted by bead beating for 2 x 30 s. The subse-
quent DNA extractions followed the manufacturer instructions of
the kit, and the extracted DNA was stored at —20°C. Quality check
was performed using a NanoDrop ND-1000 spectrophotometer
(Peglab) and gel electrophoresis.

2.4 | Ribosomal ITS sequencing

The nuclear ribosomal internal transcribed spacer (ITS) region
was amplified using primers ITS1 and ITS4 (White, Bruns, Lee, &
Taylor, 1990). PCR amplicons were purified with the High Pure PCR
Cleanup Micro Kit (Roche) and directly sequenced on both strands

using the BigDye Terminator v3.1 cycle sequencing kit. Products of
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sequencing reactions were cleaned up with Agencourt CleanSEQ-
Dye Terminator Removal kit (Beckman Coulter) and electrophoresed
on an Applied Biosystems 3130xI Genetic Analyzer (Applied
Biosystems). Sequences were quality clipped using Pregap4 and as-
sembled and manually checked using Gap4 from the Staden pack-
age (Staden, 1996). Positions with secondary peaks were recorded
as ambiguities. Multiple alighment and comparative analyses of the
ITS sequences were performed using MEGA7 (Kumar, Stecher, &
Tamura, 2016).

2.5 | ddRAD analyses

Forty-eight strains from four sampling stations were used for dou-
ble digest restriction site-associated DNA sequencing, ddRAD
(Peterson, Weber, Kay, Fisher, & Hoekstra, 2012), library preparation
following the protocols of Hulskétter (2015), Peterson et al. (2012)
and Schweyen, Rozenberg, and Leese (2014) (see Figure S1 and
Supporting Information for further details).

Preprocessing and demultiplexing of the sequences was per-
formed using the scripts by Schweyen et al. (2014) which also control
for biased amplification. The software Stacks Version 2.0 Beta 8c
(Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) was used
to process the data in a de novo approach, combining paired-end
reads to single loci. Based on test runs with a subsample of 12 ran-
domly selected strains, a parameter setting of M=n=5 was selected
for the final analyses following Rochette and Catchen (2017).

Single nucleotide polymorphism (SNP) calls were filtered with
the populations program of Stacks to include loci shared by at least
80% of individuals, and only keeping one SNP per locus (to avoid
linked SNPs), resulting in 1,301 SNPs used for downstream analy-
ses. SNP clustering based on average linkage clustering of an iden-
tity by state (IBS) pairwise distance matrix was performed using R
3.2.3 (R-Core-Team, 2015) employing the R-packages gdsfmt and
SNPRelate (Zheng et al., 2012).The software Structure 2.3.4. (Falush,
Stephens, & Pritchard, 2003, 2007; Hubisz, Falush, Stephens, &
Pritchard, 2009; Pritchard, Stephens, & Donnelly, 2000) was used to
analyse population structure and to estimate the amount of admix-
ture. The number of populations was determined following Evanno,
Regnaut, and Goudet (2005).

2.6 | Low coverage genome sequencing and variant
analysis in high copy number regions

To get broader genomic representation, ten strains across all ITS/
ddRAD groups were selected for low coverage shotgun sequenc-
ing, alongside an older isolate of F. kerguelensis (strain L2-C3, iso-
lated on 24.1.2009 at 48.1°S, 24.25°W, also on board RV Polarstern,
by Philipp Assmy). Sequencing was performed on one lane of the
lllumina HiSeq platform in a Rapid run as 250 bp paired-end reads
for the 10 strains from PS103, and as 300 bp PE reads on MiSeq for
L2-C3.

MoLECULAR EcoLOGY IVU TSNS

The analyses focused on high copy number genomic sequences:
the nuclear rDNA operon, and the mitochondrial and plastid ge-
nomes. A reference sequence of these three regions was assembled
from a single strain (L2-C3 for the rDNA locus, strain 1-09 for both
organellar genomes) by running the targeted assembler NOVOPlasty,
version 2.6.3 (Dierckxsens, Mardulyn, & Smits, 2017). Publicly avail-
able sequences from Pseudo-nitzschia multiseries (KR149143.1) and
Cylindrotheca closterium (KC509522.1) were used as seeds for the
mitochondrial and plastid genomes, respectively, and an ITS se-
quence determined in this study for the rDNA region.

Read mapping to these reference sequences and variant calling
from the 11 sequencing libraries was performed following the pro-
tocol "wgs/wes mapping to variant calls," version 1.0 ("WGS/WES
Mapping to Variant Calls - Version 1.0," 2018). For a more reliable
inference of the phylogenetic history of the variants, a representa-
tive “haplotype” for each strain was generated by extracting only
the most abundant variant at each SNP position. These sequences
were aligned together with an outgroup sequence from F. cylindrus
using progressiveMauve (Darling, Mau, Blattner, & Perna, 2004)
and used for phylogenetic analyses with PhyML with model selec-
tion with PhyML-SMS (Guindon et al., 2010; Lefort, Longueville, &
Gascuel, 2017) and 1,000 bootstrap replicates.

2.7 | Mating experiments

For testing mating compatibilities between pairs of strains, 250 pl
dense late-exponential phase culture of two strains was added to
1.5 ml culture medium and mixed. The crosses were inspected every
2-3 days with an Axiovert 35 inverted microscope over the course of
three weeks, and sexual activities were recorded as no sexual activ-
ity; detachment (i.e. disintegration of chains or separation of individ-
ual cells from them, the first sign of sexualization in F. kerguelensis;
Fuchs, Scalco, Kooistra, Assmy, & Montresor, 2013); and appearance
of auxospores and initial cells. At the end of the experiment, the cat-
egory corresponding to the furthest progression of sexual reproduc-
tion observed was recorded for each cross.

2.8 | Common garden experiment

Twenty-seven strains (nine representatives from each genotypic
group collected at the northernmost and southernmost sampling sta-
tions) were inoculated simultaneously into two 40 ml culture flasks
each. The paired sets of cultures were pre-acclimated to the same
daily light cycle (14:10 hr) and illumination intensity (15-30 umol/
m?Zs, in the following referred to as low light, LL), but different tem-
peratures (6°C and 0°C, respectively) for three weeks.
Subsequently, each of these flasks served to inoculate two fresh
cultures, one of which was transferred to an elevated illumination
intensity (87-121 pmol/mzs, in the further referred to as high light,
HL) at the same temperature, whereas the other was left at low light

(growth phase gi). Cultures were kept at exponential growth by
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inoculating fresh cultures at the end of the exponential growth phase
(growth phase g2). Culture growth at the four conditions (HL and LL,
both at 6 and 0°C) was monitored by chlorophyll fluorometry using
an Imaging PAM (MAXI Version of M-Series, Heinz Walz GmbH). The
dark and maximal fluorescence yield (F, and Fo, respectively) were
measured after 15 min dark acclimation every 48 to 72 hr, between
6 and 8 hr after “day start” with 9.8 pmol/m?s measuring light (ML)
intensity applied at 1 Hz. For the measurement of F_, a saturation
pulse of approximately 1,300 meVmZS (800 ms) was given. The flu-
orescence images were evaluated using the R package EBImage (Pau,
Fuchs, Sklyar, Boutros, & Huber, 2010). The maximum photosysem Il
quantum yield (F,/F,.) of the cultures were calculated as

FvFm=Fm-FOFm.

To determine the growth rates (u), a logistic model using the R
package growthcurver (Sprouffske & Wagner, 2016) was fitted to the
F, values. F /F, values at half maximal F, were used as measure for
the comparison of photosynthetic fitness among treatments and
genotypes.

Differences in the performance between genotypes during the
same growth period (g1) at each growth condition were analysed
using one-way ANOVA combined with Tukey multiple comparison
of means as post hoc test. Where the data failed to be normally dis-
tributed, a Kruskal-Wallis rank sum test was used with a Wilcoxon
rank sum test as post hoc test. For within-genotype comparison of
treatment effects, a paired t-test or, in case data were not normally
distributed, a paired Wilcoxon signed rank test was used. In a few
cases, a strain did not survive at a certain period and condition.
These strains were excluded from the respective comparison.

All sequences, submitted with assistance from the German
Federation for Biological Data, GFBio (Diepenbroek et. al., 2014),
are available under European Nucleotide Archive (ENA) project
PRJEB32688 (Beszteri, Glockner, John, Valentin, & Postel, 2020)
(Table S1).

3 | RESULTS
3.1 | Population structure

Nuclear ribosomal internal transcribed regions (ITS) were sequenced
from strains collected at the northernmost and southernmost sam-
pling station. Three parsimony-informative positions were detected
among the 28 strains sequenced (at positions 481 variants: G/K/T;
571: T/W/A; and 703: C/G; Table S1), all located within the sequence
of the ITS2. Additionally, a heterozygous R call was shared by four
strains (14-01, 14-02, 14-26 and 14-29) at position 471, as opposed
to a G in all others. At eight further positions, singleton variants
were detected. Three different nucleotide combinations at the par-
simony-informative positions were observed (TTG, TAG and GAC),
alongside with two genotypes containing an ambiguity (KAC and
TWG,). Further variants (GAG, TTC or GTG) which could be expected
to occur with random mating and free recombination among strains

were not observed.

The mitochondrial genome was assembled as a single circular
contig of 37,348 bp in length (Figure S2). Read coverages of the 11
shotgun libraries mapped against this mitochondrial reference ge-
nome ranged between 91 + 37-fold (strain L2-C3) and 820 + 83-fold
(strain 3.51b). One thousand seven hundred and thirty seven variant
positions were identified, including 100 indels and 1,637 SNPs, 32
of which were multiallelic and excluded from downstream analysis.
A cluster analysis of the 1,605 biallelic SNP calls revealed three dis-
tinct groups of strains, in accordance with the three ITS groups de-
scribed above, and clearly grouping the ambiguous ITS genotypes
with one nonambiguous group and not in intermediate positions. For
instance, strain 14-23 (TWG) was grouped with the TTG ITS group,
and strain 1-51 (KAC) grouped with the GAC strains.

The plastid genome was assembled as three contigs with lengths
of 131,691 bp (contig 1), 39,794 bp (contig 2) and 39,510 bp (contig
3), respectively. Contig 1 was found to represent the large single copy
region (53,998 bp) flanked on each side by one of the two inverted
repeat regions (38,795 bp each). Contigs 2 and 3 were reverse com-
plements, corresponding to the single copy region (SSC, 38,792 bp).
The pre- and suffixes of each of the three contigs were formed by re-
verse complement strings of between 246 and 573 bp in length. Since
these mutually match either the suffix or prefix of both of the remain-
ing two contigs, the directionality of the SSC within the circular plas-
tid genome cannot be determined unequivocally; the sequence used
for further analyses represents one randomly selected ordering. This
full plastid reference genome had a length of 170,380 bp (Figure S3),
and the mean sequencing coverage ranged between 237 + 35 (strain
14-27) and 1,809 + 266-fold (strain 1-51). 1,319 variant positions
were identified, comprising 76 indels and 1,243 SNPs, of which 1,155
were biallelic. Clustering of the latter again led to a division into three
distinct groups, which were in full congruence with both the ITS and
the mitochondrial sequence data. Clustering order within each of
these three clusters was, however, different between the mitochon-
drial and the plastid data sets (Figure 1).

The reference sequence of the nuclear rDNA operon assembled
from the same shotgun data sets had a length of 10,223 bp and in-
cluded the small 18S rRNA subunit, the 5.8S subunit and the 28S
rRNA large subunit as well as the nontranscribed spacer regions
(Figure S4). Sequencing coverage of the rDNA operon ranged from
1,334 + 350-fold (L2-C3) to 5,127 + 596-fold (14-01). 236 variable
positions were found, composed of 48 indels, two multiallelic SNPs
and 186 biallelic SNPs. Clustering of the latter again revealed a clus-
tering into three groups in full congruence with the ITS, mitochon-
drial and plastid based groupings (Figure 1).

To extend a broader genomic sampling to a wider selection of
strains, ddRAD genotyping was performed. Three of the originally
48 strains, collected at four sampling stations, were excluded from
final analyses. Two of these due to a low number of loci obtained (28
and 1,359, <3% of the median count of 46,880, Figure S5), and the
third strain was an outlier in terms of its genotype, probably belong-
ing to the morphologically similar species Fragilariopsis ritscheri Hust,
after verification of its morphology. From the ddRAD sequences,

1,301 unlinked SNPs were extracted. Clustering of these genotypes
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FIGURE 1 Cluster analysis of SNPs demonstrating consistent clustering into an “omnipresent (grey), a northern (red) and a southern
(blue) genotypic group, using (a) whole mitochondrial and (b) plastid genomes, and (c) nuclear ribosomal operon sequences. SNPs identified
by mapping of shotgun sequencing reads from eleven strains. Cluster analyses are based on 1,605 SNPs of 37,348 reference positions

(a); 1,155 SNPs of 170,380 reference positions (b); and 186 SNPs out of 10,223 reference positions of the nuclear ribosomal operon (c),
respectively. Tip labels indicate strain IDs; (see Table S1). Permutation Z-scores are given at the nodes
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FIGURE 2 ddRAD based (a) genotype composition of sample sites (numbers in pie charts indicate station codes, see Table S1); (b) cluster;
and (c) structure analysis. (a) Composition of sampled strains resolved to the three genotypic groups (NG: red, OG: grey and SG: blue) at the
four sampling stations studied (size of the pie charts proportional to number of strains analysed); stf: Subtropical Front; saf: Subantarctic
Front; pf: Antarctic Polar Front; saccf: Southern ACC Front; and sbdy: Southern Boundary of ACC. (b) cluster analysis of ddRAD genotypes
reveals three genotypic clusters in full congruence with mitochondrial and plastid genomes and rDNA operons. Permutation Z-scores are
given at the nodes. (c) Structure run with an admixture model indicates a lack of introgression among the three genotypic groups

again revealed three clusters (Figure 2b), in full congruence with To obtain rooted phylogenies of the high copy number regions, a
those obtained from the ITS, mitochondrial, chloroplast and nuclear consensus sequence was generated for each locus and for each strain,

rDNA regions. via the mapping of reads to the respective reference sequence, and
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used for phylogenetic analysis with outgroup sequences. The three
genotypic groups were clearly resolved as separate also in these anal-
yses (Figure 3). These phylogenetic analyses consistently revealed
the split between the ancestor of the "blue" (Southern) group versus
the ancestor of the other two to precede the separation of the latter.
(Pritchard
etal., 2000), the Evanno method (Evanno et al., 2005) also indicated the
presence of three populations, with the three groups again correspond-

Analysing the ddRAD genotypes with Structure

ing to those resolved by clustering and all other previous analyses.
When analysing the genomic contribution of each of these three popu-
lations to the multilocus genotypes of each strain with a model allowing
admixture, no signal of introgression was found (Figure 2c), indicating
that no detectable amount of exchange of genetic information among
the three genotypic groups identified took place in the recent past.
The biogeographic distribution of representatives of the three
genotypic groups across the four sampled populations showed the
following pattern: whereas one group (marked in grey in Figures 1-3,
in the further termed OG for “omnipresent” genotype) was found
at all four sampling locations, another group (marked in red, from
here on termed NG for northern genotype) was only recovered from
the two Northern populations, and the third group (blue, further on
termed southern genotype or SG) only from the two Southern sam-

pling stations (Figure 2a).

3.2 | Morphometric differentiation

Strains with the ITS pattern TAG belonging to the southern geno-

type displayed a significantly higher valve outline rectangularity of

whereas both latter groups did not differ significantly from each
other (Figure 4).

3.3 | Mating compatibility

Similarly to Fuchs et al. (2013), we observed a heterothallic pattern
of sexual compatibility among Fragilariopsis kerguelensis strains and
inferred mating types from successful crosses. In crosses involving
pairs of strains from the same genotypic group belonging to dif-
ferent mating types, auxospore production was mostly observed
(Figure 5). To the contrary, we did not observe a single successful
mating in crosses involving one partner from the OG and another
from either of the other groups SG or NG. However, successful aux-
ospore production was repeatedly observed in crosses including one
mating partner from the SG and one from the NG group. The aux-
ospores and initial cells resulting from these latter crosses looked
as viable as those from within-group crosses and continued dividing
just as vividly. Due to the long time required to reach the sexually
inducible size range, we have so far not been able to test whether

these presumed “hybrids” are fertile.

3.4 | Common garden experiments

The physiological performance of the three genotypic groups dur-
ing the first (g1) and second growth periods (g2) under each of the
four conditions was monitored by their growth rates (u) and maximal

photosystem Il photon yields(F, /F,).

0.793 £ 0.014 (N4 1i0s = 9 Mindividuais = 348, “SG”) when compared to
ITS group GAC (“NG,” 0.748 £ 0.014, n_, ... = 7, Ni_ 4viquals = 280) or
ITS group TTG (“OG,” 0.761 + 0.016, ng ..o = 8, N viduais = 244,

The different genotypes showed some common patterns in their

responses to the four investigated conditions. During g1, all three

genotypes grew fastest at 6°C HL (Figure 6, Figure S6). F /F_ was
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FIGURE 3 Rooted phylogenies of (a) mitochondrial and (b) plastid genome and (c) nuclear rDNA operon nucleotide alignments. For
rooting the ingroup phylogeny, homologous sequences from Fragilariopsis cylindrus were used. In the figure, the outgroup was removed
and only its connection to the ingroup is indicated to allow a better resolution of branch lengths within the ingroup. Branches formed by
strains (indicated by their respective strain IDs; see Table S1) belonging to the northern (red), the omnipresent (grey) and the southern (blue)
genotypic group are indicated by the colour coding of their background boxes, respectively. Bootstrap values (clade resolved in number of
bootstrap replicates out of 1,000) are given at the nodes.
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significantly higher at LL when compared with HL conditions at both
temperatures in all genotypic groups (Figure Sé). Strains from all
genotypes seemed to be challenged by growing at 0°C LL, with all
genotypes showing a significant reduction in both wand F /F,_ in g2
when compared with g1 (Figure 6).

A clear difference observed between the three genotypic
groups was a significantly lower p of the northern genotype
(L = 0.19 + 0.07 day’™%; corresponding to a generation time of
4.0 + 1.4 days, n = 9) under 0°C HL when compared with the south-
ern genotype (1 = 0.34 + 0.8 day'1 corresponding to a generation
time of 2.2 + 0.5 days, n = 9, p = 4.3e"%). The SG showed a significant
increase in their F /F  in g2 versus g1 at 0°C HL (p = .037, Figure 6),
indicating a pronounced acclimation capacity to these conditions.
While the SG performed in general best at 0°C, while struggling
under 6°C conditions, the NG performed and acclimated better at
6°C: they showed stable p and increased F /F from g1 to g2 under
both 6°C conditions, while those of the SG and OG declined signifi-
cantly (Figure 6). In contrast to both the NG and the SG, none of the
four growing conditions seemed to be favourable to the OG, with
significantly decreasing u in g2 versus g1 under all four experimental

conditions (Figure 6).

4 | DISCUSSION

Our molecular results using different markers with a broad genomic
coverage (including both organellar and nuclear genomes) and an al-
together relatively broad sampling (48 strains from four populations)
revealed a robust clustering of Fragilariopsis kerguelensis strains
into three distinct groups in a fully concordant manner. Admixture
analyses of 1,301 randomly sampled genomic SNPs from a ddRAD
analysis revealed no signal of introgression, indicating that ex-
change of genetic material among the three genotypic groups was
undetectably low in the recent past. To the contrary, phylogenetic
incongruence among the three genomes was found within the indi-
vidual genotypic groups. In light of our knowledge of the biology of
the species (Assmy, Henjes, Smetacek, & Montresor, 2006; Fuchs
et al., 2013), this probably results from genetic reshuffling by sexual
gene exchange in their recent ancestry, that is within each of the
populations of the three genotypic groups, which, however, seems
to be absent among them.

Using the criterion of absence of gene exchange in sympatry, the
OG and SG (found in sympatry at the two southern stations) as well
as the OG and NG (sympatric at the two northern sampling stations,
Figure 2a) could robustly be diagnosed as pairs of distinct species.
This diagnosis is also in line with the lack of mating compatibility
observed between these two groups.

On the other hand, the NG and SG were not found in sympatry
and produced viable offspring in laboratory crosses, speaking for an
interpretation as geographically isolated populations or demes of
the same species. Based on the data available thus far, it cannot be
excluded that a transitional zone might exist where the geographic

distributions of both groups touch or overlap. Admixed genotypes
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were nevertheless not encountered in the current survey, indicating
that even if such a transitional zone exists, hybrids between both
groups must be rather rare apart from a possibly narrow hybrid zone.
Another feature underlining the distinctness of NG versus SG is that
they can also be distinguished morphometrically. The clear and con-
gruent distinctness of these two groups across all three genomes
(the mitochondrial, the plastid and the nuclear genome), and the
lack of admixture signals in the ddRAD genotypes thus far indicate
a robust genetic divergence and a lack of introgression between the
NG and the SG. This appears to be surprising when considering the
successful laboratory crosses and the fact that the natural habitats
of both genotypes are not separated by any barriers that would limit
dispersal. Possible explanations might include rarity or sterility of
F1 hybrids, heterozygote fitness disadvantage and/or low dispersal
ability of hybrids from a narrow hybrid zone; or the fact that both
genotypes indeed rarely occur in sympatry for ecological-oceano-
graphic reasons (blooms and/or sexual events of both groups tem-
porally separated from each other at the same geographic location).
The exact nature of the biogeographical and reproductive boundar-
ies between both genotypes in the field remains to be revealed and

will be an interesting challenge for future studies.
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FIGURE 4 Rectangularity of valves across the three ITS groups.
OG (grey): omnipresent group, ITS variable positions TTG, 244
valves across eight strains measured (19-46 individual valves per
strain); SG (blue): southern group, ITS variable positions TAG, 348
valves across nine strains measured (14-76 individuals per strains);
and NG (red): northern group, ITS variable positions GAC), 280
valves representing seven strains were measured (18-89 per strain).
The scanning electron microscopy images above the box plots show
an example valve for each of the three genotypic groups
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Paradoxically, in spite of the most clear-cut (because sympat-
ric) separation between the OG versus the other two groups, this
divergence does not seem to have predated the separation of the
SG versus NG groups: in rooted phylogenetic trees, the SG (also
morphologically different from the other two) diverged first from
the common ancestor of the other two groups (Figure 3). Based
on this, one could hypothesize that this SG - common ancestor of
NG and OG split - might have taken place as an initial intraspe-
cific differentiation into a high rectangularity population inhabiting
southern parts of the Southern Ocean (similar to present-day (SG))
and a low rectangularity genotype/ deme which colononized the
more northern, ACC habitat (presumed to roughly correspond to
the present-day distribution of the NG). Based on the physiological
mating compatibility between the SG and NG, we hypothesize the
NG-OG ancestor to have been similar in terms of biogeographic
distribution and mating compatibility to the present-day NG. In
this case, a subsequent speciation event, presumably in the north
(ACC), would have led to a divergence between the NG and the
morphometrically highly similar OG groups. The latter would then
have recolonized the southern parts of the SO habitat while staying
distinct from the there native SG. This might be explained by the
possibility that the reproductive barrier, which evolved between
OG and NG, also led to a reproductive isolation of OG from the
SG deme.

In a common garden experiment, we observed a slight, but sig-

nificant ecophysiological differentiation among the three genotypic

groups. Strains from the SG showed better performance (growth
rates) at and ability to acclimate to cold high light conditions than
strains from the NG, along with a significant decline in their growth
rate in the warm treatments. To the contrary, strains of the NG
showed stable growth rates and an increase in F /F_ at 6°C. This
ecophysiological differentiation between the two groups, taken
together with the tentative biogeographic pattern outlined above
(NG - northern and SG - southern), can be interpreted as native ad-
vantage indicating local adaptation. The third group (OG, appearing
at all latitudes) did not show such clear-cut ecophysiological signal,
but seemed to suffer at all experimental conditions (growth rates
decreased at every treatment condition) which might indicate a
narrower temperature tolerance range enabling a long-term main-
tenance of good physiological performance when compared to the
other two groups (or a lower tolerance than the other two groups
against some other aspect of the laboratory growth conditions).
The observed biogeographic-genomic-ecophysiological dif-
ferentiation between the northern (NG) and southern (SG) demes
is somewhat surprising since these locations are not separated by
any geographic boundary that would prohibit dispersal, but it is in
line with the notion that marked environmental differences along
gradients can facilitate divergence and speciation (Doebeli &
Dieckmann, 2003; Endler, 1977). Although a continuous transition
in environmental conditions, as in the SO pelagic, could also lead to a
continuous transition in genetic setup (genetic clines), Endler (1977)

showed that it can also lead to abrupt steps in allele frequencies,
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for instance with heterozygote disadvantage. Oceanic fronts are
usually accompanied by steeper gradients in water properties than
water masses lying between them (Sokolov & Rintoul, 2002), and
such steepening can facilitate the appearance of sharp genotypic
clines and even parapatric speciation (Endler, 1977). In line with
this, the Southern Ocean fronts have been described to separate
rather distinct plankton communities (Sokolov & Rintoul, 2002).

Some fronts might, however, provide more than just steep gradients

to support population differentiation or speciation. A case in point
is the Southern Boundary (SB) of the ACC (Orsi, Whitworth, &
Nowlin, 1995; Pollard et al., 2002; Talley, 2011), identified previously
to follow the biogeographic boundary between the high versus low
rectangularity morphotype of F. kerguelensis (Glemser et al., 2019).
This front or boundary also lies in the area separating the NG and
the SG genotypic groups (Figure 2a; see also Figure S7 for ocean-

ographic background), although we cannot pin down exactly the
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location of transition between both groups due to our lack of sam-
ples in the southernmost band of the ACC. The SB separates the
eastward circulation of the ACC from the Weddell Gyre (in our tran-
sect; or from the westward flowing Antarctic Coastal Current in
other places). Although this boundary is highly permeable in the sur-
face layer, it is also the main place of circumpolar upwelling, driven
by opposite directed wind forces, bearing divergent surface waters
directed to the north versus south (Post et al., 2014). The upwelling
and associated divergent flow pattern can conceivably reduce sur-
face connectivity across this band when compared to that across
other fronts of the ACC for instance. In any case, as our study hints
at, oceanographic structure can matter for pelagic diversity, refining
slightly on the notion that “habitat selection, rather than physical
barriers, may be a primary force driving speciation in the pelagic”
(Bowen et al., 2016). To resolve in detail how the balance between
factors favouring divergence versus homogeneity acts out from the
perspective of surface layer eukaryotic microplankton, and whether
or how often fronts indeed play special roles in promoting phyto-
plankton divergence, will need geographically more finely resolved
regional surveys of organismal or genotypic distributions, to com-
plement the picture obtained by more global but lower resolution
surveys (de Vargas et al., 2015). Although the nature of the transi-
tional zone between the NG and SG groups certainly needs closer
study in the future, it is intuitively conceivable that incompatibilities
between “warm-adapted” (northern) and “cold-adapted” (southern)
genetic backgrounds might indeed play a role in this case, too.
Biogeographic projections suggest that ocean warming will
likely lead to poleward shifts in northern distribution boundar-
ies for SO phytoplankton, and also in particular for F. kerguelensis
(Pinkernell, 2017; Pinkernell & Beszteri, 2014). It makes a difference
in this context whether this (and similar other) species are genet-
ically relatively homogeneous but physiologically plastic, ensuring
their survival among the wide range of environmental conditions
across their distribution range, or genetically structured, with lo-
cally adapted sets of genotypes/ demes which might have low fit-
ness in non-native conditions (Villemereuil, Mouterde, Gaggiotti, &
Till-Bottraud, 2018). In the former case, the main biogeographic re-
sponse to ocean warming might be a reversible poleward retraction
of the distribution area with little reduction in overall intraspecific
genetic variation. If, however, zonal genetic structure and local ad-
aptations are important in these circumpolar plankton, as it seems
to be in this particular case, such a biogeographic retraction would
result in less reversible losses of genetic variability (in the present
case, putting the southern genotypic group into the highest risk of

extinction).
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