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Abstract:

Diatoms, an evolutionarily successful group of microalgae, display high levels of intraspecific
variability in natural populations. However, the process generating such diversity is unknown.
Here we estimated the variability within a natural diatom population and subsequently mapped the
genomic changes arising within cultures clonally propagated from single diatom cells. We
demonstrate that genome rearrangements and mitotic recombination between homologous
chromosomes underlie clonal variability, resulting in haplotype diversity accompanied by the
appearance of novel protein variants and loss of heterozygosity resulting in the fixation of alleles.
The frequency of interhomolog mitotic recombination exceeds 4 out of 100 cell divisions and
increases under environmental stress. We propose that this plastic response in the interhomolog
mitotic recombination rate increases the evolutionary potential of diatoms, contributing to their

ecological success.

One Sentence Summary:

Recombination between homologous chromosomes in diatom vegetative cells leads to extensive

genomic diversity in clonal populations.
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Main Text:

Diatoms are an extraordinarily diverse and species-rich group, populating a wide range of aquatic
environments from polar to tropical regions (1). Moreover, previous studies of intraspecific genetic
variation in diatoms indicated high levels of variability in natural populations in species with
differing life-cycle strategies (2, 3). While mutations are considered as a primary source of genetic
variability, mutation rates in diatoms appear to be at a similarly low level as in green algae (4).
Another source for genetic variability is sexual reproduction, typically generating new allelic
combinations. However, several diatom species, including the model diatoms Phaeodactylum
tricornutum and Thalassiosira pseudonana, have never been observed to produce F1 progeny (5,
6), whereas sex is restricted by cell size in many other diatoms (7). This opens a question: How
can a group of organisms with an unexceptional mutation rate and only sporadic sexual

reproduction generate such evolutionary novelty?

To first quantify the extent of intraspecific variability within a natural population we
studied the intra-population variability of Fragilariopsis cylindrus. F. cylindrus is a marine diatom
species with elevated genomic variability (3), and was highly detected in surface and deep
chlorophyll maximum (DCM) zone metagenomes from 7ara Oceans Station 86 in the Southern
Ocean (near the Antarctic peninsula, 64°30°88” S, 53°05°75” W). A reference genome from an F.
cylindrus culture genome was used to recruit metagenomic reads with high average nucleotide
identity (ANI) to explore the intra-population variability. Single nucleotide variants (SNVSs)
distributed over 24,326 core genes, corresponding to 89.64% (30.95 Mb) of all F. cylindrus genes,
resulted in 619,947 and 592,929 SNVs in the surface and DCM metagenomes, respectively,

covering all the core genes (Data S1). This corresponds to a SNV density of ~2%, corresponding
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to one SNV every 50 nucleotides. A-G and C-T transitions each contributed 30% of SNVs,
followed by the transversions A-C (13%), G-T (13%), A-T (10%) and C-G (4%) (Fig. 1, A to C).
These statistics were highly similar for the two metagenomes, with a comparable transition to
20 transversion ratios of around 1.5. Yet, of all the SNVs identified, only 429,530 (54.83%) were
common to the two metagenomes. Thus, local diatom populations can harbour a considerable
density of genomic variability, the identity of which can vary dramatically between oceanic
samples. Based on these results, we wondered how this extent of variability could emerge and be

sustained over time.

95 Because the impact of sexual reproduction cannot be ruled out in natural populations, we
examined haplotype diversity in clonal cultures from a single cell of two diatom model laboratory
species: P. tricornutum, a species without observed sexual reproduction, and the obligate sexual
heterothallic species Seminavis robusta (8). Both were grown under conditions that preclude
sexual reproduction. First, through sequence analysis, we measured the number of haplotypes per

100 1 kb in corrected PacBio and MinlON sequencing data (Fig. S1). This analysis uncovered 1,405
loci with more than two haplotypes in S. robusta (125.57 Mb genome size) and 3,380 loci in P.
tricornutum (27.4 Mb) (Fig 1, D to G, Data S2). Equivalent counting in haploid Saccharomyces
cerevisiae (12 Mb) and diploid Arabidopsis thaliana (135 Mb) genomes yielded 3 and 83 loci with
multiple haplotypes, respectively (Table S1 and Data S2). Further analysis of diatom loci with

105 multiple haplotypes revealed that the GC content and SNP (single-nucleotide polymorphism,
present in at least 20% of reads from the population) distribution were comparable to those in the

rest of the genome (Fig. S2 and Table S2).
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Fig. 1. Intra-population variability of F. cylindrus in surface and DCM samples and genome-
wide and locus-specific distribution of haplotypes in P. tricornutum and S. robusta. Overview of
(A) the proportion of the competing nucleotides and (B) the transition to transversion ratio for

surface and DCM samples. (C) Diagram representing the overlap between SNVs detected in the
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SUR and DCM metagenomes. SUR — surface, DCM - deep chlorophyll maximum. Genome-wide
and locus-specific distribution of haplotypes. Summary of genome-wide detection of haplotypes
115 per 1kb loci in (D) S. robusta contigs above 20 kb and (E) P. tricornutum chromosomes 1-33. From
outside to inside: number of loci with more than two haplotypes* (orange), loci with two
haplotypes (green), loci with a single haplotype (grey), gene density*, SNP density* (black), GC
content*; * per 10 kb. (F to G) Example of a representative genomic region from (F) S. robusta
and (G) P. tricornutum. The chromosome is represented by a grey rectangle. Above the
120 chromosome: the number of observed haplotypes (orange line), loci with more than two haplotypes
(orange area). Below chromosome from top to bottom: loci with two haplotypes (green), loci with

a single haplotype (grey), gene density**, SNP density** (grey line), GC content**; ** per 1 kb.

Genome-wide haplotype counting via long-read sequencing can suffer from increased

sequencing noise, despite the correction, which could lead to an overcounting of haplotypes

125 (Supplementary Text). We therefore validated the genome-wide data by observing selected loci
from fresh, single-cell cultures (Fig. S3). For S. robusta, we profiled three loci identified in the
genome-wide haplotype analysis in three independent cultures, four months after single diploid

cell isolation. To overcome the potential problem of artefact generation during DNA amplification,

we used emulsion PCR followed by Sanger sequencing of cloned PCR products. While the control

130 mixture of two different alleles returned the two original haplotypes after PCR, we observed 2 to
6 haplotypes for the endogenous S. robusta loci (Fig. 2A, Table S3). In every case, two prominent
haplotypes were supported by a higher number of reads, possibly representing the haplotypes

present in the founder cell, whereas the additional haplotypes presumably appeared during the four

months in culture.
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Fig. 2. Accumulation of novel haplotypes in cultures freshly initiated from a single cells. (A)
Detection of haplotypes on three loci in three S. robusta cultures four months after cultivation from
asingle cell. (B to C) Detection of the number of haplotypes in P. tricornutum at 1 month (T1) and
6 months (T6) after cultivation from a single cell. (B) Haplotypes at endogenous loci G32-G36
detected 1 and 6 months after single-cell isolation. (C) Change in the number of haplotypes at

endogenous loci from founder cell (thick outline) to the number of haplotypes detected 6 months
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after single-cell isolation (thin outline). Categories of the shift in the number of haplotypes from
founder cell to the number of haplotypes detected at T6 are on the x-axis, the number of haplotypes
on the y-axis. The size of the circle corresponds to the number of cases in a given category, the
145 color corresponds to the number of haplotypes; one haplotype (grey), two haplotypes (green), and
three or more haplotypes (orange). (D) Schematic representation of predicted proteins variants in
Phatr3_J47122 gene. Top line shows the position of amino acid variants on the protein indicated
by red flags. Green regions depict conserved domains and lines below represent individual

predicted variants.

150 Independently, haplotype diversity and the rate at which new haplotypes appeared were
analyzed for 62 P. tricornutum 2-kb loci using emulsion PCR followed by PacBio amplicon
sequencing. The heterozygosity of selected loci was profiled by SNP calling on the culture used
for amplification, 1 month (T1) after single-cell isolation. Five loci (G32 to G36) were amplified
1 month (T1) and 6 months (T6) after single-cell isolation, whereas the remaining 57 loci were

155 amplified at T6 only. The control reactions for random errors and artificial haplotype detection
yielded the expected one and two haplotypes respectively, demonstrating that the emulsion PCR,
PacBio library preparation, and sequencing did not generate artefacts (9) (Fig. S4A, Table S4).
The number of recovered haplotypes varied between 1 and 15 (Fig. 2C, Fig. S4B and Table S5),
with 6 loci displaying a single haplotype, 5 loci with two haplotypes, and 51 loci displaying at

160 least three haplotypes. For four out of five loci amplified at both T1 and T6, an increase in the
number of haplotypes was observed in the T6 sample (Fig. 2B, Fig. S4A) despite deeper
sequencing coverage of the T1 samples, suggesting that haplotypes accumulate over time (Table
S6). We analyzed the impact of haplotype variability on protein sequence in 20 genes fully covered

by amplicon sequencing and found six for which the different haplotypes resulted in more than
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165 two putative protein variants, with up to six variants in the diatom-specific gene Phatr3_J47122

(Fig. 2D, Fig. S5, Table S7).

Although only the locus G22 was identified as homozygous by SNP calling in T1, five
additional loci with single haplotypes were found in T6 sequencing (Fig. S4A). These loci were
identified as being heterozygous by SNP calling in T1, suggesting a loss of heterozygosity (LOH),

170 which is generally associated with chromosomal rearrangements, gene conversion, and mitotic
crossing-over (10). Moreover, the novel haplotypes that accumulated in both S. robusta and P.
tricornutum cultures were recombinants lacking de novo mutations. Such new combinations are
typically generated during sexual reproduction through meiotic recombination of homologous
chromosomes (11). In contrast, interhomolog recombination is strictly suppressed in vegetative

175 cells as it can result in harmful LOH events, chromosome rearrangements, and the onset of cancer
in multicellular organisms (12). As sexual reproduction was excluded in our cultures, we tested
whether haplotype diversity in clonal diatom populations might be the result of chromosomal

rearrangements and interhomolog recombination in vegetative cells.

We sought to detect LOH and copy number variation (CNV) events in P. tricornutum under

180 controlled conditions over a defined number of cell divisions. Three independent mother cultures
(MC1 - MC3) were initiated from a single cell isolate and cultivated under conditions allowing
approximately a single cell division per day (Fig. 3A, Fig. S6). After 30 days (T1), three single

cells were again isolated from each mother culture to obtain nine daughter cultures (DC1.1 -

DC3.3) that were harvested 30 days later (T2). At both T1 and T2, part of the mother cultures was

185 also harvested. Following genome resequencing and SNP calling of all cultures, a pairwise

comparison between the individual daughter cultures and their respective mother cultures was
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performed to identify novel CNVs and tracts of at least three consecutive SNPs that were lost in

the daughter culture.

Events were found in four out of nine daughter cells. One copy-neutral 8016 bp LOH,

190 where one allele of the locus was replaced by the other allele, was observed in DC1.2, three copy-
neutral LOH events (296 bp, 614 bp and 1644 bp in length) and a 31.4 kb duplication covering 14

genes were observed in DC1.3 culture, and one 30.9 kb and one 156.9 kb deletion were detected

in cultures DC3.1 and DC2.1, respectively, and confirmed by Sanger re-sequencing or gPCR (Fig.

3, Fig. S6A and B, Table S8 and S9). Besides the LOH events that were unique to a respective

195 daughter culture, we identified several regions with reduced SNP density common to all cultures.
SNP density was ten times lower than the genome average over almost the entire chromosome 19,

and seventeen and thirty-eight times lower at the extremities of chromosomes 27 and 28,
respectively, in comparison with the rest of the chromosome (Fig. S6C). These regions were not

found to be SNP poor when sequencing the same P. tricornutum strain from other laboratories (13,

200 14), therefore we hypothesize that these regions represent early LOH events that occurred in one

of the founder cells of our Pt1 subpopulation.

10
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Fig. 3. Genome-wide detection of LOH in P. tricornutum mother and daughter cultures after
30 days. (A) Position of copy-neutral LOHs (orange), duplication (dark blue) and deletions (red)
205 in individual daughter cultures. Heterozygous regions are in light blue. Blank space — no SNPs.
Numbers at the left refer to the chromosome number. (B) Zoomed-in regions with detected LOH,
duplication or deletion events in the respective mother and daughter cultures. Blue dots —
heterozygous SNPs, orange dots — homozygous SNPs in copy-neutral LOHSs, red dots - SNPs in
deletions, grey area — sequence coverage. (C) Confirmation of duplication on chromosome 23 in
210 culture DC1.3 by gPCR. Position of target loci (red boxes) is shown in the upper part. Bar chart
depicts the fold change in comparison to MC1T1 sample on control loci D, E and F. Blue dots —

heterozygous SNPs, dark blue - SNPs in duplication, grey area — sequence coverage.
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Profiling of the functional effect of SNPs in LOH regions revealed 18 SNPs with possible high
impacts on gene function, including 3 SNPs that caused a loss of function by introducing a

215 premature stop codon in the respective gene (Table S10).

While the mechanism behind the observed deletions and duplication remains difficult to
interpret, such events can happen through non-allelic homologous recombination or unequal
mitotic crossing over between both sister chromatids or homologous chromosomes (15, 16). In
contrast, copy-neutral LOH events require an exchange of genetic information between

220 homologous chromosomes. To estimate the rate of interhomolog recombination in P. tricornutum,
we established a tractable endogenous readout system for copy-neutral LOH detection, based on
three strains containing two different mutant alleles of the PtUMPS gene, generated through gene
editing (17, 18). In strain ptumps-1bp, the point mutations in the two alleles occur at a position
only 1 bp apart, in strain ptumps-320bp they are separated by 320 bp and in strain ptumps-1368bp

225 by 1368 bp (Fig. 4A). As the PtUMPS protein is required for uracil biosynthesis, cells with a wild-
type (WT) allele can synthesize uracil, but also convert 5-fluoroorotic (5-FOA) acid into the toxic
5-fluorouracil (5-FU), resulting in cell death. In contrast, mutant cells are resistant to 5-FOA but
are uracil auxotrophs. The ptumps-/- strains were cultivated under non-selective conditions for 14
days (with uracil and without 5-FOA) to permit potential recombination at the PtUMPS locus (Fig.

230 S7). Subsequently, 5x107 cells from the culture were plated on medium without uracil to select
cells that underwent recombination at the PtUMPS locus and restored the WT allele. We recovered
no colonies in strain ptumps-1bp, 12 colonies in strain ptumps-320bp and 83 colonies in strain
ptumps-1368bp (Fig. 4B, Fig. S8, Table S11). The lack of colonies in the ptumps-lbp strain

confirmed that the WT allele was not restored by a random mutation. Moreover, sequencing of

12
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PtUMPS alleles from ten ptumps-1368bp colonies and five ptumps-320bp colonies confirmed the

restoration of the WT allele through copy-neutral LOH events (Fig. 4C, Fig. S7).
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Fig. 4. Detection of LOH events at the P. tricornutum PtUMPS locus. (A) Schematic of alleles
in the PtUMPS strains. Homologous chromosomes are depicted in blue and green, loss-of-function
mutations are in red. (B to C) Recombination in PtUMPS mutant strains during 14 days of
cultivation under non-selective conditions. (B) The number of recovered uracil prototrophic
colonies per strain. (C) Examples of sequenced recombinant alleles in one ptumps-320bp and two
ptumps-1368bp colonies. (D to E) Estimation of the interhomolog recombination frequency. (D)
Recombination rate per thousand cell divisions. Each dot represents one replica. (E) The box plot
shows from bottom to top: minimum value, first quartile, median (line), mean (cross), third
quartile, and maximum value. (F to G) Recombination events in response to stress-induced by (F)
cadmium; (G) H202; (H) 2,4-Decadienal. ptumps-1368bp replicas are depicted in different shades

of blue.
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Next, the PtUMPS system was used to obtain an estimate of the interhomolog

250 recombination frequency. A total of 2x10” cells from 5-FOA- and uracil-supplemented medium
were directly plated onto medium without uracil to select only those cells that were in the process

of interhomolog recombination during a single round of cell division. The frequency of
interhomolog recombination was 4.2 per 100 cell divisions (Fig. 4D and E, Fig. S7 and S9 to S11,

Table S12), approximately ten times higher than the rate reported for S. cerevisiae after

255 recalculation per cell division (19, 20).

To test whether the rate of interhomolog recombination can be influenced by environmental
conditions, we employed the PtUMPS readout system to test the effect of three physiologically
relevant stresses: hydrogen peroxide (H202), which is produced by various phytoplankton groups
and can act as a signaling molecule as well as cause oxidative damage (21); the trace metal

260 cadmium (22), which contaminates aquatic environments; and a polyunsaturated aldehyde (E,E)-
2,4-Decadienal which is involved in diatom intercellular signaling, stress surveillance, and defense
against grazers but which can trigger lethality at high concentrations (23, 24). For each mock and
stress treatment, 25x10° cells per replica were transferred from 5-FOA- and uracil-supplemented
medium (preventing recombination at the PtUMPS locus) to medium containing uracil for 24 h,

265 thus allowing a maximum of one cell division. Next, cells were plated on selective medium without
uracil to recover cells that restored the WT PtUMPS allele through interhomolog recombination.
Whereas (E,E)-2,4-Decadienal treatment did not influence the rate of interhomolog recombination,
we found a positive, concentration-dependent effect of H.O, and cadmium on the number of
colonies recovered (Fig. 4F to G, Fig. S12 to S17, Tables S13 to S15). These data illustrate that

270 environmental stresses increase the frequency of recombination between homologous

chromosomes.
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Our results demonstrate an unusually high occurrence of chromosomal rearrangements and
mitotic interhomolog recombination in P. tricornutum, resulting in the rapid accumulation of new
haplotypes and fixation of polymorphisms in a homozygous state. The capability to rapidly fix

275 novel SNVs in a population through LOH could explain the differences observed in the
metagenomes of F. cylindrus subpopulations from surface and DCM samples from the same
station. Preceding studies highlighted extensive allelic diversity in the pennate polar diatom F.
cylindrus (3) and the presence of large low-SNP-density regions, indicative of LOH events, in the
otherwise highly heterozygous genome of the centric diatom T. pseudonana (6) as well as another
280 P. tricornutum Ptl subpopulation (25). This suggests that the phenomenon of frequent
chromosomal rearrangement and interhomolog recombination, previously detected in pathogenic

oomycetes (26) and yeasts (20, 27), may be widespread across diatoms.

The life cycle of many diatom species is characterized by long periods of clonal

reproduction, thus the creation of novelty and recombinant genotypes is limited. Genomic

285 rearrangements such as duplications represent a major driving force in the gain of new biological
functions (28), whereas interhomolog mitotic recombination generates novel allelic combinations

within clonal lineages. While the gain of new functions through gene duplication requires the
emergence of novel mutations, the variability of haplotypes at the genomic level can be
immediately translated into differences in the proteome and potentially result in physiological

290 divergence. Indeed, according to Wright’s classical theory of dominance (29, 30), a considerable
amount of phenotypic remains hidden as recessive variation, locked away behind the dominant

alleles at the same loci. The increase in the frequency of interhomolog mitotic recombination rate

under exposure to stress can convert this non-additive genetic variation into a variation that is

instantly available to natural selection, which may further boost the divergence of the clonal

15


https://doi.org/10.1101/2020.11.08.373134
http://creativecommons.org/licenses/by-nc-nd/4.0/

295

300

305

310

315

320

325

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.08.373134; this version posted November 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

population during a critical period and enhance the adaptive potential of clonally propagated
diatom populations to respond to environmental changes. Furthermore, fixation of mutations in
sexual reproduction genes or allopatric populations, possibly combined with adaptation to local
conditions (31, 32), could contribute to lineage diversification and ultimately to the speciation.
Thus, we hypothesize that evidence presented here, both from a natural diatom population and
from clonally propagated species in the lab, for the unusually high frequencies of chromosomal
rearrangements and interhomolog mitotic recombination in diatoms may underlie the ecological
success of diatoms by creating a high level of genetic variability within clonal lineages upon which

natural selection can act.
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