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Polyploidization in diatoms accelerates
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Marine diatoms are responsible for about 20% of global primary
productivity, yet their capability to adapt to long-term climate
warming remains uncertain. Here we show that thermal stress induces

polyploidization in the model diatom Thalassiosira pseudonana, and the
polyploids (having more than two sets of chromosomes) adapt faster to
elevated temperature compared with their diploid ancestor. Common
molecular signatures underlying thermal adaptationin the polyploids
included differential regulation of the cell cycle, responses to oxidative
stress, cell wall biosynthesis and nutrient assimilation. Our findings indicate
that polyploidizationin diatoms may occur under thermal stress, triggering
diverse changes in differential expression and accelerating evolutionary
responses to temperature shifts. Polyploidization may be partially
responsible for the past evolutionary success of diatoms and may provide an
advantage to diatomsin arapidly changing climate.

Climate change is increasing the heat content of the upper ocean,
changing circulation and altering nutrient availability in the upper
mixed sunlitlayers of the ocean'. In addition to changes in mean condi-
tions, events such as marine heatwaves are expected to become more
prevalent*. These changes are anticipated to lead to arestructuring of
ocean ecosystems and areductionin phytoplankton biomass and pri-
mary production®®. Projections of the effect of climate change gener-
ally assume phytoplankton have fixed traits, but short generation times
and highlevels of genetic diversity suggest phytoplankton may be able
toadaptevolutionarily over years or decades’". Consequently, predic-
tions of ecosystem changes that ignore evolution may be misleading.

Diatoms perform about 20% of global annual primary produc-
tivity'® and thus influence the aquatic food web and are drivers of
biogeochemical cycles®. Diatoms are very diverse', with awide range
of genome and cell sizes; these characteristics have led to the hypoth-
esis that genome duplication may be a key mechanism in the adap-
tive radiation of diatoms”** and their ability to thrive under variable
environmental conditions. Polyploidy has been documented in sev-
eral diatoms® %’ and is pervasive within higher organisms, especially
plants®***'. Whole-genome duplication can be stimulated by abnormal
celldivisioninresponse to environmental changes such as temperature

shifts*>*?, which can facilitate increases in gene copy number, chro-
mosomal distortions and genetic instability. These changes provide a
molecular basis for genetic and epigenetic changes, including regula-
tion, methylation and mutation® and thus may facilitate rapid adapta-
tion to environmental change®**.

Here we exposed the diploid marine diatom Thalassiosira pseu-
donana CCMP 1335 to a range of temperatures during a short-term
(~10 days) temperature performance experiment (Fig. 1a). In three
experimental bottles exposed to temperaturesin excess of 3 °C from
the growth temperature optimum (23 °C), subpopulations of enlarged
cells were observed mixed with typical-sized cells. We hypothesized
these enlarged cells were tetraploids. Subcultures of these three bot-
tles were established and maintained under slightly sub-optimal
(20.0 °C) and supra-optimal (28.5 °C) growth temperatures, and over
500 generations the enlarged-cell subpopulation and median cell
volume substantively increased. We quantified changes in growth
rate and photophysiological traits as they may impact growth, and
transcriptomic responses of the enlarged putative tetraploid lines
compared with the non-enlarged diploid line, and found that poly-
ploidization accelerates the adaptation of Thalassiosira pseudonana
toelevated temperature.
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Fig.1| The physiological change of Thalassiosira pseudonanalineages after
100 and 500 generations of temperature selection (20.0 °Cand 28.5 °C).

a, The experimental set-up. b, The cell volume and growth rate change. The

cell volume and growth rate data across generations are shown with fitted lines
using the ‘loess’ and ‘glm’ models, respectively, with shaded areas indicating 95%
confidenceintervals. ¢, The relative DNA content of the different lineages after
500 generations of temperature selection. d, The maximum quantum yield of
PSII photochemistry, defined as the ratio of variable fluorescence (F, = F,, - F,)

to maximum fluorescence (F,) (F,/F,), and the CAR/Chl a (the carotenoid to
chlorophyll aratio). Bars with different superscript letters for each combination
of generation and temperature treatment indicate significant differences
(one-way analysis of variance with two-sided Tukey’s honestly significant
difference, P< 0.05). Data are means + s.d. (n = 4 biological replicates).

The horizontal dashed line is the value for the ancestral lineage at 20.0 °C.

a.u., arbitrary units; D, diploid control line; T1, tetraploid lineage 1; T2, tetraploid
lineage 2; T3, tetraploid lineage 3.
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Cell volume, growth rate and DNA content change

A schematic diagram of the experimental set-up is shown in Fig. 1a.
Cell volume of the diploid line (D) was stable (40-70 pm?), while the
lines with tetraploids (T1-T3) increased in median cell volume over
500 generations to between 110 and 151 pm? under both 20.0 °C and
28.5°C (Fig. 1b). Most of the temporal variation in cell volume in the
tetraploid lines was associated with increases in the proportion of
the enlarged population; additional variability may be attributed to
the proportion of the culture in different phases of the cell division
cycle (Gl versus G2) when sampled, new chromosome duplication
and loss events, and measurement error. The cell division rates of the
tetraploids remained similar, or even faster, than those of the D line
(Fig.1b and Extended Data Fig.1). At 500 generations, the T1-T3 lines
had approximately double the genome size of D under both tempera-
ture treatments, as measured by flow cytometry, indicating polyploidi-
zation (Fig. 1c). On the basis of these results, we infer the D line was
diploidand the enlarged cellsinthe T1, T2 and T3 lines were tetraploid.

Evolution of photophysiology and thermal
reaction norms

The maximum quantum yield of photosystem II (PSII), expressed as
the ratio of variable (F,) to maximum (F,,) fluorescence (F,/F,,), ini-
tially decreased under 28.5 °C relative to 20.0 °C, but the reduction
was mitigatedin D and eliminated in T1-T3 at 500 generations (Fig. 1d).
Pigment ratios (carotenoids/chlorophyll a and chlorophyll ¢/chloro-
phyll @) remained relatively constant over time, lineages and treat-
ments (Fig. 1d; additional photophysiological traits are summarized
in Extended Data Fig. 2). Under 20.0 °C, the thermal reaction norms
varied among T1-T3 (Fig. 2 and Supplementary Fig. 1). Under 28.5 °C,
the thermal reaction norms of T1-T3 converged, with higher growth
rates and anincreased optimal growth temperature of -26 °C relative
totheDlineage. The Dlineage had awider thermal reactionnormthan
the tetraploids, and its optimal growth temperature increased -2 °C
compared with the ancestral population after 500 generations (Fig. 2
and Supplementary Fig.1).

Evolution of competitive ability

Thepolyploid lineages had superior relative competitive fitness under
our growth conditions, particularly after long-term (500 generations)
adaptation to warming (28.5 °C treatment). In competition experi-
ments conducted after 100 generations at 28.5 °C, larger cells came to
dominate each co-culture within 30-45 generations at 28.5 °C, while
thetimerequired for theirdominance was >60 generations at 20.0 °C
(Fig. 3a). After 500 generations at28.5 °C, no smaller cells were detected
after 10 generations in co-culture when the populations were initially
mixed atal/lratio. Whenthisinitial ratio was changed to10/1 (smaller
cells/larger cells), fewer than 20 generations were required for the
larger cells to dominate. The number of generations required for larger
cellsto dominate was much longer (150-200 generations) for lineages
from the 20.0 °C selection treatments. At 100 generations, T2 and T3
displayed relative competitive fitness values between1.0 and 1.1under
20.0 °Cand exceeded1.1under28.5 °C (Fig.3b). After 500 generations,
all polyploid lineages exhibited relative competitive fitness values
between 1.0 and 1.1under 20.0 °C, while reaching >1.5 (T2 and T3) or
>1.75 (T1) under 28.5°C.

Evolution of gene expression and metabolic
pathways

Temperature, the number of generations and ploidy were all impor-
tant factors affecting gene expression (Fig. 4a). About one-third of the
11,672 genesin T. pseudonanna were differentially expressed between
the polyploids and diploid lineages (Fig. 4b). The median absolute
log, fold change (|log,FC|) for differentially expressed genes (DEGs)
was greater at 28.5 °C compared with 20.0 °C after both 100 and 500
generations, exceeding 0.7 at 28.5 °C (500 generations) compared
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Fig. 2| Thermal reaction norms of different Thalassiosira pseudonana
lineages after 500 generations of temperature selection (20.0 °Cand

28.5 °C). Theinset bar plots show the increase in optimal growth temperature
relative to the ancestral lineage (T;,,. - T,), where T is the optimal growth
temperature of each lineage (D, T1, T2, T3) and T, = 23.3 °Cis the optimal
temperature of the ancestor. Each dot represents one of n = 3 biological
replicates. The dashed vertical lines indicate the corresponding growth rates
observed at these experimental temperatures. The thermal reaction norm of
the ancestor is provided in Supplementary Fig. 1. Growth rates were measured in
triplicate (dots) at assay temperatures.

with<0.5in other treatments (Fig. 4b and Supplementary Fig. 2). Many
DEGs for each temperature treatment and number of generations were
lineage-specific (Fig. 4c), with only eight sets of up- or down-regulated
genes common across T1-T3, termed polyploid DEGs (pDEGs; Fig. 4¢
(highlighted in pink) and Supplementary Dataset 3).

Agene ontology biological process (GO-bp) enrichment analysis
onthe pDEGs at each temperature and number of generations showed
that most GO-bp termswere enriched in pDEGs in only one of the four
treatments (Fig. 5a). The main exception was the enrichment of terms
associated with the down-regulation of regulation processes after 500
generations in both temperature treatments. We identified 23-143
pDEGs shared across the same temperature at different numbers of
generations or across the same number of generations and different
temperatures (Fig. 5b (numbers in open circles) and Supplementary
Dataset 5). Significantly enriched GO-bp terms were found in only
two of these contrasts. At 500 generations, down-regulated genes in
the polyploids were enriched in terms associated with seven regula-
tory processes, mitotic cell-cycle phase transition, two modification
processes and two cell-wall-related processes (Fig. 5b). At 28.5°C,
down-regulated genes showed significant enrichmentinlate endosome
to vacuole transport, nucleosome assembly, cellular and macromol-
ecule localization, two autophagy-related processes and intracel-
lular iron ion homoeostasis (Fig. 5b). Only three up-regulated genes
(THAPSDRAFT_12116, encoding a HSF_DOMAIN-containing protein;
THAPSDRAFT 37357, encoding Histone H4; THAPSDRAFT 25801) and
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Fig. 3| The competitive ability of the tetraploid Thalassiosira pseudonana
lineages after 100 and 500 generations of temperature selection (20.0 °C
and 28.5 °C). a, The panels show competition experiments started after

100 (top) and 500 (bottom) generations of temperature selection. Each
sub-panel shows the proportion of the larger lineage in each competition
experiment. Each dot represents one of n = 3 biological replicates. b, The
relative competitive fitness of the larger lineages. Box plots show medians
(centrelines), interquartile range (boxes, 25-75%), whiskers (1.5 x interquartile
range) and outliers (black diamonds). Each independent inoculation was
performed with three biological replicates. Depending on the condition,

1-17 consecutive inoculations were conducted, yielding n = 3-51 data points,

whichare shown as dots in the figures. The relative competitive fitness was
calculated by determining the ratio of growth rates between pairs of lineages in
each competition experiment. Although the Coulter counter provided reliable
monitoring of relative population sizes for each lineage, the convergence of
cell volumes between T1and D lineages at 100 generations prevented
unambiguous discrimination between these populations. Consequently,
competitive co-culture experiments between these particular lineages were not
conducted at 100 generations. The competition experiments were conducted at
each lineage’s respective cultivation temperatures (20.0 °C and 28.5 °C).

The generations were calculated on the basis of the total cell density of both
lineages within the competition experiments.

four down-regulated genes (THAPSDRAFT_22846, encoding a Meth-
yltransf 21 domain-containing protein; THAPSDRAFT_3250; THAPS-
DRAFT _14899; THAPSDRAFT 21665) were differentially expressed in
the same direction for all treatments and tetraploid lineages.

Heat maps for genes within the enriched GO-bp terms (Fig. 5a,b)
and additional related processes reveal anintensificationin the magni-
tude and count of DEGsin three polyploids under 28.5 °C, with the most
pronounced effects at 500 generations (Supplementary Figs.3-18). At
500 generations under 28.5 °C, key transport genes up-regulated in
two to three polyploid lines include nitrogen transporters (for exam-
ple, NRT and some AMT), phosphate transporters (for example, /PT,
NPT and alkaline phosphatase), high-affinity iron transporters (for
example, FTR) and a zinc transporter (ZntA). By contrast, silicic acid
transporters (for example, S/T2 and S/73) and copper transporters
were predominantly down-regulated (Supplementary Figs. 3 and 4).
Several genes associated with potassiumion transport, late endosome
to vacuole transport, and intracellular iron ion homoeostasis were
down-regulated, while amino acid and organic acid transmembrane
transport were up-regulated in 2-3 polyploids exposed to 28.5 °C for
500 generations (Supplementary Figs. 5-7).

Many genes involved in DNA replication and elongation were
significantly up-regulated in most polyploid lineages at 500 genera-
tions, particularly under 28.5 °C (Supplementary Fig. 8). Histone genes
displayed divergent expression: H1_5, H2A and H2B genes were broadly
up-regulated while most H3 and H4 genes were down-regulated,
especially under 28.5 °C at 500 generations (Supplementary Figs. 8
and 9). Cell-cycle-related genes (for example, ERK, CDC6 and several

MCM complex members) were strongly up-regulated under 28.5°C,
particularly at 500 generations (Supplementary Fig. 10), whereas
cyclin-dependent protein kinase genes (for example, CDC28 and
CDK10) were down-regulated exclusively under 28.5°C at 500 gen-
erations. Many diatom-specific cyclin® and non-diatom-specific cyclin
(forexample, cyclin E1) genes exhibited widespread down-regulation,
whileasubset (for example, A/B cyclins) were specifically up-regulated
under 28.5 °C at 500 generations (Supplementary Fig. 10).

Many genes related to chitin metabolism and cell-wall organi-
zation or biogenesis (for example, chitinase, chitin synthase and
chitodextrinase) were predominantly down-regulated under 28.5 °C
atboth100 and 500 generation (Supplementary Figs.11and 12). Sev-
eral genes associated with response to stress/stimulus exhibit dif-
ferential expression, particularly under 28.5°C at 500 generations.
Detoxification/redox-related genes (for example, GSR, GST, aldo-keto
oxidoreductase and dehydrogenase) were up-regulated while stress
response genes (for example, aldo-keto reductase, HSPs, SOD, haem
oxygenase and several proteasome genes) were down-regulated inat
least two out of the three polyploids under 28 °C at the 500 generations
(Supplementary Figs.13 and 14).

Discussion

Diatoms are a speciose and ecologically important group of phyto-
plankton characterized by a large range of cell and genome sizes?**°.
Their evolutionary radiation and ecological success mirror those
of flowering plants, and both appear to have exploited the advan-
tages of polyploidization to achieve their evolutionary success?".
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Fig. 4| Gene expression analysis in four Thalassiosira pseudonana lineages
after100 and 500 generations of temperature selection (20.0 °Cand

28.5 °C). a, Principal component analysis of variance-stabilizing transformed
count data. The dashed irregular ovals were drawn to highlight samples under
different treatments (generations x temperatures). Vertical and horizontal
dashed lines divide the principal component analysis plot along PCland PC2,
aiding comparison samples between different treatments. b, The gene count

and |log,FC| of the DEGs. Box plots show median (centre line), interquartile range
(box, 25-75%), whiskers (1.5 x interquartile range) and outliers (light-grey dots).
The Pvalues from the two-sided Mann-Whitney Utest comparing the |log,FC|
values of the polyploid lineage across different treatments are presented in
Supplementary Fig. 2. ¢, Upset plot enumerating DEGs found in one or more of
the three polyploid lineages. pDEGs are highlighted in pink.

The documented cases of polyploidization in diverse diatom species
under laboratory and field conditions?***’ and our incidental isolation
of three polyploid lines of T. pseudonana from a temperature perfor-
mance experiment suggest that polyploidization may be relatively
frequent in diatoms when challenged by environmental stressors.
Here we compared the polyploid with diploid response in cell physi-
ology, fitness and gene expression to 500 generations of exposure to
avery slightly sub-optimal and a supra-optimal growth temperature.
Our long-term selection experiment revealed that polyploid lineages
exhibited accelerated increases in absolute growth rates (Fig. 1) and
relative competitive fitness (Fig. 3), supporting the hypothesis that
polyploidization enables more rapid adaptationto elevated tempera-
ture, and polyploidization may be an underappreciated strategy used
by diatoms in their response to environmental change.

The doubling of ploidy in T. pseudonana was associated with
anear doubling of cell volume (Fig. 1 and Table 1). In yeast, cell vol-
ume increases approximately linearly with ploidy, and cell division
rate is often maintained or slightly reduced with higher ploidy”. In
T. pseudonana, cell division rates, cellular chlorophyll concentra-
tion (Chl a pum™), and Chl ¢/Chl a and carotenoid/Chl a ratios did not

systematically respond to cell-volume doubling. These findings parallel
observations in D. brightwellii cultures with varying cell volume, but
contrast with differences between its genome-size variants (putative
cryptic species)”**. Notably, Chl a um™ was elevated at 28 °C versus
20.0 °C, and cell division rates increased markedly inall the polyploids
exposed to high growth temperature after 500 generations (Fig.1and
Extended Data Fig. 2). The higher growth rate in the polyploid lines
led to greater relative competitive fitness than the diploid line under
both 20.0 and 28.5 °C, despite non-significant measured differences
ingrowth rate between the diploid and some of the polyploid lines at
20.0 °C (Fig.3). The three polyploid lines exhibited predictable changes
in genome size and cell volume and similar temporal trajectories in
growthrate and photosynthetic traits, but physiological changes and
differential gene expression varied across the polyploid lineages and
time (Fig. 4), leading to distinct evolutionary trajectories.

Itis often assumed that selection pressure for higher growth rates
atelevated temperatures may lead to anarrowing of the range of toler-
ated temperatures’. After 500 generations at 28.5 °C, the polyploid
lines all exhibited an upward shift in maximum growth rate and optimal
growth temperature and a narrowing in the range of viable growth

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-025-02464-1

: — E:‘?:—Jﬁ

a
c r ———— 1
2
§ 285°C e 00000000 o
[
3%
9c @ meO-OC*O..O.OO‘OOOOOO .@m
S o
s I 5
S5 @ O 2 285°C
185 ©o5§ ® 000®000 00
o S T -.2
Q o o © o
S 23 £ 200°C 1 eeeee0000000
® O a o
25 c S e e e e LA B — T T T T T T
> Q [} © @ P P » e e o @ o= o> @ o @ o o o @
5 ) > 3 8 3 3 8 g 8 2859 4 = g 8 $ B g 2
= S 88 3 8 8 a o S 3826 8 El 2 g 3 8 o &
3 E g9 <4 e 9 22 gv g o € 2 9 o0 2 2
& Z a8 s S a S 8 a8 ® & Z S a aac @ 2
2 o g8 9L 9L = 09 22 o) o 58 ° g g E 3
< 5852:58:2¢ g £ 2883 -2 g S8:85858¢ £
o o] P o 9 @ 3 = c ©
B 2ss I ol 5 2 e 2 2L <l g 3 e ® 5 § e
=3 o %R 5] 2 w7 € E 2% a3 1] I <] © @ ¢ = = @
S 288 EEES §s 2EL R E g cE EES < o)
o 2 ) a 3 £ @ 5o 2 & © o 2 c 2 o £ = o
2= T =22 g 9 25 2% 3 - v g 5z 2 =
55 = 3] c < o ® & E 0 ] =1 2% < k-] °
28 2 28 g2 T o8 o @ s 2 s 2 °c E] z
28 5 2 @ s = 0o La 5 S 2« @ 2 = = @
3 2 3 2 2 o 2= % 8 2 3 83 3 3
&5 g 5 ¢ 3 5% 5 : ] 5 2 3
o 2 S} @ a 2 = < 15 @ 4 7]
el e 29 o 2 13 = @ e o 8 ]
z 2 z 8 ] F 2 g s = BB 2
8 2 S5 = e 8 = 5 8 2L =
5 = o S € o 5 S o >
3 0 2 5 8 2
5 ST < s ° <
Z S 9
2 5 = S ]
@ £~ Z &
) o &}
e 9]
2
1] .
= -log,(padij)
Super classes ° ..
Autophagy Metabolism Response to stress/stimulus
Others ; 25 50 75 100
Transport and ion homeostasis
Regulation
I R:oulation of protein modification process
b N R- o lation of phosphorylation

Down-regulation

100 generations 100 generations 100 generations 100 generations

of phos metabolic process
of tran:

20.0°C 28.5°C 20.0°C 28.5°C
@ I 2t endosome to vacuole transport n of molecular function
0 458 ]
I
] I <o 2tion of primary metabolic process
&9 (43\ N Process uilizing autophagic mechanism 7
I Intracellular iron ion homeostasis | |
Il ~utophagy of mitochondrion ||
364 338 T T T T T T T T T T T T
0 25 5.0 7.5 10.0 12.5 o) 25 5.0 75 10.0 125
500 generations 500 generations 500 generations 500 generations . .
20.0°C 28.5°C 20.0°C 28.5°C -log,,(padj) -log, (padij)

Fig. 5| Functional enrichment of pDEGs. a, GO-bp enrichment with REVIGO
analysis of the pDEGs. b, Gene count and the GO-bp enrichment with REVIGO
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pairs of treatments indicate the common pDEGs shared between those
treatments. Note that there were only two pairs of treatments (28.5 °C for 500
generations versus 20.0 °C for 500 generations; 28.5 °C for 500 generations
versus 28.5 °C for 100 generations) that have common pDEGs enriched in
GO-bp terms. Theline thickness and circled number indicate the count of the
overlapping pDEGs. The colour-filled circles represent the pDEGs specific

to eachtreatment. The grey open circles and the numbers on them, located

onthe cross-dashed lines, represent the count of pDEGs shared across all

four treatments. REVIGO web service was used to remove redundant and

similar GO-bp terms resulting in a smaller number of categories by semantic
clustering. Closely related GO-bp terms were manually classified into ‘super
classes’ to aid visualization. The super classes and their GO-bp terms are shown
inSupplementary Dataset 4. The pDEGs and their annotations are shown in
Supplementary Dataset 3, and the common pDEGs and their annotations are
shown in Supplementary Dataset 5. GO enrichment was tested with a one-sided
hypergeometric test with Pvalues adjusted by the Benjamini-Hochberg method.
padj, adjusted Pvalue.

Table 1| The median cell volume (um?®) of four size-defined
phenotype lines of Thalassiosira pseudonana after

0, 100 and 500 generations of temperature selection
(20.0°C and 28.5°C)

Temperature (°C) Phenotype Ogeneration 100 500

line generations generations
20.0 D 40 60 67

T 51 77 143

T2 136 129 134

T3 41 126 151
28.5 D 54 62 69

T 69 89 110

T2 56 130 124

T3 44 140 140

temperatures relative to the diploid line. These findings suggest poly-
ploidization may promote specialization at the expense of environ-
mental versatility**. By contrast, after 500 generations under 20.0 °C,
there was little change in the maximum growth rate of the diploid line

and one of the polyploid lineages (T3) while the two polyploid lineages
(T1and T2; Fig.2) that exhibited increasesin their optimal growth tem-
perature had the widest range of tolerated temperatures. These results
suggest it may be difficult to make predictions about evolutionary
changes in temperature performance, although the trade-off might
develop under 20.0 °C with a longer selection experiment. Growth
rates changed throughout the 500 generations in most lines, with the
most rapid changes observed in the polyploid lines exposed to elevated
temperature. Compared with the ancestral growth rate of the diploid
line at 20.0 °C (u=2.15d™), after 500 generations we observed a 37%
increasein growthrate of the polyploids at 28.5 °C. Growth rates were
still increasing at the end of the experiment, which comports with
a predicted potential growth rate increase due to the temperature
change predicted by the Eppley model® of 71% in the 28.5 °C treatment
(=1.88®519 _1),

The mechanisms through which polyploidization impacts gene
expressionand the ability to adapt to new conditions in diatoms remain
poorly understood. In yeast and human tumour cells, a doubling of
chromosomes (autopolyploidy) is typically associated with anincrease
inmRNA, but in the short term there is relatively little change in gene
expression or protein content®*°"**, Over the longer term, dupli-
cated genes may provide substrate for novel mutations, increasing
genetic diversity and heterozygosity****, and epigenetic changes and
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chromosome loss are possible in both the short and longer term**

and may be responsible for some of the variability in cell volume in
the culturedlineages over time (Fig. 1b). In 7. pseudonana we find only
seven DEGsincommonacross all the polyploids (pDEGs) relative to the
diploidline atboth experimental temperatures and the two generation
times examined (Fig. 5b). A closer look at the differential regulation of
genes and pathways associated with the identified polyploid-specific
enriched biological processes (Supplementary Figs. 3-18) suggests
widespread DEGs associated with the cell wall and silicification, and
histones and the cell division cycle and itsregulation. Thereisalarger
set of pDEGs associated with elevated temperature and the largest
increasesingrowthrate, especially after 500 generations; these genes
areassociated with nutrient uptake, transmembrane transport, some
additional aspects of DNA replication and elongation, nucleosome
assembly and the cell cycle, and responses to reactive oxygen species
and other stressors. We speculate that it is these genes that may be
responsible for the higher cell division rate and competitive ability of
the polyploids under elevated temperature.

While ploidy-dependent changes in phenotype and gene regu-
lation may be beneficial for polyploids under some environmental
conditions, they may be disadvantageous under others*. In general,
smaller cell volumes are advantageous for phytoplankton under lower
nutrient regimes because their higher surface area-to-volume ratios
support a higher diffusive supply of nutrient per unit cell volume.
While polyploidization increases the fitness of the marine diatom
T. pseudonana to elevated temperature, we recognize that this
response may be species specific, possibly facilitated by the poten-
tial loss of sexual reproduction in this species*®. Moreover, increases
inocean temperatures are expected to increase vertical stratification
and reduce inorganic nutrient supply over vast areas of the ocean
surface, and therefore increases in cell volume could be disadvanta-
geous. Insome plants, polyploidy is associated withincreased nutrient
uptake and nutrient concentrations**°. In the diatom T. pseudonana,
polyploidy is associated with the up-regulation of several nitrogen
and phosphorus uptake-related genes (Supplementary Figs. 3-7).
The up-regulation of nutrient metabolism, especially nitrogen and
phosphate, could provide the elevated nutrient supply required to
support higher growthrates, especially under elevated temperature.
By contrast, genes associated with silicon metabolism, the cell walland
chitin are predominantly down-regulated, especially under elevated
temperature (Supplementary Figs. 4, 11 and 12). Thalassiosira has
an absolute requirement for silicon and produces long chitin fibres
that extend through the silicon wall’’. The down-regulation of silicon
and chitin metabolism in the polyploids may be due to the relative
decrease in surface area/cell volume and increase in growth rate™
under elevated temperatures, whichin aggregate may act to decrease
cellular silicon requirements.

Polyploids often experience challenges in chromosome segrega-
tion during mitosis and meiosis, which canlead to genome instability,
including loss of DNA, partial or whole chromosomes, and genome
reorganization®’. Regulatory changes may be required for successful
chromosome assortment and segregation for polyploid persistence
after whole-genome duplication®. In T. pseudonana the polyploid line-
ages are enriched in differentially expressed genes in cell cycle, DNA
replication and nucleosome and regulatory categories (Fig. 5a,b and
Supplementary Figs. 8-10). More specifically,in the 28.5 °C treatments
thereis an up-regulation of genes associated with DNAreplication, DNA
strand elongation and an intriguing pattern of differential regulation
of histones and cyclins. There is acommon decrease in gene expres-
sion across the polyploids associated with a set of 16 diatom-specific
cyclins, many of whichare expressed during the G1-to-S phase®. There
isasecondset of cell-cycle genes that are up-regulated, primarily under
28.5°C and after 500 generations, that includes a subset of diatom
cyclins, kinases and cell division control proteins. Similarly, thereis a
set of histones—H1/5, H2A/B, H3and H4—that are generally up-regulated

and another set that are down-regulated: H3 and H4, especially in the
28.5 °Ctreatment. The down-regulation of G1/S diatom-specific cyclins
and up-regulation of G2/M-regulation of cyclins and cyclin A may act
to slow the progression of the G1/S phase, promoting quality control
during DNA replication, facilitating genomic stability and accelerating
the later stages of the cell cycle, effectively shortening the cell cyclein
the polyploids. In aggregate, this evidence suggests that the ubiquity
of diatom polyploidy may be facilitated by changes in histone and
cell-cycle regulation and the expanded family of diatom cyclin genes™.

We hypothesize that polyploidization may be readily induced
in diatoms, creating opportunities for adaptation to new environ-
mentsandincreasesinrelative fitness. The increased genetic potential
associated with polyploidization in T. pseudonana alters differential
expression across a wide variety of pathways, including regulation, cell
cycle, cyclins, kinases and nutrient uptake. The impact of polyploidi-
zation unfolds over hundreds of generations with distinct responses
seenover time and across different genome duplication events. Taken
together, this experimental evidence suggests that polyploidization
may be animportant mechanism supporting the evolutionary success
of diatoms, probably contributing to the diversification and radiation
of thisimportant group.

Online content
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maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-025-02464-1.
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Methods

Ancestor strain

The marine diatom Thalassiosira pseudonana ((Hustedt) Hasle and
Heimdal, CCMP 1335) was obtained from the Bigelow National Center
for Marine Algae and Microbiota and had been in culture in our lab
for about 2 years at the start of this experiment. Purified clones were
obtained by spreading diluted stock cultures onto EASW medium
agar plates; a single clone was chosen at random in October 2017.
This clone initiated the ancestor or progenitor population for this
experiment, which was maintained on EASW medium agar plates at
20.0 °C under a continuous photon flux density of ~20 pmol m2s™.
The median cell volume of this population was 45 pm?®as determined
by aZ2 Coulter Counter (Beckman Coulter) with Coulter Z2 AccuComp
softwarein November 2017. The particle counter provides an estimate
of cell volume from an equivalent spherical diameter from a measure
of conductivity. The cell volume was determined from the median of
the distribution of tens of thousands of measurements. All phenotypic
lines for this experiment originated from this ancestor population
initiated from asingle cell.

Isolation of phenotypiclines on the basis of cell volume
Fromlate May toJuly in 2018, individual cultures of T. pseudonana were
maintained in exponential phase under a series of temperatures (6.0,
10.0,13.0,15.0, 20.0, 25.0, 26.5, 27.5 and 28.5 °C) with a continuous
photon flux density of 100 pmol m™2s™ using a semi-continuous batch
technique (Fig. 1a). In a few of the temperature treatments (27.5 °C on
23July, 6 °Con30Julyand26.5 °C on12]July),asmall proportion of the
population was composed of larger cells with double the expected cell
volume (according to ahistogram of cell volumes obtained from a Coul-
ter counter). When the Coulter counter measurements detected any
larger cells with double the expected cell volume within the population
in an experimental bottle, a subculture was initiated and maintained
insemi-continuous batch culture.

The newly established culture lines included -45 pm? cells and
cells with enlarged cell volumes. These cultures with enlarged cells
originated from cultures grown at temperatures warmer and colder
than the optimal temperature for growth (23.3 °C) for the ancestral
line; therefore, we hypothesized that cell enlargement might be
important for thermal adaptation. Starting on 23 July we began sub-
culturing these three lineages with enlarged cells and the ancestor
line under a control temperature of 20.0 °C and an elevated tem-
perature of 28.5 °C. We named these lines following the order of their
discovery: control for the ancestral population grown at 20.0 °C,
line 1 for the population with enlarged cells originating from the
26.5°C culture, line 2 originating from the 27.5 °C culture and line 3
originating fromthe 6 °C culture. Since our initial goal was simply to
maintain these new populations, and because this was an experiment
based onasudden discovery rather than one that was pre-designed,
we did not establish multiple replicates of each line from the start,
and the different lineages were subcultured in the 20.0 and 28.5°C
temperature treatments at different times. We monitored the growth
rate and cell volume in all four lineages. When we transferred these
lineages t0 20.0 °C, line 2 had become dominated by enlarged cells
with a greatly increased median cell volume, and the median cell
volume differed between the 20.0 °C and 28.5 °C treatments at the
start of the evolutionary experiment for all four lines (Fig. 1b and
Table 1) due primarily to changes in the relative proportion of typi-
cally sized and enlarged cells within the lines. After 500 generations
of cultivation, we confirmed that the cellsin the control line had half
the DNA content (the measurement of the DNA content can be seen
in the ‘Genome-size measurement’ section of Methods) of cells in
each of lines 1, 2 and 3. On the basis of these data, we inferred that
the control line (small-sized phenotype) was diploid® (termed ‘D’)
and the bigger phenotypes were tetraploids (termed ‘T1’, ‘T2" and
‘T3’; Table1and Fig. 1c).

The selection experiment

Starting from 23 July, each phenotypic line was subcultured inasingle
bottle and underwent atemperature selection experiment for approxi-
mately 500 generations at 20.0 °C and 28.5 °C, with the start times
of the experiments for different phenotypic lines not being exactly
the same due to the varying times at which the cell enlargement phe-
nomenon was observed (Fig. 1a). Twenty degrees Celsius was chosen
as the control temperature because it was moderately lower than the
ancestral strain’s optimal growth temperature, and 28.5 °C was chosen
because it was close to the ancestral strain’s upper thermal limit. The
start of growth for each phenotypic line under 20.0 °C and 28.5°C is
referred to as generation O.

Each phenotypic line was maintained inasingle 50 ml polycarbon-
ate bottle in modified ESAW medium®, with pH 8.1 and a continuous
photon flux density of 100 pmol m™s™ in the bottle. Temperatures
were maintained using growth chambers (Conviron A1000, Con-
viron). Cultures were manually agitated daily four or five times to
reduce cell sedimentation. All phenotypic lines were maintained in
semi-continuous batch culture and transferred during the exponential
phase (maximum final cell densities did not exceed 5 x 10° cells mI™).
At 100 and 500 generations, each phenotypic line was transferred
to four 11 polycarbonate bottles for each temperature treatment for
physiological parameters measurements and were sampled after 3 or
4 days of growth. The initial inoculation density was ranged from 35
t0 200 cells ml™, adjusted according to the expected growth rates of
different phenotypic lines at each temperature.

Growth and cell-size measurement

Celldensity and median cell volume were monitored using aZ2 Coulter
Counter (Beckman Coulter) with Coulter Z2 AccuComp software. The
specific growth rates (u) and the number of generations per transfer
(G) were calculated as p = In(C,/Co) /At and G = At/ ("2, where pis
the specific growth rates (d™?), C, is the cell density at'the end of the
transfer, Cis theinoculation cell density, and Atisthe elapsed timein

days (¢, - t,).

Genome-size measurement

Genome size was estimated after 500 generations following ref. 57 with
some modifications: briefly, 15 ml of mid-exponential cultures (-1 x 10°
cells mI™") was harvested by centrifugation, and pigments and RNA
were then removed by ice-cold methanol and RNase A, respectively.
Cells were then stained with SYBR Green | and analysed using the BD
Accuri C6 Plus flow cytometer (BD Bioscience) and BD Accuri C6 Plus
software (BD Bioscience). Note that this measurement was conducted
only at 500 generations as ploidy analysis was not part of the original
experimental design.

Photochemical traits

When cells were grown to100 and 500 generations, the maximumquan-
tum yield of PSII photochemistry (F,/F,,), the functional absorption
cross section of PSII (g,g,), the components in the relaxation kinetics
ofthe fluorescenceyield following the single turnover flash (alp3) and
the non-photochemical quenching (NPQ) were measured by a fluores-
cenceinduction and relaxation system (FIRe, Satlantic). Excitation was
achieved using a high-luminosity blue light-emitting diode (LED) array
(455 +20 nm). PSII photochemistry parameters were determined by
fitting the biophysical (KPF) model of ref. 58 to each fluorescence tran-
sientusing the FIREPRO 4.3 software provided by Satlantic. Twenty to
30 replicate measurements were made onasample and averaged. The
PSlloperating efficiency under actinic light @, was calculated accord-
ingtoref. 59, and NPQ was calculated according to ref. 60 as follows:

Dpsy = (Fry — F)/Fry.

NPQ = (Fp = Fip)/Fly.
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where F,, is the maximum fluorescence, F, is the maximum fluores-
cence under actiniclight equivalent to the growthirradiance and F is
the steady-state fluorescence at the growth irradiance.

For chlorophyll and carotenoid measurements, cultures (20 ml)
were filtered onto Whatman GF/F membranes (effective pore size
~0.7 um) under gentle vacuum pressure (<18 kPa or 5 inches Hg) and
low light, followed by an overnight extraction with 90% acetone in
the dark at 4 °C. Samples were then centrifuged at 4,300g, 4 °C for
10 min. The absorption of the supernatant was measured at 480,
630, 664 and 750 nm using a visible ultraviolet spectrophotometer
(Shimadzu UV-2700). The chlorophyll a content was calculated fol-
lowing ref. 61. Total carotenoid content was calculated following ref.
62. Additional details are provided in our previous publication that
characterizes the photochemical traits of T. pseudonana in response
to environmental stressors®.

Relative competitive fitness

The relative competitive fitness between D, T1, T2 and T3 was tested
inexponentially growing co-cultures after ~-100 and -500 generations
of selection at 20.0 °C and 28.5 °C if the cell sizes of the phenotype
pairs could be clearly differentiated using the Z2 Coulter Counter. Cell
density was monitored using a Z2 Coulter Counter (Beckman Coulter)
with Coulter Z2 AccuComp software. At 100 generations, co-culture
experiments were conducted using equal initial cell concentrations
(50 cells mI™) of the different-sized population pairs (T2 and D; T3and
D; T2 and T1; and T3 and T1). After 500 generations of temperature
selection, pre-experimental work established that the T1, T2 and T3
lineages would each dominate the D population in co-cultures after
a single transfer when an equal cell ratio of the lineages was used as
the initial inoculum. Therefore, an initial ratio of 10/1 (500 cells ml™*
of the small lineage and 50 cells mI™ of the larger lineage) was used.
Each co-culture competition experiment was conducted intriplicate.
These experiments were run until one lineage reached at least 80% of
the total cellabundance. The longest experiment ran ~200 generations.
Therelative competitive fitness was calculated as the growth rates ratio
(Miarge/ Hsman) between co-cultured lineages, where 1,5 and g, repre-
sent the growth rates of the larger and smaller lineages, respectively.
The specific growth rate was calculated as described earlier.

Thermal response of growth

Thethermal reaction norm of the ancestor population was determined
from estimates of acclimated exponential growth rate under nine
temperatures (6.0, 10.0, 13.0, 15.0, 20.0, 25.0, 26.5, 27.5 and 28.5°C)
with a continuous photon flux density of 100 pmol m2s™in triplicate.
After 500 generations of selection, the four lineages (D, T1, T2and T3)
that had been maintained under20.0 °Cand 28.5 °C were grown under
thirteen temperatures (10.0,12.1,14.2,16.4,18.5, 20.0, 23.0, 25.5, 27.5,
28.5,29.3, 31.3 and 33.4 °C) under continuous photon flux density of
100 pmol m™s™., The assays were conducted using a custom-built
temperature gradient block made of thermally conductive metal and
connected to a circulating water-bath system. Twelve fixed positions
were arranged along the gradient to hold culture vessels, creating 12
discrete temperature points. As the set-up supports 12 temperatures
per run, the experiment was conducted in 2 consecutive batches to
coverall13 temperatures. All lineages were subcultured under each of
the experimental temperatures for ~15 generations for pre-acclimation.
Culture density was estimated by a Z2 Coulter Counter (Beckman
Coulter) with Coulter Z2 AccuComp software.

We derived temperature-dependent trait values by fitting amodel
that estimated the optimal growth temperature (7,,,,) on the basis of
the temperature-dependent trait model described inref. 64 and refor-
mulated to explicitly include 7, inref. 9:

= did,

2172 aby TH(dy=by)Tope _ d, T
e” P dy + d;e
b, ( 0 1 )

where i is the specific growth rate (d™), Tis temperature (°C), T, is
the optimal growth temperature, d, is a pre-exponential constant for
death, b,and d, are the exponential rates for birth and death, and d, is
the temperature-independent death rate.

Transcriptome analysis
For transcriptomic analysis, the four lineages (D, T1, T2 and T3) that
were grown under 20.0 °C and 28.5 °C for 100 and 500 generations
were subcultured into four replicate bottles (4 phenotypic lines x 2
temperatures x 2 generation points (at 100 and 500 generations) x 4
replicates = 64 samples) and then collected in exponential phase by
gentle filtration onto polycarbonate Millipore membrane filters (pore
size 0.8 um, diameter 25 mm). These samples were then immediately
frozen in liquid nitrogen and stored at -80 °C until extraction. Total
RNA was extracted using TRIzol reagent (Invitrogen) and RNeasy Plus
Mini Kit (Qiagen) following the procedures described in previous
studies®>*®. Briefly, a gDNA eliminator column (RNeasy Plus Mini Kit)
and Qiagen’s RNase-free DNase Set (anon-column treatment) were used
to remove gDNA according to the manufacturer’s instructions. RNA
samples were then sequenced by lllumina HiSeq 6000 at the Genome
Québec Innovation Centre with an Illumina TruSeq Stranded mRNA
Library preparation method (paired-end 100 bp reads). All raw read
files (detailed descriptions of these files are provided in Supplementary
Dataset 1) are available through NCBISRA (BioProject PRINA1244923).
The quality and contamination of the raw reads were checked
using FASTQC v0.11.9%” and FastQ Screen v0.13.0° and inspected
using MultiQC®’. Trimmomatic v0.397° with parameters set at
ILLUMINACLIP:TruSeq3-PE.fa:2:30:10, LEADING:3, TRAILING:3, MIN-
LEN:41, AVGQUAL:20, SLIDINGWINDOW:4:15 and HEADCROP:11 was
used to remove low-quality bases and adaptor sequences of reads.
Trimmed reads were mapped to Thalassiosira pseudonana CCMP 1335
genome (NCBI, assembly ASM14940v2) to generate SAM files using
HISAT2v2.2.1"". SAM files were sorted and converted to BAM files using
SAMTOOLS v1.137%. Gene expression in transcripts per million was cal-
culated from BAM files using STRINGTIE v2.2.1”%. A gene count matrix
was generated from STRINGTIE gtf results using the prepDE.py script.
Differential expression was calculated betweenthe polyploid lineages
and the diploid lineage under the same temperature and generation
number using gene count matrix data using DESeq2 v1.42.07*. Genes
with a Benjamini-Hochberg adjusted P value < 0.01 (Supplementary
Dataset 2) were considered as DEGs.

Gene expression analyses

Weassessed the variationin gene expression across replicates, lineages,
temperatures and number of generations using a principal component
analysis on transcript counts. The amount of differential expression
was assessed by counting the number of DEGs and the distribution of
log, fold change of the DEGs in each polyploid relative to the diploid
at each temperature after 100 and 500 generations. We counted the
DEGs for each polyploid line at each temperature treatment at 100 and
500 generations (Supplementary Dataset 3).

Foreachtemperature treatment at100 and 500 generations, we
identified and counted GO-bp terms enriched in up-or down-regulated
genes commonto all three polyploids (pDEGs). We repeated the gene
enrichment analyses on up- and down-regulated genes for each of
the following pairs of conditions: the same temperature (20.0 or
28.5°C) at both 100 and 500 generations; 100 and 500 generations
and both experimental temperatures. There were so few genes up-
or down-regulated across all polyploids under both 20.0 and 28.5°C
that we could not do an enrichment analysis on this small subset of
genes. Detailed heat maps of the log, fold change of genes within the
enriched GO-bp super classes, and additional KO terms of interest,
are provided in Supplementary Dataset 4. Data analysis and visu-
alizations were made using Rv.4.0.2”, packages ggplot2v.3.2.0" and
Pheatmapv.1.0.12"".
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Enrichment analysis

We performed a GO enrichment analysis to test for overrepresenta-
tion of GO-bp terms within the input gene sets (the pDEGs) through
a hypergeometric test from GOstats v. 2.62.0’® R package with a Ben-
jamini-Hochberg adjusted P-value cut-off of 0.01. REVIGO”’ (http://
revigo.irb.hr) was used to remove redundant and similar GO-bp terms
toyield asmaller number of categories by semantic clustering.

Statistical analyses

Four biological replicates were sampled at 100 and 500 generations,
respectively. Three independent lines were used for the co-culture
competitive experiments. Thermal reaction norms were performed
using three independent biological replicates. A Mann-Whitney U
test was used to test whether |log,FC| values of DEGs of polyploid lines
between different treatments are associated with significant differ-
ences. One-way analysis of variance was used to determine whether
lineages were associated with significant differences in physiological
parameters. Statistical analyses were all carried out using Rv.4.0.2”.

Data availability

The dataare availablein the Supplementary Information of this article
and via figshare at https://doi.org/10.6084/m9.figshare.28738802
(ref. 80). The sequencing data of RNA-seq of this study are available
through NCBI SRA (BioProject: PRJNA1244923). Source data are pro-
vided with this paper.

Code availability
The R code for generating the figures in this work is available via fig-
share at https://doi.org/10.6084/m9.figshare.28738802 (ref. 80).
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Extended DataFig. 1| Cell volume and growth rate of polyploid and diploid and temperature treatment indicate significant differences (One-way ANOVA
lineages after 100 and 500 generations of temperature selection (20 °C with two-sided Tukey’s HSD, P < 0.05). Data are means + SD (n = 4 biological
and 28.5 °C). The horizontal dotted line is a value for the ancestral at 20 °C. replicates). D: Diploid control line; T1: Tetraploid lineage 1; T2: Tetraploid lineage
Bars with different superscript letters for each combination of generation 2; T3: Tetraploid lineage 3.
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Extended Data Fig. 2| Photophysiological parameters of polyploid and
diploid lineages after 100 and 500 generations of temperature selection

(20 °Cand28.5 °C). ®,,: the PSll operating efficiency; op,: the functional
absorption cross section of PSII; NPQ: the non-photochemical quenching; alp3:
the components in the relaxation kinetics of the fluorescence yield following the
single-turnover flash; Chl a (fg/pum?): the chlorophyll a content per cell volume;
Chla (fg/cell): the chlorophyll a content per cell; Chl ¢/Chl a: the chlorophyll
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ctochlorophyll aratio. The horizontal dotted line is a value for the ancestral at
20 °C. Bars with different superscript letters for each combination of generation
and temperature treatment indicate significant differences (One-way ANOVA
with two-sided Tukey’s HSD, P < 0.05). Data are means + SD (n = 4 biological
replicates). D: Diploid control line; T1: Tetraploid lineage 1; T2: Tetraploid lineage
2; T3: Tetraploid lineage 3.

Nature Climate Change


http://www.nature.com/natureclimatechange

	Polyploidization in diatoms accelerates adaptation to warming

	Cell volume, growth rate and DNA content change

	Evolution of photophysiology and thermal reaction norms

	Evolution of competitive ability

	Evolution of gene expression and metabolic pathways

	Discussion

	Online content

	Fig. 1 The physiological change of Thalassiosira pseudonana lineages after 100 and 500 generations of temperature selection (20.
	Fig. 2 Thermal reaction norms of different Thalassiosira pseudonana lineages after 500 generations of temperature selection (20.
	Fig. 3 The competitive ability of the tetraploid Thalassiosira pseudonana lineages after 100 and 500 generations of temperature selection (20.
	Fig. 4 Gene expression analysis in four Thalassiosira pseudonana lineages after 100 and 500 generations of temperature selection (20.
	Fig. 5 Functional enrichment of pDEGs.
	Extended Data Fig. 1 Cell volume and growth rate of polyploid and diploid lineages after 100 and 500 generations of temperature selection (20 °C and 28.
	Extended Data Fig. 2 Photophysiological parameters of polyploid and diploid lineages after 100 and 500 generations of temperature selection (20 °C and 28.
	Table 1 The median cell volume (μm3) of four size-defined phenotype lines of Thalassiosira pseudonana after 0, 100 and 500 generations of temperature selection (20.




