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Abstract

Phytoplankton have short generation times, flexible reproduction strategies, large population sizes, and high standing genetic
diversity, traits that should facilitate rapid evolution under directional selection. We quantified local adaptation of copper
tolerance in a population of the diatom Skeletonema marinoi from a mining exposed inlet in the Baltic Sea and in a non-
exposed population 100 km away. We hypothesized that mining pollution has driven evolution of elevated copper tolerance
in the impacted population of S. marinoi. Assays of 58 strains originating from sediment resting stages revealed no difference
in the average tolerance to copper between the two populations. However, variation within populations was greater at the
mining site, with three strains displaying hyper-tolerant phenotypes. In an artificial evolution experiment, we used a novel
intraspecific metabarcoding locus to track selection and quantify fitness of all 58 strains during co-cultivation in one control and
one toxic copper treatment. As expected, the hyper-tolerant strains enabled rapid evolution of copper tolerance in the mining
exposed population through selection on available strain diversity. Within 42 days, in each experimental replicate a single strain
dominated (30-99% abundance) but different strains dominated the different treatments. The reference population developed
tolerance beyond expectations primarily due to slowly developing plastic response in one strain, suggesting that different modes
of copper tolerance are present in the two populations. Our findings provide novel empirical evidence that standing genetic
diversity of phytoplankton resting stage allows populations to evolve rapidly (20-50 generations) and flexibly on timescales

relevant for seasonal bloom progressions.

Introduction

All organisms require trace amounts of metals to function and produce new biomass. However, elevated metal
concentrations quickly becomes toxic (Lemire et al., 2013; Waldron & Robinson, 2009), with structural effects
on polluted ecosystems (Blanck, 2002; Blanck & Dahl, 1996; Pesce et al., 2010; Schmitt et al., 2005). Field
studies on plant communities growing on polluted mine tailings have shown that dominant species rely
primarily on migration of tolerant individuals from adjacent populations, rather than de-novo mutations
(Macnair, 1987). More recently, the critical role of standing genetic variability in evolution of metal tolerance
has been shown also for invertebrates (Janssens et al., 2009), yeast (Grangeteau et al., 2017), mycorrhizal



fungi (Bazzicalupo et al., 2020), and bacteria (Carlson et al., 2019). With their rapid generation turn over
and huge population sizes, phytoplankton might evolve metal tolerance from either standing genetic variation
or new mutations. Metal tolerant species of phytoplankton have been reported to dominate polluted aquatic
environments (Foster, 1982; Kalinowska & Pawlik-Skowroriska, 2008) but, it is not know to what extent these
tolerant species relies on adaptation through selection from standing genetic variation, or novel mutations
(Xu et al., 2018; Zhao et al., 2017).

It has been argued that selection from standing genetic variation could enable phytoplankton populations
to rapidly adapt to changing environmental conditions (Godhe & Rynearson, 2017; Rengefors et al., 2017).
These selection arguments are based on indirect observations such as large population sizes (Sassenhagen
et al., 2021), high dispersal rates (Hutchinson, 1961), and high genetic diversity in phytoplankton (Flowers
et al., 2015; Kashtan et al., 2014; Osuna-Cruz et al., 2020). However, empirical evidence of phytoplankton
phenotypic variability and capacity of adaptation is limited, with knowledge limited to a few key climate
change traits and model species (Lohbeck et al., 2012; Schaum et al., 2017; Schaum et al., 2018; Wolf et
al., 2019). The evolutionary potential of phytoplankton has mostly been assayed through artificial evolution
experiments using a low-diverse genetic background. In such artificial evolution experiments, a single strain
or, in some cases, a mixture of a few strains — often a random assembly of strains from different culture
collections and geographical origins — is subjected to strong directional selection pressure, and the change
in growth rate is recorded as a proxy for evolutionary potential (Collins & Bell, 2004; Lohbeck et al.,
2012; Reusch & Boyd, 2013; Schaum et al., 2018). Such experiments reveal how unexposed populations
may respond to novel selection pressures, like metal stress, through de-novo mutations and they can also
explore how plastic responses contribute to phenotypic changes over time (Schaum & Collins, 2014; Xu et
al., 2018). However, they contain insufficient diversity to account for selection from the standing genetic
diversity already present in natural populations composed of thousands of unique clones (Sassenhagen et al.,
2021).

We have identified the local populations of the diatom Skeletonema marinoi Sarno & Zingone, in and
around the Baltic Sea, as a system to study intraspecific diversity and adaptation in phytoplankton. The
genetic structure of S. marinoi in the Baltic Sea is primarily linked to the strong salinity gradient (Godhe
et al., 2016; Pinseel et al., 2022; Sjoqvist et al., 2015). However, like many other coastal phytoplankton
(McQuoid et al., 2002; Montresor et al., 2013),S. marinoi produces benthic resting stages that can anchor
it to geographical locations (Sundqvist et al., 2018). Consequently, population structure can develop over
distances as short as a few kilometers (Harnstrom et al., 2011; Sefbom et al., 2018), although the drivers
of such differentiations have not been identified. The Baltic Sea also has an extensive and well-documented
history of human pollution (HELCOM, 2010; Lehtonen et al., 2017; Reusch et al., 2018), which could be
one driving force of local adaptation, as has been shown for Daphnia populations (Kerfoot et al., 1999). At
a small (ca. 5 km?) copper mining polluted inlet in the Baltic Sea, we have previously observed that strains
of S. marinoi appear overly tolerant to several metals present in the mining ore (Andersson et al., 2020)
and that toxic metal stress can affect interspecific competition between diatoms (Andersson et al., 2022).
The mine is located on the shoreline and was active from the 17**until the early 20" century (Séderhielm &
Sundblad, 1996). The sediment in the inlet is polluted with several metals whose concentrations across depth
layers correlate negatively with the abundance of S. marinoi micro-fossils (Ning et al., 2018), suggesting that
metal pollution has had an adverse effect on this species.

The present study aimed to test if copper tolerance has evolved in the mining-exposed S. marinoi popu-
lation and to what extent intraspecific trait variation enables the population to adapt rapidly to a toxic
environment. Our primary hypotheses were that centuries of mining exposure have caused copper tolerant
strains to evolve and that during renewed exposure to toxic stress, the copper-exposed population has an
evolutionary advantage over an unexposed reference population. To test these hypotheses, we isolated a large
number S. marinoistrains from the mining-exposed inlet (30 strains) and an unexposed reference inlet (28
strains) and quantified their copper tolerance in mono-clonal experiments. We then assembled the popula-
tions back together and performed a 42-day long artificial evolution experiment (Fig. S1) where we tracked
the strain selection process using amplicon sequencing of a recently developed nuclear locus with exceptional



intraspecific diversity (Pinder et al., 2023). This metabarcoding approach allowed us to observe the selec-
tion process with unprecedented resolution, and to quantify how selection from intraspecific diversity allow
phytoplankton populations to adapt to adverse environmental conditions.

Method
Sampling procedure and sites description

Vistervik Gastjarden (57°34.35’'N, 16°34.98’E) is a semi-enclosed inlet on the Swedish coast of the Baltic Sea.
It has been exposed to varying mining activity from the Solstad copper mine from the 17" to the early 20"
century (Soderhielm & Sundblad, 1996). We have previously documented detailed sedimentological features
of Gésfjarden and inferred past environmental changes from this data (Ning, Ghosh, et al., 2016; Ning et
al., 2018; Ning, Tang, et al., 2016). In this study, we use the unpolluted Gropviken (58°19.92N 16°42.35’E)
inlet as a reference site since it also has hypoxic and laminated sediments (Karlsson et al., 2010), but to
our knowledge it has not been exposed to mining activity. The sites are “100 km apart and have similar
bathymetry and a cross-section of one to three km. Salinity was between 6 and 7 at the time of sampling, with
a thermocline around six meters depth and a 10-20% decrease in oxygen concentration towards the bottom.
The sediment is generally not bioturbated, and lamination patterns suggest frequent hypoxia periods (Ning,
Ghosh, et al., 2016). Throughout this manuscript, we refer to Vistervik Gasfjarden [VG] as the 'mining inlet’
and Gropviken [GP] as the 'reference inlet’, while strains are named using the respective acronym.

Strain isolation

Sediment samples were collected using a Gemax corer and processed as described in the Supplemental
Material and Methods. We have previously shown that S. marinoi is the most abundant resting stage
species in the sediments, with up to a million viable cells per gram sediment (Andersson, Rengefors, et al.,
2023). In this study, individual strains of S. marinoi were germinated and isolated from resting stages in
the sediment one to one-and-a-half years after sampling using the sediment immediately below the surface
(1-2 cm depth for the mining and 2-4 cm depth for the reference inlet). Resting stages were germinated and
cultured in standard f/2 media (Guillard 1975) amended with 106 uM SiOs. All media was mixed from the
same batch of sterile-filtered (Sarstedt’s [Helsingborg, Sweden] 0.2 mm polyethersulfone membrane filter)
water sourced from Askd Marine Laboratory (station B1l: www.smhi.se) with a salinity of 7. Sediment (0.1
mg) was diluted in 1 mL medium in replicates on 24-well plates (Polystyrene, Falcon™), incubated at 16°C
and 10 ymol photons m™2 s™! of photosynthetically active radiation (PAR) at a 12:12h light:dark cycle. After
3-6 days, the light intensity was increased to 180 ymol photons m™ s, and only one individual chain of S.
marinoi was isolated from each well using standard micro-pipetting techniques (Harnstrém et al. 2011).

Sixty-nine and 55 strains were isolated from the mining and reference inlet with 88% and 94% survival,
respectively. We did not attempt to make cultures axenic as this stresses cells and could impose unwanted
selection. Strains were re-inoculated from one to 100 mL of medium, divided and processed in parallel for
DNA samples, phenotyping, and the artificial evolution experiments. To minimize laboratory adaptation, all
strains were processed within one month after germination, corresponding to <37 generations. During each
sub-culture step, the culture was screened for contamination of other phytoplankton species and auxospore
formation or bimodal cell sizes indicating sexual inbreeding in S. marinoi (Ferrante et al. 2019), and such
cultures were discarded (ca. 30%). This left 30 mining and 28 reference strains available for experiments.

Phenotyping of growth rate and copper tolerance

Culture density was routinely measured using in vivo chlorophylla (chl a ) fluorescence (referred to as RFU
[relative fluorescence units] from here on) using a Varioscan™ Flash Multimode Reader (ThermoScientific).
During re-inoculation, individual culture densities were normalized and reduced to low enough densities to
maintain exponential growth until the subsequent dilution, as described in (Andersson et al., 2020). In tandem
with seeding the artificial evolution experiment (described below), growth curves (N=4) were collected on
individual strains in one mL media on 24-well plates (Polystyrene, Falcon™) for four days with daily RFU
measurements midway into the diel light cycle. Microscopic cell counts and dimension measurements of all



strains (N=>58) were collected to convert strain-specific RFU measurements to cell density. Three hundred
cells of each strain were counted in Sedgewick-Rafter cell counting chamber (Wildlife Supply CompanyVR,
U.S.A.) using an inverted microscope (Axiovert 135, Zeiss), at x200 magnification. To compute the strain-
specific cellular surface-to-volume of strains (Hillebrand et al., 1999), the dimensions of 20 cells per strain
were measured at x400 magnification.

In conjunction with the start of assays, signs of disruption of photosynthetic activity was monitored in all
strains using the maximum quantum yield of photosynthesis (Fvy/Fyp), measured using pulse amplitude
modulated chl a fluorescence (PAM) on a Phyto-PAM (Schreiber, 1998). Cultures were dark-adapted for
10 min to relax any quenching of chl a fluorescence and establish minimal fluorescence level (Fg). After 10
min in darkness, a saturating pulse (200 ms of 10,000 pmol photons m™? s1) was used to elicit Fy;. The
maximum quantum yield of photosynthesis (Fy/Fy) was calculated as (Fy — Fo)/Fum using the 630 nm
excitation channel.

Acute toxic 72-hrs dose-response curves were used to measure individual strains tolerance to copper. The
method was based on the OECD standard (OECD, 2006), and adapted for S. marinoi as described in An-
dersson et al. (2020), with modification to the range of copper concentrations to improve the resolution.
Specifically, this study used twelve 1.08-fold dilution steps, covering the range between 5.1 and 13 uM CuSOy,
with triplicate replicates around the 5% (7.6 uM), 50% (8.9 uM), and 95% (10 uM) growth inhibitory con-
centrations established for S. marinoi strain RO5AC in pilot experiments. Throughout the experiments we
employ strain RO5AC as a mono-clonal reference control to control for experimental artifacts, development
of chronic toxic stress and phenotypic plasticity. The copper-amended medium was mixed from 100 uM
CuSOy stocks “3 hrs before adding cells. Each strain was treated on a single 24-well plate with the 18
copper treatments, five controls with standard f/2 media (containing f/2 amended levels of 0.04 yM Cu),
and an internal plate control containing strain RO5AC in standard f/2. Each replicate was inoculated at
0.003 RFU (7900 cells mL™). After 72-hrs exposure, the RFU was measured, and the specific growth rate
(day™!) was calculated as follows:

Eq. 1: u _ LN(RFUr2s) 3— LN (RFUgp)

For the dose-response curves, inhibition of growth rate was computed as the growth rate in a copper treatment
divided by the average growth rate across the five control replicates. Some strains exhibited strong inhibition
of growth in the controls relative to the low copper exposure, which generated normalization artifacts.
To mitigate this,t -tests were performed on all dose-response curves, and whenever the control replicates
had a significantly (p <0.05) lower growth rate than the three lowest copper treatment concentrations,
normalization was done using the average of these values instead of the control. From the dose-response
curves, inhibitory concentrations (EC) of 5, 50, and 95 percent were calculated using the drc-package version
3.0-1 (Ritz et al., 2015) in R (R Core Team 2018) with the Weibull type II function [W2.2]. The copper
response range was computed as the EC95/EC05. The absolute concentration of copper in the treatment
was measured (ICP-OES) several times during the experiments, including before and after cells had grown
in the media for three days. Across all samples (N=8), the nominal concentration (Cu,) correlated well
(R2=0.992) with the observed concentration (Cu,), and all concentrations presented have been corrected to
the absolute uM values using the relationship Cu,=Cu, x 0.703 — 0.142.

Artificial evolution experiments

We set up a 42-day-long artificial evolution experiment to assess how strain-selection was affected by copper
stress. We aimed for a period that would be long enough to exhaust the strain selection but short enough
not to allow for novel mutations to play a role. De-novomutations are unlikely to affect the same strains
across multiple replicates (separate experimental bottles), which is how we later validated the assumption
of a low impact from new mutations. The two original populations were re-assembled by pooling the 28-30
strains at equal densities based on RFU and distributed at 0.0015 RFU density into ten 100 mL cultures in
tissue culture flasks (Polystyrene, Sarstedt). This corresponded to ~10,000 S. marinoi chains per replicate
bottle (assuming five cells per chain), which are sufficiently large populations to minimize genetic drift while



allowing for substantial effects of selection (Schliiter et al., 2014). Five replicates were subjected to 8.65
M copper exposure (strain RO5AC’s EC50) and five to non-toxic control conditions. Exponential growth
was maintained through semi-continuous cultivation (Wood et al., 2005), with dilutions every third day
to maintain the density below 0.5 RFU (Andersson et al., 2020). The two populations were processed six
months apart, with one replicate bottle in each treatment containing only strain RO5AC as an internal
reference to control for experimental artifacts.

pH, Fv/Fm, and RFU were measured in connection with 3-day re-inoculations and with daily resolution
around days 0-3, 15-18, and 30-33. Measurements of pH were used as a control for inorganic carbon limitation,
which in our experimental setup occurs above pH™8.2 (Andersson et al., 2020), and the Fv/Fm as a control
for development of chronic stress (Andersson et al., 2022). Aliquot samples were preserved in Lugol’s solution
and later screened for signs of contamination, sexual reproduction, or spore formation, but there were no such
observations throughout the experiment. RFU was used to calculate the growth rate across the three-day
re-inoculation periods.

Changes in copper tolerance of the populations was quantified using two approaches. First, 72-h dose-
response curves were collected as described for individual strains after zero (N=1), 30 (N=3), and 42 (N=5)
days. For the copper selection treatment, copper toxicity was also relaxed for three days at the end of
the experimental selection phase, and additional dose-response curves were determined (N=5) to assess if
increases in copper tolerance were reversible (plastic) or permanent (evolved). Secondly, a rapid assay of
copper tolerance was developed that restricts the cells’ capacity to induce plastic responses during the test
period. For this test, cells were collected via gentle centrifugation (10 min at 1500 g) and inoculated in
lethal concentrations of copper (15 uM), and loss of photosynthetic capacity was quantified using a Phyto-
PAM. Specifically, the yield of Photosystem II was monitored under 166 umol photons m™2s actinic light
throughout a three hour period. This PAM assay was implemented in the artifical evolution experiments on
days three, 24 and 39.

The strain selection process was tracked using a recently developedsS. marinoi barcoding locus (Pinder et
al., 2023), as outlined in the metabarcoding section below. Cell samples for this analysis were collected
from the artificial evolution experiment on day zero (N=4, with two DNA extraction replicates x two PCR
replicates), nine (N=>5 bottle replicates), and 42 (N=5 bottle replicates), via centrifugation (3000 g for 10
min), flash-freezing in liquid No, and storage at -80°C until subsequential DNA extraction.

DNA extraction and metabarcoding

DNA was extracted using a CTAB-phenol-chloroform protocol as described in Godhe et al. (2001), with an
added RNA digestion step during cell lysis (65°C for 60 min using one mg RNaseA [mL CTAB buffer] ).
Genomic DNA yield was quantified using Qubit (Thermo Fisher Scientific). The evolution experiment used a
single barcoding locus to track strain selection. This 523 bp locus,Sm_C12W1 | is located on contig 12 inside
a pentatricopeptide (PPR) repeat region of gene Sm_t00009768-RA, encoding an RNA-binding protein. The
locus has 38 SNP positions amongst the 58 strains used in this study, and 110 unique alleles with 100%
heterozygosity, including two triploid/aneuploid strains (Pinder et al., 2023). Sm_C12W1was amplified from
100 ng DNA from the evolution experiments using the Phusion®) High-Fidelity PCR Kit (Thermo Scientific).
The primer concentration used was 0.1 uM each of Sm_C12W1-F (5’ AGGYTTCGCCTCCTCAAAC3’) and
Sm_C12W1-R (5’'GGCACGATGCACACGCAAAG3’). A One-step PCR reaction with Illumina-adapter
extended primers was run for 30 cycles, with five s denaturation (98°C), five s annealing (62.5°C), 30
s extension (72°C), and a final five min extension. The PCR products were quantified using PicoGreen
dsDNA kit (Invitrogen) and normalized to 100 ng per sample. Magnet bead-based size selection (>300 bp),
Nextera Dual-indexing, pooling, and further library preparation, as well as amplicon sequencing (1/2 of an
Ilumina MiSeq lane with 300 bp pair-end read with v3 chemistry), was carried out by the National Genomics
Infrastructure (Uppsala, Sweden).

Amplicon sequence data were quality controlled and processed as described in (Pinder et al., 2023). Briefly,
adapter sequences were removed from reads using Cutadapt version 3.2 (Martin, 2011), trimmed using a



PHRED score >28 and a minimum read length of 180 bp, and merged into amplicons using BBmerge version
38.86 (Bushnell et al., 2017), with default settings. Although DADA2’s denoising algorithms (Callahan et
al., 2016) could correct a substantial part of amplicons with sequencing errors, it also removed the majority
of low frequency allelic observations, potentially generating false negatives (Pinder et al., 2023). We therefore
opted to not use DADA2. Instead, we chose to rely on exact sequence matches to known alleles, and utilized
strains heterozygosity to quality control and filter data. First, alleles shared between two to three strains
were divided according to the abundance of each strain’s second unique allele using a set of differential
equations (Table S1). In general, the proportion of shared allelei 1 belonging to a specific strain x, y, and z
was computed individually for each sample based on the strain’s second unique allele (zg, y2, andzs ):

strain x allele x2
(strain x allele 2 4 strain y allele y2 + strain z allele z2)

Eq. 2:Reads of il belonging to strain x = 41 X

The two heterozygous allele counts were then summed up to represent the abundance of each strain. During
this step any strain without observations of both alleles was disregarded as a false positive and counted as
absent (through the first part of Eq. 3 below). The third allele of triploid strains was removed. Amplicon
counts per strain were normalized to relative abundance (RA) as:

. : __ _counts allele x1 X counts allele x2 counts allele x1 + counts allele x2
Eq' 3:RA strain z = counts allele z1 X counts allele x2 X >~ counts allels 4.

The changes in the relative abundance of each strain’s alleles, combined with the population’s overall growth
rate over the first nine days (Ugdays) of the evolution experiment, were used to compute each strain’s specific
growth rate during co-cultivation in the evolution experiment.

LN(RA strain  day 9)— LN(RA strain = day 0)
9

Eq. 4:u strain = uggeys +

Strains not seen in any of the five experimental replicates at day nine were presumed to be extinct since
dilution bottelnecks in population size were generally smaller than the sequensing depth. The false discovery
rate (FDR) of this approch was quantified by taking advantage of the fact that the two populations were
processed independently. FDR was computed by comparing the total number of strain observations (TO)
to the False Positive (FP) observations of mining strain seen in a reference sample, or vice versa, accounting
for the fact that only half of all FP can be detected this way:

FP 2
Eq. 5: FDR = UL.x2)

All data, scripts and metadata will be made publicaly available opun acceptance (Andersson, Berglund, et
al., 2023), or can be accessed at: https://github.com/Bearstar85/Cu_evolution.

Results
Strain variability in growth and copper tolerance based on mono-clonal observations

Copper, nickel and lead concentrations were elevated in the sediment deposited at the mining inlet during the
past century (see Supplemental information, and Table S2). Across both populations, the copper tolerance
(EC50) of mono-clonal strains was close to eight uM copper, and the means did not differ significantly
between the two populations (Fig. 1A, Welch ¢ -test, p = 0.4. However, the variation was larger in the
mining inlet population (F' -test, p = 0.04). This was driven by three very tolerant strains (VG1-2.81, VG1-
2_89, and VG1-2_105) with EC50 above nine uM copper, and VG1-2_67, which was a particularly sensitive
strain (Fig. 1A). The comparatively low variability in copper tolerance in the reference inlet population
made it difficult to distinguish between the strains’ acute 72-hrs dose-responses to copper (Fig. 1B), while
amongst the mining inlet strains, more copper tolerance differences could be clearly resolved (Fig. 1C).

Each strain’s maximum growth rate was used as a proxy for fitness in a non-toxic environment (Fig S2A).
Several strains in both populations experienced sudden cessation, or even periods of negative growth, during
the initial growth cycle (Fig. S2B and C). Overall strains from the mining inlet grew faster than the reference
(average 1.54-0.28 versus 1.34:0.24 day™t, Welch ¢ -test, p = 0.02). Unlike the EC50, which followed a Gaussian
distribution (Fig. 2A), the growth rates leveled at an apparent maximum value for each population (Fig.
S2A). In the mining site population, three strains stood out with rapid and statistically indistinguishable



growth rates around 1.9 day! (VG1-2.74, VG1-2_78, and VG1-2_103), while the growth rate of more than
half (15) of the fastest growing strains from the reference inlet ranged between 1.4-1.6 day!(Fig. S2A).

Evolution of copper tolerance

The artificial evolution experiment was performed to test if selection on a population’s standing variation
of strains allows rapid evolution of copper tolerance (Fig. S1). A detailed description of the experimental
approach and the outcome (changes in density, growth rate, pH, and Fv/Fm) is included in the Supplement
(Fig. S3). Briefly, chronic toxic effects developed over time, and the copper concentration had to be modified
to allow stable growth and maintain inhibition levels at around 50%. Strain RO5AC served as a reference
point between the two experiments and was used to control for these treatment differences. During the
experiment, the mining population’s growth rate increased to about 0.2 day! higher than RO5AC, while the
reference population grew slower than RO5AC throughout the experiment (Fig. S3). The absolute growth
rate increases in the mining population, from the start to the end of the selection phase, was 3-fold higher
than the growth rate of the reference population (0.50 versus 0.15 day™!). In both populations, and the
RO5AC mono-clonal control, the EC50 values increased from around eight to ten uM copper (Fig. 2), which
was similar to the mining inlet strain VG1-2_81’s initial EC50, but significantly higher than any strain in the
reference population (Fig. 1A). The response ranges to copper also expanded relative to the control (Table
1), resulting in adapted populations being tolerant to a wider range of copper concentrations beyond what
was lethal to all strains during acute 72-hrs exposure.

In the reference population and in the RO5AC strain, a large part of the increase in copper tolerance (50-
100%) was plastic and rapidly lost once the toxic stress was relaxed (Fig. 2A and B). The PAM assay showed
that this tolerance was induced in RO5AC after only three days of exposure to copper, whereas it took up
to 21 days before it was attained in the reference population (Fig. 3). In the reference population, four
of the copper-exposed experimental replicates grew poorly in ambient media without excessive copper (Fig.
S4), indicating that copper tolerance carries a cost in terms of limited ability to reach high cell densities in
low copper environments. Collectively, these observations show that at least some strains of the reference
population acclimated to toxic conditions via a plastic response to copper stress, and that this effect was
not, accurately captured by the acute 72-h dose-response experiment.

Strain selection during artificial evolution

The strain selection process was tracked using strain-specific metabarcoding of a locus with high allelic
richness of 110 unique alleles in the 59 strains. At the start of the experiment, individual strains contributed
between 1.9 to 6.3% cells of the start population based on microscopic counts. Both alleles of all strains
were also detected initially (Fig. 4), although some were observed at up to three-fold higher or lower relative
abundance compared with microscopic cell counts. Out of 669 strain observations across all samples, only
22 were of a strain in the wrong population, likely because of sequencing errors in key SNP positions or PCR
chimeras, suggesting a FDR of 0.065. These false positive observations amounted to a negligible amount of
total strain observations (on average 0.02% [SD: 0.05] per sample) but could affect absent/present scoring
and underestimate the number of extinct strains. After 42 days, a single strain generally dominated 30-
99% of the total strain abundance and replicates typically delivered the same dominant strain, but different
strains were selected for in the copper and control treatment (Fig. 4).

The metabarcoding revealed that, as expected for the mining population, the tolerant VG1-2_81 and VGI1-
2_74 strains became the most abundant ones in all copper selection replicates, with a joint final abundance
of 37 to 99% (Fig S5). VG1-2_81 was initially highly competitive in the control conditions but VG1-2_103
eventually outcompeted it and other strains in this treatment, making up 22-90% of all amplicons in all
five replicates on day 42 (Table 1). VG1-2_103 was also the second fastest-growing strain and statistically
indistinguishable from the other two when grown as a mono-clonal culture (Fig. S2).

The selection outcome of the reference population deviated more from expectations based on mono-clonal
traits (Fig. 5). In the control, GP2-4.40, a strain with an observed average growth rate of only 1.32 +
0.11 day™!, dominated all five replicates after 42 days of selection (37-90%, Fig. 4), with several more strains



retained at 1-25% abundance (Table 1, Fig S4). In the copper treatment, GP2-4_27, which had a below-
average EC50 (7.8 uM Cu; Fig. S6), outcompeted everyone else in four out of five replicates (93-97%, Fig. 3)
and was thus identified as the strain responsible for the plastic tolerance developing in this population (Fig.
2 and 3). In the last replicate, GP2-4.57, a strain that was extinct in the other four, as well as in all the
controls, became dominant (78%, Fig. S5). Importantly, like all strains at the beginning of the experiment,
GP2-4_57 was heterozygous for the barcoding locus Sm_C12W1 , but all 9,099 amplicons observed at day 42
were from only one of its two alleles (Fig. S6), indicating a loss of heterozygosity, which could be explained
through inbreeding. Furthermore, this bottle replicate had its own evolutionary trajectory and developed
higher copper tolerance (EC50 11.2 uM Chu, versus 9.45-10.8) but slower growth rate (46 generations versus
54-59) than the GP2-4_27 dominated replicates (Table 1).

The metabarcoded relative abundances of strains were used to disentangle individual growth rates during
co-cultivation. The barcoded copper tolerance traits were not correlated with other mono-clonal strain traits
like cellular surface-to-volume ratios, Fv/Fm, or growth rate (Fig. S7 and S8). Several strains had already
gone extinct after nine days, especially in the Mining population and copper treatment, where nine out of
30 were lost (Fig. 5). The remaining strains’ growth rates in the reference population correlated poorly
against what was predicted from mono-clonal observations, with R? of 0.003,p =0.8 (copper), and 0.07, p
=0.2 (control, without the outlier-strain GP2-4.42). Correlations were higher in the Mining experiments
with R? of 0.39, p =0.002 (copper) and 0.24, p =0.006 (control, without outlier-strain VG1-2_63), but it
was still difficult to distinguish growth rates between many strains with confidence (Fig. 1, S1, and 5).
Importantly the precision of the metabarcode-derived growth rates was, on average, three times higher for
the barcoded growth rates (95% conf. +/- 0.038 day™') compared with the mono-clonally estimated rates
(+/- 0.11 day™'), showing that this approach has much higher chance of detecting subtle strain differences
in fitness. Furthermore, the evolutionary trajectories observed via metabarcoding on day nine generally
persisted for the final 33 days of the evolution experiment (Fig. 4, 5, S4, and S5). Consequently, a short
selection experiment of pooled populations of strains, combined with observations of strain abundance using
intraspecific metabarcoding, appears to be a robust approach to estimate both fitness of individual strains
and the evolutionary potential of phytoplankton populations.

Discussion

Phytoplankton communities respond quickly to environmental changes across seasons largely by a dynamic
relationship among species, however, the evolutionary potential and adaptability of individual species are
still not well understood. Past experimental evolution studies have shown that strong directional selection
pressures can lead to adaptation through de novo mutations, often within a few hundred generations (Collins
& Bell, 2004; Collins et al., 2014; Malerba et al., 2020; Schaum et al., 2018). However, the role of selection
on standing genetic variation has to date not been directly assessed. In this study, we utilized a newly
developed strain-specific metabarcoding approach to track selection among strains in two populations of a
common pelagic diatom, and we were able to assess how rapidly selection acts on standing genetic variation.
Our first hypothesis was that the diatomS. marinoi had evolved elevated tolerance to copper at a mining-
exposed inlet. We found some support for this hypothesis from the observation that a small subset (10-15%)
of the strains were much more tolerant to copper stress than any of the strains from a reference inlet.
Secondly, we hypothesized that genetic variation would allow the population exposed to copper close to a
mining site to evolve copper tolerance more rapidly, and with a larger amplitude, than from a single strain
genotype, or from an unexposed population. This hypothesis was also supported by the outcome of the
artificial evolution experiment where the mining population rapidly selected for the most tolerant strain in
less than 50 generations and recovered more than three times more fitness (growth rate) than the mono-clonal
RO5AC strain and the reference population.

Metabarcoding revealed that strain selection drove the evolutionary responses of our artificial populations,
providing empirical support to the hypothesis that standing genetic variation within phytoplankton popu-
lations can support rapid adaptation (Godhe & Rynearson, 2017). In contrast, our results did not suggest
that de-novo mutations were involved. Mutations are, of course, the ultimate source of genetic variation,



and that we observed no tolerant strains at the reference site suggests that the trait had evolved locally dur-
ing centuries of mining exposure, presumably through mutations and/or recombination. Acquiring de-novo
mutations is generally a slow process because the vast majority of mutations are near neutral or deleterious
(Kimura, 1983; Ohta, 1992) and restricted to affecting one locus at a time (Karve & Wagner, 2022; Tupin et
al., 2010), which is why such processes could not rival selection from standing variation over relatively short
experimental periods, such as in our experiment (50-100 generations).

In one isolated replicate, sexual recombination and loss of heterozygosity caused a strain to develop a hyper
copper tolerant phenotype. This observation suggests that much of the fitness variability that de-novo mu-
tations could rapidly generate may already reside in natural populations and be available for selection to act
upon, especially if recombined into diverse combinations. This is a reasonable expectation as phytoplankton
populations harbor up to three percent single nucleotide polymorphic diversity across the genome (Flowers et
al., 2015; Mock et al., 2017), contain large-scale re-arrangements across species pan genomes (Blanc-Mathieu
et al., 2017; Kashtan et al., 2014; Osuna-Cruz et al., 2020; Read et al., 2013), and can facilitate substantial
rates of horizontal gene transfer (Vancaester et al., 2020). Such high standing genetic variation, combined
with recombination during meiosis or horizontal gene transfer, should enable phytoplankton populations to
rapidly combine favorable alleles from distant loci, strains, or even separate taxa. It is therefore reasonable to
expect that similar to the situation in macroorganisms (Barrett & Schluter, 2008), outcrossing and selection
from standing genetic variation should provide the primary potential for evolutionary change in phytoplank-
ton populations, and provide short-term adaptations to both seasonal changes, spatial heterogeneity, and
anthropogenic stressors such as metal pollution.

Strong toxic selection pressures are expected to purge sensitive genotypes from a population (Blanck, 2002).
In contrast, our results showed that sensitive strains persisted in the mining exposed population but that a
small subset of strains (three out of 30) had evolved, and retained, permanently high tolerance to copper.
This suggests that the mining site population is currently not experiencing a constant strong selection
pressure from copper, or that a trade-off between toxic copper tolerance and other components of fitness
exists, such as nutritional copper uptake (Sunda, 2012). The lack of tolerant strains at the reference site,
and inhibition of adapted cultures by growth media with low/regular copper concentrations, support the
notion of a fitness cost associated with high copper tolerance. There is unfortunately no available timeseries
of monitoring data of water concentrations of metals from the mining area around Vistervik Gasfjirden,
and we can only speculate on the selective processes that shaped copper tolerance of the two S. marinos
populations.

Since the mining activity ceased ca. 1920, and because metal concentrations in the sediment have declined
since the 1980s (Ning et al., 2018), toxic exposure could be a historical event dating back to the active mining
period. Alternatively, the mining inlet population may still experience fluctuating selection pressures between
toxic and non-toxic copper conditions, as the mining tailings are still exposed to varying degrees of weathering.
The fact that we chose to assay copper tolerance in the resting stage population rather than the actively
growing planktonic population may also have influenced the copper tolerance trait distribution. Resting
stages can remain viable for at least a decade (Lewis et al., 1999), potentially even centuries (Harnstrém
et al., 2011), providing an evolutionary buffer against loss of diversity during periods of strong directional
selection on the planktonic population (Sundqvist et al., 2018). Therefore, our populations likely contain
resting stages from multiple bloom seasons, and tolerant strains may have been deposited during phases of
high copper concentration, and sensitive ones during ambient conditions. However, we also cannot exclude
the possibility that the larger variation in the mining population stems from spurious effect from having
only two sampling locations, or other sampling artifacts. Because of the 10-fold slower sedimentation rate at
the mining inlet (Supplemental Method and Results), we germinated resting stages from sediment deposited
between 1995-2010, compared with 2012-2015 at the reference inlet. The potentially older and more extended
deposition range at the mining inlet may have captured a more diverse set of strains than at the reference
inlet. Irresectable of the driver of the larger variation in copper tolerance in the mining exposed population,
our finding highlights the important of incorporate large amounts of strain diversity in adaptive studies of
phytoplankton.



The variation in copper tolerance among distinct experimental strains raises the question of how much
variation there is in a natural population. With a few notable exceptions (Ajani et al., 2020; Gross et al.,
2017; Schaum et al., 2016), artificial evolution experiments and monoculture phenotyping studies incorporate
less than ten strains to represent an entire population or species (Lohbeck et al., 2012; Ribeiro et al., 2011;
Sassenhagen et al., 2015; Wolf et al., 2019). This is likely insufficient to represent the actual diversity of most
phytoplankton populations, not least during blooms when they are predicted to contain thousands to millions
of unique clones (Sassenhagen et al., 2021). Furthermore, pan-genome studies show that even if hundreds
of strains are sequenced, they generally do not saturate (Kashtan et al., 2014). Mesocosm experiments
using natural communities can incorporate sufficiently large population sizes to represent clonal population
diversity, yet such experiments are challenging to analyze and maintain, and still rare [but see (Schaum et
al., 2017; Scheinin et al., 2015)].

Using a strain-specific metabarcoding approach (Pinder et al., 2023) improve our experimental analysis
in several ways. First, strain-specific metabarcoding estimates of fitness (growth rate and copper tolerance)
provided, on average, three times higher precision than mono-clonal experiments. Second, the reduced number
of experimental bottle replicates of mixed-culture experiments enabled longer and more complex experiments
to be performed (Gresham & Dunham, 2014). Running selection experiments for a long time added the benefit
that it also resolved if plastic responses develop over time, and if the plastic potential differed between strains.
In our experiments, metabarcoding revealed that certain strains could develop a high degree of plasticity
relatively slowly (over 2-10 generations), which the mono-clonal dose-response curves failed to capture. This
was somewhat surprising since the 72-hrs dose-response assay proceeded over multiple generations (3-7 at
<EC50), which is often sufficient to capture the complete acclimation response in phytoplankton (Falkowski
& LaRoche, 1991).

Third, with the strain-specific metabarcoding we could incorporate more strains without added experimental
effort. Since we have developed three additional barcode loci for S. marinoi (Pinder et al., 2023), multiplexing
of several barcodes should enable separation between even more strains, or strains that are not clones, but
homologous in the locus Sm_C12W1 . However, such approaches will only be possible if the allelic genotypes of
all strains in the selection experiment are known, something that in diploid taxa requires strain isolation and
genotyping with molecule resolution (through molecular resolution sequencing) to parse out the alleles. Yet
with this added sequencing effort, strain-specific metabarcoding experiments should be able to incorporate
much higher amounts of diversity than the 58 strains used in our study.

Finally, a strain-specific metabarcoding approach is arguably more accurate in determining the relative
fitness of strains, compared with mono-clonal fitness estimations. In part, this is because growth in mixed
population removes bottle effects and other experimental artifacts associated with mono-clonal phenotyping
(Robinson et al., 2014). More importantly, mixed culture experiments can incorporate interactions between
strains and their shared aqueous environment. Strain-specific metabarcoding should therefore be compatible
with mesocosm experiments on natural plankton communities (Scheinin et al., 2015; Tatters et al., 2013), or
experiments investigating the evolutionary effects of predation (Sjoqvist et al., 2014), nutrient competition
within (Collins, 2011) and between species (Descamps-Julien & Gonzalez, 2005), or other fitness traits that
are challenging to determine using mono-clonal assays.

Conclusions

We have shown that copper tolerance has evolved in a small subset of strains in a local mining-exposed
population of S. marinoi , and that the resting stage population have retained these strains even though the
mining activity and pollution level has declined. Our artificial evolution experiment highlights that selecti-
on from such standing genetic variation in phytoplankton enables populations to respond to environmental
stress much faster than through de-novomutations. It also suggests that extensive species dynamics might
be due to evolutionarily important strains that sometimes occur in low frequency but can be swept to high
frequencies by directional selection under specific conditions. Importantly, our experimental approach ex-
emplifies how strain-specific metabarcoding can be employed to track selection and quantify strain fitness
during co-cultivation, enabling incorporation of higher amounts of strains than other approaches permit.
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With careful experimental design, future strain-specific metabarcoding experiments should be able to track
selection processes in diverse populations inhabiting dynamic and complex environments, more similar to
the challenges that phytoplankton face in their natural habitat. Although further development and evalua-
tions of the analytical approaches in mixed DNA samples of unknown allele composition are warranted, it
should in theory be possible to track selection processes in natural populations based in situ sampling of
environmental DNA from monitoring programs or targeted sampling efforts. Collectively such approaches
will yield important new insight into how the intraspecific diversity enables phytoplankton to adapt to life
in a dynamic environment.
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acceptance. Raw Illumina MiSeq sequences have been deposited at NCBI under BioProject PRJNA939970.
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Tables

Table 1: Summary of key observations during the artificial evolution experiment on a replicate-by-replicate
basis. Several barcode samples at day 42 were cross-contaminated during the library preparation and have
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been omitted from further quantitative analysis (see Fig S4 for more details). RO5AC is a mono-clonal strain
run as a reference control between the two populations experiments. Abbreviations: C; control treatment,
Cu; copper treatment, GP; Gropviken [reference inlet], VG; Gasfjarden [mining inlet]

Other
Total strains Cross-
Growth Growth number of The most (Number of contaminated
rate first rate first generations abundant strains/strain barcode Respon

Bottle nine days nine days during the strain on and their sample? EC50 (day  range

replicate (day™) (day™!) experiment  day 42 (%) abundance) (day 42) 42) (EC05/

Reference Reference Reference Reference Reference Reference Reference Reference

inlet inlet inlet inlet inlet inlet inlet inlet

GP_C1 GP_C1 1.62 108 GP2-4_- Six(4- No 7.50 1.40
40(58%) 17%)

GP_C2 GP_C2 1.64 107 GP2-4 - Three(4- No 7.69 1.50
40(65%) 13%)

GP_C3 GP_C3 1.73 113 GP2-4_- Three("4%) No 7.34 1.59
40(90%)

GP_C4 GP_C4 1.68 111 GP2-4_- Three("6%) No 7.16 1.71
40(78%)

GP_C5 GP_C5 1.71 106 GP2-4 - Five(6- No 8.03 1.77
40(37%) 25%)

GP_Cul GP_Cul 0.587 55 GP2-4_- Three(<1%) No 10.8 1.40
27(99%)

GP_Cu2 GP_Cu2 0.498 54 GP2-4 - GP2-4._- No 9.84 1.83
27(99%) 72(<1%)

GP_Cu3 GP_Cu3 0.458 46 GP2-4 - GP2-4 - No 11.2 1.78
57(78%)* 27(10%)

GP_Cu4 GP_Cu4 0.634 59 GP2-4_- None No 10.6 2.06
27(100%)

GP_Cub GP_Cub 0.472 57 GP2-4 - None No 9.45 1.78
27(100%)

RO5AC-- RO5AC- NA NA GP2-4_- Three("4%) No** NA NA

GP.C GP_C 40(80%)

RO5AC_- ROSJAC - 0.799 66 RO5AC(100% )None No 9.88 1.78

GP_Cu GP_Cu

Mining Mining Mining Mining Mining Mining Mining Mining

inlet inlet inlet inlet inlet inlet inlet inlet

VG_C1 VG_C1 1.70 105 VG1-2_- VG1-2_- No 8.20 1.53
103(90%) 74(6%)

VG_C2 VG_C2 1.71 106 VGI1-2_- VGI1-2_- No 8.06 1.65
103(89%) 74(7%)

VG_C3 VG_C3 1.76 108 VGI1-2_- VGI1-2_- No 8.38 1.64
103(91%) 74(8%)

VG_C4 VG_C4 1.76 109 VGI1-2_- VGI1-2_- Yes 8.14 1.55
103(22%) 81(17%) ("70%)

VG_C5 VG_Cbh 1.80 110 VGI1-2_- VGI1-2_- Yes 7.94 1.48
103(48%) 81(10%) (T40%)

VG_Cul VG_Cul 0.662 52 VG1-2_- VG1-2_- No 9.96 1.65
74(72%) 81(28%)
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Other

Total strains Cross-
Growth Growth number of  The most (Number of  contaminated
rate first rate first generations abundant strains/strain barcode Respon
Bottle nine days nine days during the  strain on and their sample? EC50 (day  range
replicate (day™t) (day™) experiment  day 42 (%) abundance) (day 42) 42) (EC05/
VG_Cu2 VG_Cu2 0.558 44 VG1-2-- VG1-2_- Yes 9.94 1.69
81(20%) 95(17%) (760%)
VG_Cu3 VG_Cu3 0.657 54 VG1-2_- VG1-2_- Yes 9.93 1.93
81(75%) 74(10%) ("15%)
VG_Cud VG_Cu4 0.555 53 VG1-2_- VG1-2_- No 9.86 2.12
81(95%) 74(4%)
VG_Cub VG_Cub 0.487 40 VG1-2-- VG1-2_- Yes 9.93 2.00
81(60%) 74(20%) (720%)
ROSAC-- ROS5AC - 1.63 98 RO5AC(100%)None No 9.10 1.38
VG.C VG.C
ROSAC_- RO5AC_- 0.327 25 RO5AC(100% )None No 10.3 1.41
VG_Cu VG_Cu

*Loss of heterozygosity with only one out of the two Sm_C12W1 alleles observed in the prevailing genotype

**Barcoding indicated that the RO5AC_GP_C bottle was physically cross-contaminated at the start of the
experiment and rapidly outcompeted.

Figure legends

Figure 1 : Population-wide characterization of copper tolerance in the two populations (mining and reference
inlet), based on mono-clonal acute 72-h dose-response curve exposure. A) mining and the reference inlets
population distribution of copper tolerance estimated based on EC50, the effective concentration inhibiting
growth rate by 50% (N=30 and 28 strains, respectively). B) and C) are examples of full dose-response
curves for the most sensitive, tolerant, and median strain (see symbol legend for strain names) per population
based on ranked EC50. N=5 for control and 18 copper treatments for dose-response curves. Strain RO5AC is
included as an internal control between populations. Error bars/shaded areas show 95% confidence intervals,
and the median as well as RO5AC’s EC50 is indicated with a vertical line.

Figure 2: Changes in copper tolerance during the artificial evolution experiment in a copper-toxic (Copper)
and non-toxic environment (Control). At the end of the selection phase, copper toxicity was relaxed for
three days to test if the developed tolerance was reversible (plastic) or permanent (evolved). Panel B shows
a mono-clonal culture of ROS5AC which was run in parallel with the reference (Rep. 1) and the mining
population (Rep. 2). Metabarcoding showed that RO5AC was cross-contaminated with the GP-Control
treatment from day nine and onwards (Table 1). These samples are omitted in panel B. Error bars show
95% confidence intervals based on dose-response curve data gathered as shown in Fig. 1.

Figure. 3. Photosynthetic activity was inhibited at a slower rate in evolved or pre-exposed (Mining
population) cultures, compared with naive strains (Reference population). The yield of Photosystem II
(PSII) was monitored during a short exposure (3h) to lethal copper concentrations. Shown are means with
95% confidence intervals with N=3 replicates per time-point (N=1-2 for single strain RO5AC). Note that
both populations require more than three days of selection to develop tolerance in contrast to the single
strain RO5AC, which reaches its minimum inhibition rate within three days.

Figure. 4. Changes in strain abundances based on metabarcoding during the artificial evolution experiment.
Shown are time-point averages based on quantification of strain abundances recorded at days 0, 9, and 42
(N range between 1 and 5). Cross-contaminated samples (Fig S4) have been excluded from the Mining
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population at day 42. Strain GP2-4.45 and 46 are clones and cannot be distinguished. Strain VG1-2_65
and VG1-2_99 lack strain-specific DNA sequencing data but correspond to two pairs of unknown amplicons
tightly linked at a 1:1 ratio across the metabarcoding data (Pinder et al. in prep). They have been annotated
as belonging to either of these strains. Abundant strains are highlighted in plots with the strain names
according to the legend, and the sequential order of strains follows the legend top-down and left-to-right.

Figure 5. Comparison of metabarcoded fitness estimates during the selection experiment (Observed growth
rate) against mono-clonally predicted ones (Modeled). Growth rate was modeled for the copper treatment
using mono-clonal 72-h dose-response curves (N=23 total replicates) and the applied 8.65 uM copper ex-
posure, or the specific growth rate in the control environment. The observed growth rate corresponds to
mean growth rates (N=1 to 5 depending on strain and treatment) during the first nine days of the selection
experiment. Extinct strains (missing in all selection experiment replicates) for each panel are highlighted in
the legend and not included in plots. Colors of the strains are the same as in the legend of Fig. 4, with key
strains from Fig. 1 and 4 shown with names. Error bars show 95% confidence intervals when N>1. Bolded
strain names highlight cases when modeled selection outcome agrees with the selection experiment at day
42.
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