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Intraspecific variation in diatoms has been shown to play a key role in

species’ responses to several important environmental factors such as

light, salinity, temperature and nutrients. Furthermore, modelling efforts

indicate that this variation within species extends bloom periods, and

likely provides sufficient variability in competitive interactions between

species under hydrographically variable conditions. The intraspecific

variation most likely correspondsto optimal fitness in temporary microhabitats

and may help to explain the paradox of the plankton. Here, we examine the

implications of intraspecific variation for the ecology and success of diatoms

in general and emphasize the potential implications for our understanding of

carbon metabolism in these important organisms. Additionally, data from

palaeoecological studies have the potential for evaluating genetic variation

through past climate changes, going thousands of years back in time. We

suggest pathways for future research including the adoption of multiple strains

of individual species into studies of diatom carbon metabolism, to refine our

understanding of the variation within and between species, and the inclusion

of experimental evolution as a tool for understanding potential evolutionary

responses of diatom carbon metabolism to climate change.

This article is part of the themed issue ‘The peculiar carbon metabolism

in diatoms’.
1. Background
Diatoms arose approximately 200 Ma and have since then undergone extensive

adaptive radiation. They have colonized freshwater, marine and terrestrial habi-

tats with different shapes, sizes and specialized physiological characteristics,

and are responsible for 40% of marine primary production [1,2]. Diatoms are

particularly useful in evaluating the effects of climate change due to their

high abundances and importance in global biogeochemical cycling, and

because they leave a rich archive of microfossils in the sediment. Presently,

the rewarding and exciting combination of palaeoecological studies of fossil

data in combination with modern-day ecological theories is leading us towards

a greater understanding of evolutionary processes and climate change effects

on marine ecosystems in the past, present and future [3].

It is estimated that as many as 100 000 diatom species exists globally [4].

Recent findings based on DNA barcoding sequencing and light microscopy

data provided from the Tara Oceans global circumnavigation indicate that

very few diatom sequences (operational taxonomic units) are cosmopolitan,

but that there is a worldwide distribution of several highly abundant diatom

genera which have diversified locally to their specific environmental conditions

[5]. This property of the diatoms, to exploit and prosper in a wide range of habi-

tats and ecological niches, may be the explanation for the large differentiation

observed at the species and intraspecific taxonomic levels, and also the cause

of their high success in carbon metabolism and resulting importance for

global biogeochemical cycling.
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The study of intraspecific variation requires a definition of

species boundaries, which preferably is pluralistic. Ideally, for

correct species identification, and estimation of intraspecific

diversity, several individuals at all stages of the life cycle

should be examined [6]. In diatoms, the valve, girdle, proto-

plast, reproduction mode, genome size, DNA sequences of

primarily the rcbL and the rRNA gene (small subunit, large sub-

unit, internal transcribed spacer), and the secondary structure

of the internal transcribed spacer region have been used (e.g.

[7–12]) to delimitate species boundaries. In each of the publi-

cations on diatom intraspecific variation cited in this literature

review, the approaches and techniques applied for correct

identification vary largely depending on the species studied.

However, the respective scientists have all used a pluralistic

mode to confirm that a representative set of clones is indeed

the same species and that the generated data are intraspecific.

We posit that the high level of diatom intraspecific variation

is of great importance as it allows individual species to survive in

a highly variable environment. Here, we describe the genetic

and phenotypic diversity that has been observed within species

and what the implications of that diversity are for diatom suc-

cess and carbon metabolism under climate change conditions.

So far, the richness of diatom subspecies genetic diversity has

been estimated mostly by using neutral molecular markers,

although some exceptions exist. The diversity appears to be

structured, among populations and among individual clones,

and clearly indicates that populations and clones within a

species are not all equally related. Moreover, this rich intraspeci-

fic genetic diversity allows for the possibility of local adaptation

and for differentiation in important physiological characteristics

that produces local populations that are exceptionally fit and

competitive in their respective local habitat.
2. Genetic diversity
(a) Variation among individuals
Variation among individuals from within a single species

influences species’ evolution and ecology as well as the func-

tioning of ecosystems. From an evolutionary perspective, the

extent of genetic variation among individuals can set a

species’ adaptive potential and influence its persistence

over time [13]. For these reasons, the amount of genetic varia-

bility within species has been a focus of population genetics

and evolutionary biology for nearly 100 years [14–17].

From an ecological perspective, recent work in both terres-

trial and marine systems has shown that intraspecific

genetic diversity can modulate interspecific interactions

and thus influence levels of primary productivity [18] and

functional responses to changing environments [19].

All recent studies of intraspecific genetic variation in

aquatic phytoplankton, including diatoms, have identified

high levels of diversity. Using sensitive DNA fingerprinting

techniques, these studies identified high levels of diversity

regardless of species investigated or habitat sampled (table 1

and figure 1). Results obtained using DNA fingerprinting are

supported by the whole-genome sequences of Thalassiosira
pseudonana, Phaeodactylum tricornutum and Thalassiosira
oceanica which all displayed extensive sequence variation

between homologous chromosomes, suggesting high levels

of diversity in field populations [37–39]. Together, these

studies suggest that high diversity is a hallmark of diatoms

that likely has influenced their ecological success and
evolutionary longevity. The diversity observed in diatoms

has a practical impact on diatom studies. It indicates that asses-

sing the physiology or genetics of one individual is not

sufficient to describe the capabilities of the entire species.

Genetic diversity in diatoms can be described in two

different ways. The first is clonal diversity, or the number

of unique clonal lineages in a sample [40]. Clonal diversity

in a population is an important measure of standing genetic

variation because it is readily available to lineage sorting

[41] and partially determines the potential magnitude and

rate of response to selection. Because diatoms divide predo-

minantly asexually, there is the potential for populations to

be comprised of a single or very few clonal lineages derived

from vegetative growth, leading to a clonal diversity close to

zero. In natural populations of diatoms, clonal diversities ran-

ging from 92 to 100% have been observed revealing instead

that populations are comprised of many clonal lineages

(table 1 and figure 1). Clonal diversity in diatoms has been

measured with high sensitivity due to development and

application of DNA fingerprinting markers called microsatel-

lites [42]. Microsatellites are neutral markers that are scattered

throughout the genome and consist of di-, tri- or tetranucleo-

tides that are tandemly repeated tens to hundreds of times.

The number of repeat units at a given microsatellite locus

can vary dramatically between individuals. This variation

in length is hypothesized to result from a process known as

strand slippage, which occurs when the DNA-synthesizing

machinery essentially ‘slips’ during replication of the repeti-

tive regions [43]. Thus, the length of a repeat array (allele

size) can act as a part of a DNA fingerprint. As more loci

are analysed, the DNA fingerprint for an individual becomes

increasingly precise. For example, a three marker panel in the

diatom Ditylum brightwellii had sufficient variability to poten-

tially identify in the order of 6 � 106 different genotypes [22].

For most diatom studies, sample sizes are usually 30 individ-

uals per population, making it impossible to compare census

size with clonal population size. One example exists where a

spring bloom of the diatom D. brightwellii was sampled

repeatedly and over 600 individuals were genotyped.

Census sizes reached greater than 10 000 cells l21 and it was

estimated that the blooming population was comprised of

at least 2400 different genotypes [22]. High levels of clonal

diversity suggest that these rapidly dividing organisms may

be able to respond quickly to a changing environment

through selection acting on standing genetic variation.

A second metric of genetic variation in diatoms is gene diver-

sity or expected heterozygosity. This is the probability that, at a

single locus, any two alleles chosen at random from the popu-

lation will be different from each other. The average gene

diversityover many loci is used as an estimate of the genetic vari-

ation in the population. Gene diversities of diatoms examined

thus far range from 39 to 88% (table 1). This level of standing

diversity in diatom populations suggests sufficient variation

for diatoms to evolve in response to their environment.

Given the variation observed in neutrally evolving micro-

satellite markers and the extent of genome-wide nucleotide

polymorphism measured, it is likely that variation exists

among individuals in terms of genes involved in carbon metab-

olism in diatoms. If variation exists among those genes, then

they also may be responsive to selection. Comparative

genome sequencing of seven T. pseudonana strains revealed

variation across the genome, including 7% of the genome that

was identified as being under positive selection [44]. Among

http://rstb.royalsocietypublishing.org/


Table 1. Gene and clonal diversities of different diatom species collected from predominantly coastal regions around the world.

habitat gene diversity (HE) clonal diversity references

Ditylum brightwellii NE Pacific, coastal, fjord 0.88 0.96 [20]

Ditylum brightwellii NE Pacific, coastal, fjord 0.79 0.99 [21]

Ditylum brightwellii NE Pacific, coastal, fjord 0.70 0.87 [22]

Ditylum brightwellii NE Pacific, coastal, fjord 0.71 0.94 [23]

Pseudo-nitzschia pungens North Sea, coastal 0.73 0.98 [24]

Pseudo-nitzschia pungens North Sea, coastal 0.69 0.95 [25]

Pseudo-nitzschia pungens global, coastal 0.53 – 0.83 n.a. [26]

Pseudo-nitzschia multiseries global, coastal 0.39 – 0.70 0.92 [27]

Pseudo-nitzschia multistriata Mediterranean Sea, coastal 0.46 – 0.61 0.75 [28]

Skeletonema marinoi North Sea, fjord 0.56 – 0.71 0.99 [29]

Skeletonema marinoi North Sea, fjord n.a. 1.00 [30]

Skeletonema marinoi Baltic Sea, Inland Sea 0.52 – 0.74 0.99 [31]

Skeletonema marinoi Baltic Sea, North Sea 0.62 – 0.77 1.00 [32]

Skeletonema marinoi Baltic Sea, North Sea 0.68 – 0.74 0.99 [33]

Sellaphora capitata Freshwater lakes n.a. 0.89 [34]

Thalassiosira gravida N. Atlantic, open ocean 0.88 0.97 [35]

Thalassiosira rotula global, coastal 0.55 – 0.83 0.99 [36]
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Figure 1. Measures of clonal diversity in five diatom genera. Each bar cor-
responds to a study that has reported clonal diversity using microsatellite
markers (table 1). (Online version in colour.)
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the genes and gene ontology (GO) terms that could be ident-

ified were those involved in sexual reproduction, cell wall

formation, transcriptional regulation as well as a large portion

of unknown or hypothetical proteins (59% of the positively

selected genes). GO terms that were over-represented in the

positively selected portion of the genome included biosynthetic

and metabolic regulatory proteins. This finding opens the

possibility that genes involved in carbon metabolism are

under positive selection and that genetically different individ-

uals may have metabolic capabilities that respond differently

to environmental conditions.
(b) Variation among populations
Responses to natural selection at the individual level are

coupled to evolutionary time scales by populations or

groups of interbreeding individuals. Populations persist

longer than individuals and thus act as repositories of genetic
adaptation and variation for a species [45]. The adaptive

potential of a species depends on how it is partitioned into

distinct populations and in turn, relies heavily on the extent

of diversity contained within those populations [46]. Distinct

populations, the diversity they contain and the geographical

ranges they occupy have the potential to exert a significant

impact on diatom ecology and evolution.

Surprisingly, marine diatoms are often subdivided into

genetically distinct populations despite their planktonic life-

style of drifting passively with tides and currents, which

should conferan enormous potential for long-range and persist-

ent dispersal along with high levels of gene flow between

populations. Genetic divergence has been related to increasing

geographical distance, as in the diatom Pseudo-nitzschia pungens
[26]. There are, however, examples of genetic divergence among

populations in close proximity to each other. For example,

within a single fjord ecosystem, four genetically distinct popu-

lations of the centric diatom D. brightwellii were identified that

possessed unique physiological characteristics and formed

blooms under distinct environmental conditions [21,23].

Similar genetic subdivision has been observed in the Skagerrak

(NE Atlantic) in the diatom Skeletonema marinoi [29,30].

The extent of genetic differentiation between populations

is particularly intriguing. In most pelagic marine organisms,

FST, a measure of genetic divergence that ranges from 0 to 1,

is rarely larger than approximately 0.01. For example, genetic-

ally distinct populations of Atlantic cod sampled along a

300 km stretch of coastline displayed FST values of only

0.0023 [47]. FST for D. brightwellii populations from two adja-

cent fjords in the northeast Pacific was as high as 0.245,

indicating that these populations were unusually diverged.

Similarly, S. marinoi populations from across a North

Sea–Baltic Sea salinity gradient had FST values as high

as 0.2 [48]. In this region, populations appear to maintain

integrity via a combination of physical barriers and differen-

tial adaptation to environmental conditions [31,49]. The gene

http://rstb.royalsocietypublishing.org/
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Figure 2. Map of Denmark with Mariager Fjord (green square) and Kattegat sites Anholt and Vinga (red squares) indicated. Population structure of S. marinoi based
on eight microsatellite loci. The samples from the Mariager Fjord are groups of strains established from resting stages germinated from discrete layers of a sediment
core. The approximate year when resting stages accumulated are as indicated. Samples Anholt and Vinga are groups of strains established from recent sediment
collected in the Kattegat. Genetic clustering was estimated by STRUCTURE. Assignment of 245 individuals to K ¼ 2 genetically distinguishable groups. Each indi-
vidual is represented by a vertical bar coloured according to the assigned group (red or green), and the average proportions of membership of each sample to the
two clusters are shown below. Figure redrawn from Härnström et al. [30].
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flow that does exist among populations appears to be driven

by dispersal via water currents [33].

Importantly, distinct populations can persist over long time

periods. One D. brightwellii population was sampled within

Puget Sound repeatedly during both bloom and non-bloom

periods over the course of 7 years [12]. In the Gulf of Naples,

the Mediterranean, two sympatric populations of Pseudo-
nitzschia multistriata have been recorded over 4 years. The

two populations produce viable hybrids that imply that gene

flow occurs [28]. Each year during the growth season, there is

a clear dominance of one of the populations which could be

due either to environmental factors favouring one population

over the other or intrinsic factors coupled to the obligate

sexual life cycle of P. multistriata [50]. The most extreme

example of population persistence to date is from a fjord eco-

system where sediment samples revealed the persistence of a

single population of the diatom S. marinoi for over 100 years

[30]. Interestingly, samples collected from the Kattegat outside

the fjord revealed a second genetically distinct population,

indicating that populations may be highly adapted to local con-

ditions (figure 2). In the open ocean, populations appear to

coexist, at least for short periods of time, and may result from

the mixture of source populations from coasts, open ocean

and resting spores from depth [35].

High divergence among persistent populations means low

levels of gene flow between them and the opportunity for selec-

tion to act in different ways among unique populations [45].

Populations may thus evolve unique adaptations within

their carbon metabolism that accommodate the specific

environments which they experience.
3. Phenotypic diversity
Phenotypic variability is important and is commonly

observed among phytoplankton species, including inter-
and intraspecific responses to external changes. The pheno-

typic variability, i.e. plasticity, within a species, a genetic

population or a clone will serve to buffer the immediate

effects of swift environmental changes. Phenotypic diversity

will moreover reflect the standing genetic variation for a

species or a population in a particular area, and constitute

the variability which selection can act upon and thereby

influence species’ and populations’ long-term adaptation to

a changing environment [13].

For the further discussion of phenotypic variability and

the investigation of the operational scales, i.e. species, popu-

lation and clonal variability in a changing environment, the

concepts of population versus clonal phenotypic character-

istics are delineated according to the following: (i) the

clonal niche is substantially narrower than its population’s

niche and reflects preference or performance variation due

to intrinsic traits, (ii) populations are composed of relatively

generalized and relatively specialized clones, and

(iii) within-clone variation may be greater than between-

clone variation. Therefore, clonal niche realization will take

fundamental and realized niche into account [51,52]. Using

these criteria, we ask if there is substantial evidence for tem-

poral, spatial and cross-habitat phenotypic differentiation in

genetically diverse diatom populations.

(a) High levels of phenotypic variation among
genetically diverse individuals

Phenotypic variability from closely related diatom species

might give us insight into the possible ranges of intraspecific

phenotypic variation. Clonal isolates of Skeletonema spp. from

one single geographical location, but from different seasons

(summer and winter), were found to have unique ratios of

the photosynthetic pigments chlorophyll a, chlorophyll c
and fucoxanthin [53,54]. When the temporally separated

clones were transferred from high to low light, they adjusted

http://rstb.royalsocietypublishing.org/
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their respective pigment ratio uniquely and displayed distinct

individual patterns of photoadaptation. Additionally, the

clones displayed distinct photosynthetic unit (PSU) sizes,

and the photosynthesis–irradiance (P–I) curves indicated

differences in the functional organization of the PSU and

the energy transfer from the light harvesting complex to the

reaction centres [54].

Available literature data on diatom intraspecific variabil-

ity of phenotypic characteristics are based on external

manipulation and the responses from a limited set of clones

kept in laboratory cultures. High-throughput phenotypic

screening intended for massive replicated clonal phenomics

is currently lacking. However, the existing records highlight

unambiguously that whenever a multi-clonal approach

is tested, individual clones will produce phenotypically

variable responses.

Fundamental abiotic factors for diatom propagation, such

as ranges of temperatures, have been demonstrated to yield

unique phenotypic response curves in genetically distinct

strains of Asterionella formosa [55]. Likewise, D. brightwellii
clones from each of two populations displayed a variable

response estimated as growth rates when exposed to different

light intensities [21]. Different S. marinoi clones isolated from

the same geographical location handled variation in salinity

differently and displayed diverse responses in terms of

growth rates, carbon uptake, particular organic nutrients

and biogenic silica content. The responses of the individual

clonal lineages ranged from unaffected to significant decline

when exposed to suboptimal salinities [32].

Hence, at a single geographical site, the documented pres-

ence of intrapopulation genetic diversity is mimicked in

phenotypic diversity for important functional traits, which

probably accounts for the diatom species or population per-

sistence at a particular site. Adapted clones will succeed

each other and maintain the presence of the population (see

§4), both throughout the short-term hydrographic dynamics

and throughout seasonal changes.

(b) Population-level phenotypic adaptation to distinct
environments

Intraspecific phenotypic comparisons of populations isolated

from distinct habitats do support that populations at a par-

ticular site will adapt to their respective environmental

conditions. Genetically differentiated populations of S. mari-
noi originating from the neritic habitat but from different

latitudes displayed distinct population phenotypic character-

istics [56]. The effect of temperature (D48C) and pCO2

(ambient versus 750 ppm) changes was tested on two popu-

lations, from the coastal Adriatic Sea (Mediterranean) and

Skagerrak (NE Atlantic). Estimated growth rates at control

conditions (208C and ambient pCO2) differed by a factor of

3 among eight Adriatic Sea clones, while the span was only

half that among the clones isolated from higher latitudes.

The large individual variation between strains cancelled out

population experimental effects in the Adriatic Sea popu-

lation, whereas the population from the Skagerrak had a

homogeneous between-clone response to the manipulated

conditions. The Skagerrak population is exposed to a wider

seasonal temperature range with more extreme endpoints,

and it is argued that high phenotypic plasticity and tempera-

ture tolerance on the clonal level is an advantage. On the

other hand, in a seasonally more homogeneous location,
the clonal isolates do not posses this inherit mechanism of

plasticity as it will come at a fitness cost [56]. Studies from

sites separated on much smaller spatial scales without appar-

ent large hydrographic differences also support significant

differentiated population-level phenotypic characteristics,

which indicates that diatom populations phenotypically

adapt to their local habitat. For example, genetically distinct

D. brightwellii clones from two estuaries separated by less

than 40 km displayed different population-wide phenotypic

response to low and high light intensity [21].

(c) Drivers to maintain intrapopulation phenotypic
diversity

Multi-variate experimental stress tests have shown that no

single diatom strain displays the fastest growth under all

stressful conditions. Laboratory populations of S. marinoi
mixed to display different levels of genetic diversity (mono-

clonal, populations composed of five or 20 clones) were

tested for salinity stress using primary production as the

response variable. It was found that the response during

the stress condition (3 PSU) deviated the least from the

native conditions (5 PSU) in the high diversity population

[32]. Another four clonal isolates of the same diatom species

displayed distinct phenotypic responses in terms of growth

rate and maximum biomass accumulation under salinity

and temperature stress. Under control conditions (208C and

26 PSU), a positive biodiversity effect was recorded; however,

this was not the case in the stress conditions (278C and 7 PSU,

respectively) [57]. Hence, these manipulated experiments

show that clones possess particular phenotypic characteristics

and that they may dominate under a specific set of con-

ditions, but as environmental conditions change, the clonal

dominance will change. The suite of differentiated pheno-

typic properties intrinsic to the constituent clones would

likely be of benefit for the population. The response of a

diatom population to stress and how effectively it can

handle short-term disturbances may in fact depend on the

level of genetic and phenotypic diversity. A constant but

varying external selection pressure in a highly dynamic

environment would serve to maintain phenotypic diversity

within the population.

So far, only abiotic factors have been discussed as drivers

of diatom species or population phenotypic variability. How-

ever, studies of A. formosa indicate that viruses, bacteria or

parasites could constitute drivers of clonal specialization.

For instance, certain clones can survive infections by one par-

ticular virus but not by another and are metabolically active

only when the former virus type is present but not the

latter [58]. Further, Chaetoceros debilis infected by CdebDNAV

virus revealed that the diatom population was composed of

highly diverse host clones that differed widely in the virus

sensitivity spectra [59]. Viruses, bacteria or parasites, e.g.

the diatom microbiome, are probably important, and some-

times perhaps responsible, for the phenotypic characteristics

observed. Currently, it is easier to document hydrographic

spatial and temporal dynamics than micrometre-scale cellular

and molecular interactions. Therefore, abiotic signals correlat-

ing with specific population phenotypic characteristics might

be indirect drivers only. The entangling of causative abiotic

and biotic factors as external drivers of phenotypic response

will most certainly benefit from future community meta-

genomic analyses. In particular, if it can be combined with
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methods that can monitor physical and chemical properties

of the diatom microhabitat. The aim here has been to high-

light the existence of intrapopulation phenotypic variability

without explicit investigation of the causative drivers.

It is also plausible that life cycle traits of diatom species

could influence the phenotypic variability of a particular

population. Many diatom taxa form physiological dormant

resting spores as a response to adverse conditions in the

water column and sink to the bottom [60]. There they can

remain alive for decades [61] and if resuspended under

favourable conditions, they may germinate and contribute

to the planktonic population. Clones with a phenotype not

suitable under certain environmental conditions may stay

dormant during non-favourable periods and subsequently

provide an inoculum when the environment is suitable for

that particular phenotype. Spore-forming diatom populations

may therefore display higher genetic and phenotypic diver-

sity and even different population structure in the same

study area compared with non-spore-forming diatoms.

Another perspective that is poorly understood, and not dis-

cussed here is the longevity of a clone and its phenotypic

characteristics in vivo. Cell lines of a single clone will invari-

ably accumulate mutations over time, and subsequently,

they will differentiate to the extent that they display dissim-

ilar phenotypic characteristics that will mediate different

fitness and selection pressure in a changing environment.

bi

om

D (hydrographic variable)

Figure 3. Hypothetical succession of (a) species, (b) populations and (c)
clones along a hydrographic gradient. Diatom species succeed each other
along environmental gradients, e.g. [62], because they are adapted to par-
ticular environmental conditions. A diatom species will consist of several
populations, where each of the populations has its optimal fitness at specific
hydrographic settings. The populations will succeed each other as the
environment changes. Each population consists of several unique clones,
which occupy a niche substantially more narrow than its population’s
niche. As the environment changes, successive clones will dominate the
water column according to their performance variation at specific
environmental conditions.
4. Succession of species, populations and clones
along continuous gradients

Diatom species succession over temporal and spatial environ-

mental gradients is well documented across aquatic habitats

[62]. Given the genetic and phenotypic diversity observed

among populations and clones, do similar successional pat-

terns exist on subspecies level (figure 3a–c)? Sampling

methodology and the current poor resolution of high-

throughput molecular markers applicable in vivo (as

discussed above) are obstacles to correctly grasp the dynamic

processes and test the hypothesis of, for example, clonal suc-

cession along a particular gradient. The literature available is

based on data gathered from phenotypic laboratory exper-

iments, genetic data from field isolates, statistical or

mathematical modelling and correlation-based analyses, but

it does indicate that succession on subspecies levels indeed

takes place. Genetically differentiated populations manifest

fitness maxima along environmental gradients (figure 3b) as

indicated by two differentiated populations of D. brightwellii,
seasonally separated in neighbouring estuaries. The popu-

lation genotypes were correlated to in vivo concentrations of

inorganic nutrients, temperature and solar irradiance, which

suggests that environmental selection regulates the bloom

dynamics of the genetically and temporally separated popu-

lations [23]. Adaptation along a salinity gradient ranging

from 5 to 30 PSU provides more evidence that populations

will succeed each other along environmental gradients.

Salinity reaction norms were determined for clones of geneti-

cally differentiated populations of S. marinoi originating from

different salinity regimes of the Baltic Sea (NE Atlantic), and

each population displayed maximum growth rate at their

local salinity [48]. As a consequence, genetic distance

among the populations was significantly correlated with the

Baltic Sea south-to-north salinity gradient [31]. However,
the succession of genetically structured populations along

the salinity gradient (figure 3b) displayed an additional tem-

poral succession pattern at any particular geographical

location (figure 3c). In all populations, clones isolated

during the initial phase of a diatom spring bloom were sig-

nificantly separated from clones isolated during the later

phase of the bloom. The initial and depleted bloom con-

ditions, in this case silica concentration, selected for

different clones during the bloom progression. This suggests

that genetic differentiation may emerge over short temporal

scales and that a bloom consist of clones with different

growth optima. As the bloom progresses, the hydrographic

conditions change and induce a shift to clones with opti-

mized physiological adaptation to the new set of

conditions. Such shifts are supported by the large genetic

standing stock and the presence of phenotypic diversity

observed on the subspecies level. A specific diatom bloom

might consist of several short-lived groups of clones. Each
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such group is adapted to a particular hydrographic con-

dition, and will occupy that distinct temporal-hydrological

niche and thus maintain the bloom over longer periods for

the population. Succession of clones along a temperature gra-

dient (figure 3c) has been demonstrated using experimental

data on temperature-dependent reaction norms for clones of

A. formosa isolated from a lake. The experimental data were

modelled together with temperature monitoring data over

5 years. The model resulted in a succession pattern of two to

several genotypes becoming numerically dominant depending

on the temperature, and the fitness ranking order of the clones

changed along the temperature gradient [55].
 il.Trans.R.Soc.B
372:20160399
5. Adaptation to new environments: climate
change

(a) Historical responses to changes in climate: the
palaeo perspective

Potentially, we can increase our understanding of how diatoms

will respond to future climate changes, and if diversity is

important for their persistence, by analysing analogue

scenarios from the past. The high temporal resolution of

diatom microfossil records accumulated in aquatic sediments

over long periods makes it possible to explore how species

have responded to abrupt climate changes. Of interest are

records when a species has persisted over several geological

events of a specific hydrological characteristic, e.g. warming,

which will indicate the species ability to adapt to the new

environment. The ongoing climate warming is expected to

enhance vertical thermal stratification in the oceans, which

will reduce mixing and therefore the supply of nutrients into

the upper mixed layer [63]. As diatoms rely on inputs of

nutrients to succeed and outcompete other autotrophic

plankton, such as coccolithophores and flagellates, reduced

mixing is expected to limit their competitive abilities [64].

Microfossils accumulated in the sediment during the Holo-

cene warming period and contrasted to periods of Heinrich

events, which are millennial scale climate transitions linked to

massive discharge of icebergs from the North Hemisphere

into the North Atlantic with global effects, provide successive

events of value for inferring diatom species adaptation to

warming. Sediment cores from the Atlantic present two drops

in sea surface temperatures (SST) linked to Heinrich events

(16 000 and 13 000 BP), and an increase in SST during the Holo-

cene warming period (10 000 BP). During the two cool periods,

the diatom abundance and species richness increased, whereas

the abundance and richness decreased during the Holocene

[3,65]. The probability of sampling a given species during the

climatic perturbations increased with its population density,

and hence, the dominant species were more likely to live

through the perturbation, whereas the rare taxa were subject

to local extinction [3]. The documented hydrographic changes

caused by Heinrich events in the eastern Pacific were indicative

of enhanced subtropical influences and an oligotrophic upper

mixed layer. Sediment cores displayed a drop in diatom

abundance and species richness during three separate Heinrich

events (84 000, 46 000, 16 000 BP). The abundance of

Thalassionema nitzschioides, Thalassiosira oestrupi and Cyclotella
littoralis increased in proportional abundance during all three

nutrient-depleted periods and were identified as resistant to

local extinction across the environmental change events [3,66].
The effects of Holocene warming and SST rise, and con-

trasting SST drop manifested as an increase in ice cover have

been used to explore the response of the diatom community

in Antarctica. From this study, diatom species evolvability

was assessed by using the changes of proportional abun-

dances of two local diatom species with similar ecology,

Thalassiosira antarctica and Porosia glacialis [67]. The two taxa

are important primary producers in Antarctic coastal waters,

and ecological information from field surveys and laboratory

experiments was used to formulate the hypothesis on inter-

specific adaptation to high and low SST. Subsequently,

modern data were used to consolidate the observed relation-

ship between the two taxa in the sediment cores together

with other proxies which indicate SST changes [68]. The

species relative abundance ratios were used to evaluate the

two species successive fitness at their adapted niches over

sequential periods of cooling and warming. A higher abun-

dance ratio of P. glacialis accompanied changes to lower SST,

whereas a lower ratio with higher proportional abundance

of T. antarctica was indicative of warming periods.

Diatom species evolvability throughout warming and cool-

ing periods has also been assessed by using morphological

characteristics of the diatom frustule. Southern ocean high-

nutrient–low-chlorophyll areas have low and fairly constant

primary production in spite of high-nutrient concentrations

because growth is limited by iron deficiency [69]. During glacial

periods, land desertification and wind strength results in more

atmospheric dust deposition into the open ocean, which

enhances diatom net primary production. Fragilariopsis kergulen-
sis is a common diatom species in the area, and the cells’

surface-to-volume area has been recorded throughout sediment

cores [70]. During the cool glacial period, the frustule attained

maximum sizes, whereas during intermittent warm periods,

with low iron concentrations, the cell size was smaller and sur-

face-to-volume ratio increased. The larger ratio decreases the

cell boundary layer, which will facilitate nutrient uptake [70].

Adaptive changes over the millennia, or altering the dominance

of populations with small and large surface-to-volume ratios,

will thus increase the competitive advantage of F. kergulensis.
The sediment record from the past is valuable, but the

interpretation of a diatom species’ ability to adapt to newenviron-

mental conditions, such as changes in SST, can be difficult. For

instance, the interpretation of higher species flux to the sediment

data can be due to longer duration of the growth season, which

may not be perceived from the sediment record. Or it may, as

inferred in the above studies, be because of improved conditions,

such as deepening of the mixed layer that favours higher vegeta-

tive diatom production [67]. Another shortcoming with the

diatom microfossil record isthat routinelyonly lightandscanning

electron microscopes are used for species identification. Hence,

the diatoms from the past are morphologically defined species

with no way to discern genetic populations or clones. Therefore,

we cannot know if a recurrent species in the sedimentary

record is the result of temporal succession of several populations,

or if it is one population that has adapted to the new conditions.

(b) Future responses to changes in climate: predicting
evolutionary responses

Natural selection acts to shift the average phenotype of a popu-

lation over many generations in response to a changed

environment. In diatoms, the response to selection can occur

in two different ways: de novo mutation and lineage sorting.
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Classic experimental evolution approaches in microbes rely on

de novo mutation arising from single lineages [71]. The exper-

imental evolution approach has been applied infrequently in

diatoms and the focus has been on the response to elevated

CO2. In the diatom T. pseudonana, long-term exposure to elev-

ated CO2 led to no significant changes in fitness [72].

Reduced transcription of one putative carbonic anhydrase

was observed, although the transcription of three others and

the small subunit of Rubisco did not change. Similarly, no sig-

nificant changes in fitness were observed in the freshwater

diatoms Navicula pelliculosa and Nitzschia palea after long-

term exposure to high CO2 [73]. These studies, which focused

on de novo mutation in single cell lines, suggest that the physi-

ology of carbon utilization may be conserved in a high CO2

world, both in freshwater and marine diatoms.

In the field, lineage sorting [41] may be a more likely

population-level response to elevated CO2 than de novo

mutation, given the phenotypic variation that has been

observed among clonal lineages. One approach to examining

the effects of lineage sorting is to conduct community-wide

or mesocosm experiments. These experiments use all existing

genetic variation in a population by subjecting the entire

community (including competitors and predators) to a shift

in CO2 concentration. Following the experimental period,

individual isolates are removed from the community and

fitness effects are measured. This approach was used to

show that growth rates of S. marinoi cells isolated from high

CO2 mesocosms were about 1.3 times faster than cells

isolated from ambient CO2 mesocosms [74]. The maximum

number of mitotic divisions in the mesocosm experiment

was about 100, making it unlikely that de novo mutations

were responsible for the observed evolutionary changes and

instead that lineage sorting took place in the population.

Although the underlying shifts in carbon metabolism in

the mesocosm experiment are unknown, short-term exper-

iments at high CO2 exposure may provide some insight.

When exposed to high CO2, the diatom T. pseudonana reduced

transcription of photosynthesis and respiration genes [75].

The downregulation included carbon concentrating

mechanism and photorespiration genes that shared a

cAMP-responsive cis-regulatory sequence, suggesting that

these genes were co-regulated in response to CO2 concen-

trations. By contrast, there was an upregulation of cAMP

metabolism genes, which could potentially lead to altered

signalling in cAMP-responsive pathways [75]. Interestingly,

there is evidence that diatoms sense changes in external
CO2 concentrations, in part, through cAMP signalling

[76,77]. The shifts in CO2 sensing, signalling and metabolism

observed by Hennon et al. [75] in response to short-term shifts

in CO2 concentrations combined with observations of lineage

sorting in mesocosm experiments [74] suggest that standing

variation in natural populations of diatoms exists in genes

and gene clusters related to carbon metabolism. It also

suggests that in natural populations, certain aspects of

carbon metabolism may be responsive to the selection press-

ures imposed by climate change.
6. Conclusion
The literature on genetic and phenotypic variation produced

during the last two decades clearly reveals that diatoms pos-

sess vast intraspecific diversity, and that phenotypic traits of

species cannot be captured by studying the response of one

clone only. We, therefore, stress the importance of including

multiple clones in future experimental studies of diatom

physiology including carbon metabolism. Inclusion of mul-

tiple clones will refine and extend our understanding of the

diversity and variation within and between species.

Currently, the genomes of five diatom species have been

published [37–39,78,79], and several others are expected to

be released to public databases and published in the near

future. In combination with new and emerging technologies

such as high-resolution field samplers, in situ experimental

robots, single-cell sequencing and phenotyping, high-

throughput RNA, DNA and protein profiling, high-throughput

phenotyping and bioinformatic techniques to merge and

analyse large datasets, we will rapidly advance the under-

standing of the life of diatoms. Future studies on

experimental evolution and resurrection ecology will increase

our understanding of diatom carbon metabolism in a chan-

ging world. Exploiting diatom life cycle traits, such as their

rapid vegetative growth, makes it possible to experimentally

investigate the potential evolutionary effects of climate

change on both genotype and phenotype and will provide

powerful and important information for predicting diatoms’

response to a changing environment.
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24. Evans KM, Kühn SF, Hayes PK. 2005 High levels of
genetic diversity and low levels of genetic
differentiation in North Sea Pseudo-nitzschia
pungens (Bacillariophyceae) populations. J. Phycol.
41, 506 – 514. (doi:10.1111/j.1529-8817.2005.
00084.x)
25. Casteleyn G, Evans KM, Backeljau T, D’hondt S,
Chepurnov VA, Sabbe K, Vyverman W. 2009 Lack of
population genetic structuring in the marine
planktonic diatom Pseudo-nitzschia pungens
(Bacillariophyceae) in a heterogeneous area in the
Southern Bight of the North Sea. Mar. Biol. 156,
1149 – 1158. (doi:10.1007/s00227-009-1157-6)

26. Casteleyn G, Leliaert F, Backeljau T, Debeer A-E,
Kotaki Y, Rhodes L, Lundholm N, Sabbe K,
Vyverman W. 2010 Limits to gene flow in a
cosmopolitan marine planktonic diatom. Proc. Natl
Acad. Sci. USA 107, 12 952 – 12 957. (doi:10.1073/
pnas.1001380107)

27. Evans KM, Hayes PK. 2004 Microsatellite markers for
the cosmopolitan marine diatom Pseudo-nitzschia
pungens. Mol. Ecol. Notes 4, 125 – 126. (doi:10.
1111/j.1471-8286.2004.00591.x)

28. Tesson SVM, Montresor M, Procaccini G, Kooistra
WHCF. 2014 Temporal changes in population
structure of a marine planktonic diatom. PLoS ONE
9, e114984. (doi:10.1371/journal.pone.0114984)

29. Godhe A, Härnström K. 2010 Linking the planktonic
and benthic habitat: genetic structure of the
marine diatom Skeletonema marinoi. Mol. Ecol.
19, 4478 – 4490. (doi:10.1111/j.1365-294X.2010.
04841.x)

30. Härnström K, Ellegaard M, Andersen T, Godhe A.
2011 Hundred years of genetic structure in a
sediment revived diatom population. Proc. Natl
Acad. Sci. USA 108, 4252 – 4257. (doi:10.1073/pnas.
1013528108)

31. Godhe A et al.et al. 2016 Physical barriers and
environmental gradients cause spatial and temporal
genetic differentiation of an extensive algal bloom.
J. Biogeogr. 43, 1130 – 1142. (doi:10.1111/jbi.
12722)
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