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Abstract

Eukaryotic microorganisms, or “protists,” while often inconspicuous, play fundamental roles in the Earth ecosystem,
ranging from primary production and nutrient cycling to interactions with human health and society. In the backdrop
of accelerating climate dysregulation, alongside anthropogenic disruption of natural ecosystems, understanding
changes to protist functional and ecological diversity is of critical importance. In this review, we outline why protists
matter to our understanding of the global ecosystem and challenges of predicting protist species resilience and fragil-
ity to climate change. Finally, we reflect on how protistology may adapt and evolve in a present and future character-

ized by rapid ecological change.
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Protists: hidden and fundamental contributors

to global ecology

The vast majority of earth’s biodiversity is microbial.
Single-celled organisms (bacteria, archaea, viruses, and
protists), while first visualized by humans in 1677 pre-
date us by billions of years [1, 2]. Protists, or eukaryotic
microorganisms, are found across all habitats [3], rang-
ing from the deep sea to the stratosphere [4, 5], and from
hypersaline geothermal springs to the polar ice-caps [6,
7]. Protists are taxonomically far more diverse than mul-
ticellular eukaryotes, belonging to multiple supra-king-
dom level groups that are distinct from animals, plants,
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and one another [8, 9]. Protists are furthermore function-
ally heterogeneous, comprising phototrophs and hetero-
trophs, aerobes and anaerobes [10, 11], single-celled and
colonial forms [12, 13], and free-living species and obli-
gate symbionts in mutualistic, commensal, and parasitic
interactions [14, 15]. These are underpinned by diverse
genomes, with individual lineages separated from one
another over one billion years of evolution with histories
punctuated by gene gains, losses, and endosymbiotic and
horizontal acquisitions [16-18]. Many remain anony-
mous, with some groups only starting to enter laboratory
study [19-21].

In all these habitats, protists perform essential ecosys-
tem functions. Photosynthetic protists, or “algae;,” which
possess chloroplasts, are responsible for nearly half of
all planetary primary production [2, 22] and form the
trophic basis of worldwide fish stocks [23, 24]. These
include essential symbionts of macrofauna, e.g., in coral
reefs [25, 26]. Many algae are mixotrophs, i.e., can per-
form both phototrophy and heterotrophy, and have
roles both in carbon fixation and predation [11]. Some
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phototrophs (diatoms, coccolithophores) are biominer-
alizers and contribute to the sedimentation and burial of
dissolved silicon and calcium respectively [27, 28]. Oth-
ers form symbiotic interactions with bacteria that per-
form nitrogen fixation or synthesize vitamin B;, from
dissolved cobalt [29, 30], and their photosynthetic activ-
ity thus supports the incorporation of these nutrients
into biological systems.

Heterotrophic protists play important roles in decom-
posing and recycling organic carbon and nitrogen. Ter-
restrial heterotrophs support global soil cycles [3, 31],
with some (e.g., plasmodiophorids) integral components
of the plant rhizosphere [32, 33]. By consuming and col-
lating nutrients from primary producers, aquatic het-
erotrophs contribute to the biological carbon pump,
removing organic matter from the surface and allow-
ing burial in sediment [11, 34]. The respiratory activity
of both photosynthetic and heterotrophic protists can
change the availability of limiting nutrients in terrestrial
and aquatic ecosystems, either by competitive uptake
and occlusion or by recycling reserves stored in prey [35,
36]. Protist metabolism can even directly impact on pre-
cipitation, e.g., the production of cloud-nucleating DMSP
(dimethyl-sulfonopropionate) by some dinoflagellates
[37, 38].

Protists have important and often under-realized
potentials in industry and agriculture. Algae may serve
as a chassis for biofuel, nutriceuticals, feedstock, fertilizer
and food production, and even green carbon capture
[39-41]. These applications are appealing given the lower
demands of algal bioreactors than traditional biofuel and
fodder crops for productive arable land [42]. Other pro-
tists may act as biomarkers of ecosystem health, exclud-
ing pathogens [43—-45].

Yet, other protists have harmful impacts on human
society. Protist-borne diseases include malaria, caused by
Plasmodium spp., and African sleeping sickness, caused
by Trypanosoma brucei [46, 47]. Some protist pathogens
(e.g., Naegleria fowleri, Balamuthia mandrillaris) remain
essentially untreatable with high mortality rates [48, 49].
Protist pathogens of animals (Babesia bovis, Babesiosis),
crops (Phytophthora infestans, late potato blight), and
trees (Phytophthora ramorum, sudden oak death) can
have equally grave impacts on food security and on for-
estries [50—52]. Harmful bloom-forming algae (HABs)
are severely detrimental to coastal aquaculture [53-56],
although they may otherwise be important to marine car-
bon fixation [11, 34].

Finally, even protists with limited industrial applica-
tions may provide important reserves of genetic infor-
mation for understanding cell metabolism [56, 57].
Careful study of protist diversity can change our view of

Page 2 of 16

the genetic composition, and synthetic potential, of life
[58]. Reflecting their multifaceted centrality to planetary
ecology, protists are implicated in over half the UN Sus-
tainable Development Goals [59] (Fig. 1).

The threats of the climate and ecological crisis

to all living systems

As a result of human activity, the Earth biosphere is mov-
ing irreversibly to a new state, termed the Anthropocene
[61, 62]. The anthropogenic release of CO,, enriched
from pre-industrial atmospheric levels of <280 to>420
parts per million in 2024, and other greenhouse gasses
(methane, nitrous oxide) has caused global heating [63,
64]. This is accelerating rapidly and will escalate as feed-
back loops and tipping points are initiated [65].

Anthropogenic heating is projected to have multiple
impacts on different ecosystems. In marine ecosystems,
heating increases thermal stratification, which severely
reduces the available nutrients in the surface layer [66],
and can even change the marine light field due to deepen-
ing of the euphotic zone [67]. Changes to marine cycling,
brought in part by melting of polar ice caps [68, 69], can
further alter the abundance and distribution of nutrients
in the ocean. The enrichment in atmospheric CO, drives
marine acidification, and negatively impacts on nutrient
availability [70].

In freshwater, warming may conversely drive eutroph-
ication, e.g., by augmenting local precipitation, and
increasing runoff of soil nutrients and mineralization of
groundwater [71, 72]. Changing rainfall directly affects
soil hydration and nutrient availability and indirectly
impacts on terrestrial nutrient cycling via changes in
vegetation [73, 74]. Pollution (e.g., nitrates, phosphates,
particulates, plastics) has dramatically changed nutrient
availability and toxicity, in particular in coastal, freshwa-
ter, and terrestrial ecosystems [75, 76].

The climate crisis sits at the center of a wider bio-
spheric crisis [77]. This relates to the erosion of wild hab-
itats (vegetation, aquatic and soil ecosystems) that have
fundamental roles in regulating the planetary ecosys-
tem. Biodiversity collapse, as an irreversible process with
unknown consequences, may itself pose a much greater
danger to the long-term survival of humanity (e.g., ena-
bling the emergence of novel infectious diseases) [78] and
have top-down impacts on the functions of individual
ecosystems [79]. Habitat turnover, and the anthropogenic
introduction of non-native species, has also changed the
distribution of harmful algal blooms and pathogenic pro-
tists, both of which have consequent impacts on ecosys-
tem composition and function [80-83].

As of 2023, six of the nine Stockholm Planetary Bound-
aries that constitute a safe operating space for humanity
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Fig. 1 Importance of protists to the global earth ecosystem. The inner wheel of this figure shows 8 UN Sustainable Development Goals (SDGs),
adapted freely from [59]. The outer wheel shows drawings of representative protists, adapted freely from [60], overlaid over SDGs to which they are
particularly relevant. For clarity, each protist is only shown once even if it is relevant to multiple SDGs, and the visual organization of the drawings
are independent of taxonomic affiliation, for which the reader is directed to [60]

have been surpassed [84, 85]. The impacts are felt glob-
ally but unequally; no region will be immune to systemic
risks as these continue to mount [86]. These changes and
instabilities naturally implicate protists- and the biolo-
gists that study them.

Bench-to-field approaches for understanding
protist biology

Protists include many appealing models for eukaryotic
cell biology (e.g., Paramecium, Tetrahymena, Dictyoste-
lium, Chlamydomonas, Phaeodactylum) [87-90]. These

species are characterized by easy cultivability and
amenity to laboratory manipulation, via comparative
physiological, transcriptomic, and metabolic profiling
[91-93]; analysis of adaptation through experimen-
tal evolution [94]; and reverse genetics in the growing
number of protists amenable to transformation [95].
To some extent, the ongoing isolation of cultivable
strains [20] and deposition of these in culture collec-
tions [7, 96] continue to close knowledge gaps in our
understanding of protist evolutionary diversity. Even
in the past decade, the description of new phylum- and
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kingdom-level protist clades (e.g., Rapphephyceae,
Provora, CRuMS) has substantially changed our view
of the eukaryotic tree of life [97-99]. Beyond classical
taxonomy by morphological description, this has been
enabled by the sequencing of an ever-greater range of
protist genomes, with multigene phylogenies largely
supplanting single-gene trees for reconstructing protist
taxonomy [8, 22, 100].

Nonetheless, bench studies provide limited insights
into the biology of uncultured protists (e.g., MASTSs,
MALVs, and MOCHSs), many of which are important
to global ecology [20, 101]. Bench studies likewise pro-
vide no information into protist responses to biotic and
abiotic changes in the wild [55]. Here, the use of meta-
genomic approaches (direct sequencing of environmental
samples) allows us to study protists within their natural
habitats at a correlative level. This includes the enumera-
tion of species abundances and distributions, using clas-
sical meta-barcoding (e.g., 18S, 16S rDNA), primer-free
approaches such as psbO meta-transcriptomics [19, 102],
or high-throughput imaging [15, 103]. The recent devel-
opment of single-cell genomics and genome-quality
assemblies from environmental data, i.e., metagenome-
assembled genomes (MAGs), continues to illuminate
protist orders not yet in culture [21, 104]. Meta-genomic,
meta-transcriptomic, and meta-metabolomic approaches
allow us to understand protist physiology in the wild,
and predict gene phenotypes that can be validated at a
laboratory level [26, 93, 105]. In all of these approaches,
measured physical and environmental conditions allow
us to reconstruct protist ecological niches and functions,
and to predict future species distributions [104, 106].

On longer time-scales, paleontological records (includ-
ing fossils, isoprenoid biomarkers, and ancient DNA)
[107, 108] and monitoring programs may provide infor-
mation into protist community changes across the Hol-
ocene or beyond [109-111]. These approaches can be
used in conjunction with more speculative techniques,
e.g., experimental evolution [94, 112], and biologically
grounded or theoretical mathematical modeling [109,
113], to predict protist evolutionary trajectories in an
uncertain future.

Known unknowns in protist adaptations

to changing climates

Climate change is causing disruptions to ecosystem com-
position, including protists. Evaluating these impacts
poses both conceptual and technical problems, reflect-
ing both the complexity of these changes and the rapid-
ity with which they are occurring. Typically, the growth
of microorganisms in culture typically follow an “Eppley
envelope,” i.e., with increasing exponential-phase growth
rates with temperature up to a critical mortality threshold
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[114, 115]. Beyond enhanced growth, however, the
impacts of heating on microbial physiology are complex.
For example, diatom algae show decreases in cell volume,
moderate increases in photosynthesis and large increases
in respiration [116-119], amidst remodeling of lipid and
nitrogen metabolism [120, 121] at elevated, sublethal
temperatures. Mixotrophic algae (e.g., chrysophytes)
increasingly rely on heterotrophy [91, 122], and miner-
alizing ones (e.g., haptophytes) demonstrate changes in
elemental stoichiometry [123, 124], under heating con-
ditions. CO, enrichment (including acidification) have
similarly complex impacts on protist physiology and are
likely to have neutral or detrimental impacts on primary
production [79, 112].

Both long-term monitoring and ecosystem modeling
of protists suggest poleward migrations in the Anthro-
pocene, with an expansion of tropical species to higher
latitudes, and increased biodiversity in polar regions [24,
104, 125, 126]. These changes are associated with redis-
tributions of primary production and nutrient cycling
[127, 128]. Time-series observations have noted that the
migratory speeds of protists are slower than the rate at
which planetary isotherms are moving [107, 129, 130],
i.e., average temperatures are changing too fast for pro-
tists to avoid, with heating likely to incur species loss.
Specific ecosystems are changing beyond bounds associ-
ated with recent earth history, e.g., the tropics, impacted
by more frequent extreme heatwaves and temperatures
that go beyond previously known maxima [131], and the
Arctic, impacted by the rapid loss of sea-ice, which may
both curtail summer productivity and allow the incur-
sion of novel algal blooms in the autumn [132-135].
Heating can also perturb the biotic structure of protist
ecosystems, disrupting trophic interactions [106, 136,
137]. Multicellular predators of protists may have more
restricted distributions [104, 130] and respond more
slowly to environmental changes than their prey [24,
110, 129]. Changes to these connections may cause cata-
strophic “top-down” ecological cascades on protist com-
munities [79, 138].

Nonetheless, the long-term consequences of global
heating for protists remain poorly understood. Below, we
outline work on algal temperature sensitivity from our
groups, considering lab (growth rate) and field (meta-
genomic distribution) evaluations. Figure 2 focuses on
taxonomically diverse algae indigenous to the Arctic
Ocean [8], and Fig. 3 focuses on geographically diverse
strains of haptophyte algae [22, 139]. We do not pre-
tend that these data, which relate primarily to free-living
marine phototrophs, provide an exhaustive overview of
the future distributions of protists from other functional
groups and habitats. Instead, we use them to illustrate
the limitations of culture-based or ecosystem analyses in
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Fig. 2 Temperature optima of phylogenetically distant Arctic algae from experimental and field data. The strains in this figure are derived

from the NCMA and RCC culture collections [96, 140], alongside new ones (RCC7840-7856) isolated from seawater collected during the 2021
Amundsen Darkedge expedition. Top: heatmap of measured exponential growth rates, over seven temperatures (from 0 °C to 32 °C) under 35%o
salinity, and three additional salinities (from 14%o to 3.5%o) at 4 °C. Species are shaded by taxonomic affiliation. Double-lined boxes show strains
that show >99% 18S rRNA sequence identity to one another and can be considered as species. Bottom: plot of Tara Oceans 18S v4 ribotype relative
abundances of the most abundant diatom (Chaetoceros sp. RCC7850) and flagellate (Pyramimonas sp. RCC7841) shown relative to station latitude

understand protist responses to climate change.

What can fieldwork tell us that laboratory experiments
cannot?

Laboratory experiments, despite allowing precise under-
standing of individual physiological responses, may not
be able to recreate the nuances of natural ecosystems.
Micro-organisms cultured at the bench often show
growth temperature optima several degrees above those
of their native habitats [54, 141]. The Arctic algae in Fig. 2

are restricted within environmental data to polar (Arc-
tic and Southern Ocean) sites with temperatures below
5 °C, despite some diatoms demonstrating growth at 12
°C (e.g., Attheya sp. RCC7856) or even 19 °C (Chaetoc-
eros sp. RCC7850) in laboratory culture. This discrepancy
may relate to a thermal safety margin that buffers their
sensitivity to heating in the wild [142, 143]. Alternatively,
the highly non-naturalistic light regimes, nutrients (i.e.,
eutrophication in standard growth media), and popu-
lation bottlenecks (regular dilution of cultures) of the
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Fig. 3 Temperature optima of and collection sites of phylogenetically close but geographically distant haptophytes. This figure shows (top)
measured growth rates and (bottom) collection sites of 15 haptophyte strains from the genera Paviova and Imantonia/ Pseudohaptolina, shown

as per Fig. 2. Tara Oceans distributions for all strains are provided in Table S1

laboratory may change protist physiology, such that we
overestimate their tolerance of temperature stress [101].
Protist distributions in the wild are constrained by
multiple factors, including temperature, nutrients, light,
and rainfall [23, 73-75, 144]. For example, heating of the
Arctic changes not only seawater temperature but also
salinity, via increased precipitation and sea-ice loss [132,
133]. Within Figs. 2 and 3, Arctic chrysophytes and chlo-
rophytes (e.g., Ochromonas sp. RCC7855, Pyramimonas
sp. RCC7841) are viable only at low temperatures (<4
°C) but are tolerant of salinities as low as 3—4%o. These
species show overlapping field distributions with more
thermotolerant diatoms and may outcompete them in
meltwater-impacted conditions despite being more sen-
sitive to heating. Moreover, bench studies in axenic or
single-strain cultures provide limited insights into protist
biotic interactions [106] with viruses [134], parasites, and

predators [75, 79]. By “scaling up” bench experiments to
ecosystems, field data allow us to consider the impacts of
these biotic and abiotic changes collectively [79, 145].

What can laboratory experiments tell us that fieldwork
cannot?

While meta-barcoding can provide insights into global
species ranges, it provides less insight into population
variation in thermal tolerance [22, 139]. For example,
the six Imantonia strains in Fig. 3 have identical 18S
rDNA meta-barcodes but show distinct temperature
growth relationships over a range of 0 to 24 °C. Strain-
specific genetic differences (horizontal gene transfers,
gene duplications and loss, chromosome rearrange-
ments, individual point mutations) that underpin such
trait variations are detectable in pan-genomes of cul-
tured protists [8, 100, 146, 147]. While single-celled
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and meta-genome-assembled genomes may allow us
to understand the population genomics of wild protists
[148, 149], these are currently only achievable for abun-
dant species.

Reconstructing species distributions from environmen-
tal data principally allows us to explore physical param-
eters currently observed in the field. For example, the
maximum temperature of the subtropical ocean is cur-
rently around 29-32 °C [150, 151], and it is still largely
unknown what protists will survive in hotter condi-
tions [54, 104, 152]. Some of the Paviova strains in Fig. 3
(e.g., RCC2550, RCC6257) show tolerance in culture up
to 32 °C, and we may be able to explore their biology
beyond environmental maxima at the bench. Simulat-
ing extreme heating in the field is possible, e.g., in meso-
cosms, although to our knowledge, it has principally been
applied to soil protists [25, 74, 144, 153]. Similarly, under-
standing protist trophic fluxes in the field, e.g., via sta-
ble isotope labeling [92, 154] is possible but depends on
physiological priors established within cultured species.

Which protists need the most future study?

While some protists and protist ecosystems are well
represented in culture collections and meta-genomics
datasets, others are not [155, 156]. Knowledge gaps in
our understanding of protist diversity limit our ability to
conserve them; to our knowledge, no comprehensive “red
list” of endangered protists yet exists [157, 158]. Protists
may be understudied due to low cultivability (e.g., open
ocean algae) [45, 159], inaccessibility of the ecosystems
they inhabit (e.g., polar and mountain glacier ice) [160,
161], or both (e.g., the aerosphere, deep-sea hydrother-
mal vents and the abyssal plain), limiting their study to
meta-genomics [5, 162, 163]. The rare protist biosphere,
encompassing new groups present at low levels in envi-
ronmental data, may conversely be best studied in-lab
via enrichment-based techniques [20, 164]. These rare
species may be sensitive to ecosystem disruption or play
increasingly important roles due to changes in dominant
overlying taxa [165, 166].

In general, protists that live as commensals of other
organisms remain globally understudied [79, 106, 156].
These may form cryptic reserves of biodiversity, with
conservative estimates of termite protist symbionts sug-
gesting no more than a tenth are known to science [14].
Protists that live in other animal guts are even less well
studied and may be particularly vulnerable to co-extinc-
tion alongside their hosts [44, 167]. Some endosymbiotic
protists are also pathogens of humans (e.g., Plasmodium
as a mosquito endosymbiont) [168, 169], and the destruc-
tion of wild habitats may cause more frequent con-
tact between their vectors and humans [170, 171], with
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disproportionate impacts on marginalized peoples [172,
173].

Alongside describing where protists are found in the
wild, more information is generally needed on when
protists are abundant in their habitats. Time-series and
long-term observation studies, ranging from classi-
cal morphology [55, 109] to meta-genomic and remote
sensing [174, 175], have described recent changes to the
amplitude and timing of protist abundances over annual
cycles. These changes relate not only to abiotic factors
and predator and vector distributions [176] but also to
protist life-cycles, e.g., resting stages induced by extreme
heating [177, 178] or implicated in the dispersal of inva-
sive protist species into new habitats [179, 180]. With suf-
ficient input data, we may be able to train detailed global
systems models that can integrate protist life-cycles and
seasonality into future distributions [24, 55, 67, 126].

More information is also needed concerning pro-
tist acclimation and adaptation to heating over longer
time-scales [181]. Here, protists may be valuable mod-
els for experimental evolution, for themselves and for
macro-eukaryotes, given their small cell sizes, rapid
generation times, and large populations at laboratory
scales [112, 182-184]. Nonetheless, it is difficult to gen-
eralize evolutionary trajectories anticipated from bench
experiments to wild communities, with mutation rates
varying between species and physiological conditions
[185]; genome content and physiology varying at popu-
lation scales [186, 187]; and adaptive responses to tem-
perature dependent on the magnitude, direction, and
fluctuation of stresses [188]. Long-term observation data
[189, 190], alongside theoretical [113, 191] and phylody-
namic modeling of speciation and extinction [19, 107],
may allow us to translate experimental evolution into
real-world biology.

Finally, we note the importance of continued research
into applied protist biology, including the development
of green technologies from model photosynthetic spe-
cies [39, 40], and therapeutic strategies for parasitic pro-
tists emerging as a result of global heating and ecosystem
breakdown [48, 49]. These challenges nonetheless require
a comprehensive understanding of protist biology and
evolution. For example, new treatments of protist para-
sites may depend on cell organelles (e.g., the apicoplast
of Plasmodium [192]) or organelle trafficking complexes
[193] identified in these organisms, but missing from
humans.

“No research on a dead planet”: protistology

in the era of climate breakdown

Protistology research remains valuable in a rapidly
changing world, providing insights into the diversity of
life and opportunities to confront global challenges [40,
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57, 155]. At the same time, for our research to continue
and its potential to be realized, we are dependent on the
functioning of socio-ecological systems that are exis-
tentially threatened by the climate and ecological crisis.
This is an uncomfortable truth and one that the scientific
research community has been slow to confront [194].
Many of us are, consciously or unconsciously, navigating
a paradox of pursuing a life science career in an escalat-
ing biospheric emergency that may not be compatible
with organized human society [195, 196]. The tensions
inherent in performing research in the era of climate col-
lapse, at the expense of recognizing and taking action
to address these threats, may feel particularly acute for
younger researchers [197, 198].

Questions and considerations for sustainable protistology

research

Having reflected on what protistology questions are in
most pressing need of further research, we invite you
to consider how research science activities, cultures,
and communities can—and must—evolve in the light of

From Science... to Society
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the climate and ecological crisis (Fig. 4). These consid-
erations are not unique to protistology but will shape
how our research is performed in the future, reflect-
ing that life science research practices are often gener-
ally resource- and carbon-intensive [199]. Some of their
negative impacts can be—albeit only partially—mitigated
through shifts such as reducing consumption of single-
use plastics or replacement with glassware [200, 201];
minimizing energy-intensive bioinformatics via software
upgrades and new programs with lower computational
requirements [202, 203]; and repairing, sharing, reusing,
and recycling laboratory equipment [203, 204]. There are
multiple open-access tools and organizations that can
support the evaluation of research carbon footprints and
development of management plans (e.g., GES 1lpoint5,
PyJoules) [205, 206].

More systemic changes are required to avoid or mini-
mize harm associated with research activities and to
enable genuinely sustainable alternatives. Typically,
the largest contributor to the researcher carbon foot-
print, usually outstripping that of heating and cooling

-

How can the role of protist research & researchers evolve to address the challenges of the Anthropocene?

What we research

Key focus areas might include:

Scoping & modeling ecosystem risks to
better anticipate impacts on and of protist
species in a warming world.

Conservation & ecosystem restoration:
How can we protect diverse protist
species, and can they help us restore and .
remediate environments?

Understanding emergence and spread of .
infectious diseases caused by parasitic
protozoa, informing prevention and

treatment. .

storage etc.

Biotechnology: Can protist biology inspire
or form part of genuinely sustainable
alternatives e.g. in foods, fuels or CO2
removal?

How can protistology research skills also
be applied beyond this field to contribute
to positive system transformations?

How we research

Open, collaborative & intentional practices,
sharing knowledge and data, valuing impacts
beyond traditional metrics.

Target negative climate and biodiversity
footprint of research activities e.g.

Mitigate avoidable impacts of lab work
through energy efficiency, phase out of
single-use labware, equipment sharing etc.
Conscious computing, paying attention to
device maintenance, coding efficiency, data

Beyond research

Learn and connect with the crises
affecting life, possible interventions, and
our roles as scientists and citizens.

Communicate scientific insights via
academic teaching roles, workshops,
articles, public engagement etc.

Challenge and influence institutions
and decision-makers such as
universities, learned societies, politicians
&industry leaders

Rationalise and decarbonize travel, using
online participation to widen meetings access.
Increase collaboration with local researchers
and community members for fieldwork.

Support campaigns & social
movements as visible advocates and/ or
participants, or ‘behind the scenes’ e.g.
with research, advice & fact-checking

Take a critical approach to partnerships and
funding relationships with bodies whose
activities do not align with action on the climate
& ecological emergency. See, for example, the
fossil-free research movement.

Cultivate supportive networks and
spaces, acting with care for one another
as we face difficult realities and create
positive alternatives together.

Fig. 4 Roles and actions for the protistologists of the Anthropocene. Different actions that the protistology community might consider taking,
within and beyond our research. These are divided into what we study, how this research is performed, and actions we can take beyond scientific

research to advocate for planetary ecology
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laboratories, is air travel [207, 208]. Alongside rational-
izing how often, how far, and which researchers travel,
we can facilitate and incentivize the use of less-pollut-
ing modes of transport and move to hybrid and online
conference formats [209, 210]. Access to networking or
learning opportunities that require international travel
is inherently unequal with respect to intersecting demo-
graphic and personal factors including wealth, national-
ity, health, safety, and caring responsibilities, with the
expectation that scientists from high-income econo-
mies can and should travel for research, and researchers
from elsewhere must travel to train (i.e., “parachute sci-
ence”), both socially and environmentally unsustainable
[211-213]. Environmentally conscious fieldwork necessi-
tates greater involvement of, and exchange of knowledge
with, Indigenous communities that are stakeholders in
the ecosystems concerned [214-216]. Similarly, support-
ing ambitious protistology projects (e.g., pan-genomes
[217, 218]) led by researchers in under-resourced settings
complements and reinforces progress towards equitable
and anti-colonial research science.

Ultimately, designing sustainable research involves
careful evaluation of the balance between its ecological
“footprint” and its contribution to our ability to under-
stand, communicate, and educate for change [219]. If our
work considers protist evolutionary diversity or environ-
mental trends, can it be useful in mitigating harm, con-
serving, or restoring ecosystems [157, 159]? If our work
deals in innovative bio-based “solutions,” can we ensure
their promise is not used to delay necessary actions (such
as decarbonization) or support an unsustainable status
quo [220]? Does our research engage democratically with
the public and global research community [221-223] in a
way that will be listened to and acted upon [224]? What-
ever the focus of our research, are we content that the
pursuit of that knowledge justifies the—often substantial
[225-227]—environmental cost?

Advocating for protists beyond research

As protistologists, we advocate for often-overlooked
organisms which are diverse, essential, and influential
[9, 155]. Amidst growing calls for academic practice to
engage with the biospheric emergency [219, 228, 229],
that role now requires co-creating conditions where the
study of life will remain possible (Fig. 4). Through our
teaching and mentoring roles [221, 230], we have oppor-
tunity—and arguably responsibility—to discuss climate
and ecosystem breakdown and challenge the prioriti-
zation of traditional metrics of “success” (publications,
awards) over impactful, collaborative work [219, 231].
Moreover, the skills of researchers have broad transfer-
ability and actionability beyond science [224]. Scientists
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can play valuable supportive and public roles in political
and social movements, from providing advice to partici-
pating in non-violent civil disobedience [228, 232, 233].

We know that intersecting crises—caused by people—
are changing the global biosphere, with much greater dis-
ruption ahead. In parallel, scientists, like the life we study,
must adapt, confronting uncomfortable realities, shift-
ing mindsets, and showing leadership in realigning our
actions. We hope that our communities will empower
one another to respond to the demands of the Anthropo-
cene, for people, planet, protists, and protistology.

Methods

Cultures

Haptophyte and Arctic strains shown in Figs. 2 and 3
were maintained in an enhanced seawater (ES) base with
k/2 amendment (https://roscoff-culture-collection.org/
medium-id/k2-i), under 50 pE m~2 s7! cool white LED
light, following [93].

Novel species included in this study (Arctic strains
RCC7840-7856) were isolated from seawater harvested
from the surface chlorophyll maximum (SCM) of the
CCGS Amundsen during the October 2021 DarkEdge
campaign in Baffin Bay [234]. Species were isolated by
serial dilution until only individual strains could be iden-
tified by light microscopy. New strains were barcoded
using consensus eukaryotic primers (see below), and only
strains producing clean sequences corresponding to one
unique species were used for future study. All strains
included in this study have been deposited in the Roscoff
Culture Collection [96].

Tara Oceans distributions

The 18S V4 rDNA relative abundances of each strain was
mapped to complete meta-barcode data from the Tara
Oceans and Tara Polar Circle expeditions using a pre-
viously defined phylogenetic technique [8]. Briefly, this
involved extracting genomic DNA from each strain using
a DNeasy Plant Pro Kit (Qiagen), amplifying the com-
plete 18S sequences from extracted DNA of each strain
using consensus eukaryotic primers (e.g., EAF3: TCGAC
AATCT GGTTG ATCCT GCCAG and BR: TTGAT
CCTTC TGCAG GTTCA CCTAC) using a previously
defined protocol [235], purification with a Macherey—
Nagel PCR cleanup kit, and Sanger sequencing of ampli-
fied products (Eurofins Genomics).

The amplified sequences were compiled against previ-
ously generated sets of 18S nucleotide sequences from
cultivated members of the same algal order [8]. Next,
complete Tara Oceans V4 ribotypes that corresponded
to the same order were searched against the cultured spe-
cies reference dataset using BLASTn [236]. Ribotypes
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that retrieved a given strain within the best five hits were
retained and aligned against the cultured strain refer-
ence data using mafft v 7.2 under the —auto setting [237].
Cultured strains with>99% identity to one another and
their corresponding ribotypes were pooled for this analy-
sis. Finally, reference trees were built for each ribotype-
enriched alignment using RAxXxML version 8.0, 350
bootstrap replicates and automated best-scoring tree
finding [238]. Ribotypes that resolved as monophyletic
to given strains to the exclusion of all others (typically
with >97% pairwise sequence identity) were assigned to
that strain.

Species relative abundances were calculated as the
total proportion of ribotypes at each Tara Oceans sta-
tion that reconciled to each strain, with each depth and
size fraction treated as separate data. Barcode sequences,
alignments, phylogenetic trees, and complete ribotype
relative abundances as well as averages obtained across
all depths and size fractions for each station are provided
in Table S1.

Growth measurements

Exponential phase growth rates (expressed as relative
number of doublings per day) were measured for each
strain across 7 different growth temperatures (0 °C, 4 °C,
12 °C, 19 °C, 24 °C, 28 °C, 32 °C). Growth measurements
were performed at 0 °C and 4 °C under continuous illu-
mination and at 19 °C, 24 °C, 28 °C, and 32 °C under 12 h
light:12 h dark cycling. Growth measurements for strains
at 12 °C were performed under both continuous illumina-
tion (Arctic species) or light—dark cycling (haptophytes),
with little observed difference in growth kinetics for spe-
cies (e.g., Paviova sp. RCC1539, Imantonia sp. RCC4501)
where both conditions were tested (Table S1).

Typically, growth curves were started with an ini-
tial density of 10,000 cells ml™L, as diluted from optical
density counts evaluated using a Malassez hemocytom-
eter, and counted with a ParTec flow cytometer, follow-
ing [93]. At least two replicates were performed for each
strain: condition combination with three in most cases.
Cell growth rates were calculated by taking the rate of
change in the log, cell concentrations from densities of
50,000 cells ml~! with a minimum of three successive
time measurements used for each rate calculation. The
linear correlation of the log, concentration was calcu-
lated against time, with only time intervals producing
correlation values 7>0.9 used to calculate growth rates.
Complete growth data including individual rate calcu-
lations for each experiment replicate are provided in
Table S1.
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Accession numbers

18S and 16S chloroplast rDNA sequences for new
strains described in this study are provided in GenBank
OR840005-OR840020.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-024-02077-8.

Additional file: Table S1. Calculated growth rates and mapped environ-
mental distributions of cultivated Arctic and haptophyte algae.

Acknowledgements

The authors thank Martine Boccara and Alice Bossard (Ecole Normale Supé-
rieure), Quentin Caris and llona Dupuis (Lycée de la Vallée de Chevreuse),
Pierre der-Gazerian (Université Aix-Marseille), Victoria Powell (Lycée Pierre
Gilles de Gennes- ENCPB), and Ema Siomeo (Université Paris-Saclay) for aid
with the calculation of growth and environmental data shown in Figs. 2 and 3.
The authors further thank Marcel Babin, Marie-Hélene Forget, Connie Lovejoy,
the biology sampling team, and crew of the CCGS Amundsen during the 2021
DarkEdge cruise for aid in obtaining the new and previously collected strains
shown in Figs. 2 and 3. AJP thanks all those whose insights and leadership on
the role and responsibilities of scientists in the age of climate collapse have
significantly influenced this writing. These include Aaron Thierry, Charlie Gard-
ner, Stuart Capstick, and Lucy Hogarth. The authors thank Mary Dorrell, Gillian
Gile, Gaurav Kumar, Kiran More, and Mathias Penot-Raquin, alongside four
anonymous reviewers, for valuable comments and suggestions that improved
this manuscript.

Authors’ contributions

AJP and RGD co-wrote the review. RGD provided Figs. 1, 2, and 3, and AJP
provided Fig. 4. Both co-authors read, critically modified, and approved the
final version of the manuscript prior to submission.

Funding
RGD acknowledges funding from an ERC Starting Grant (“ChloroMosaic,
101039760, awarded 2023-2027).

Data availability
Growth curve data, 185 and 16S plastid rDNA sequences, and mapped 18S v4
ribotypes are provided in Table S1.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 28 January 2024 Accepted: 22 November 2024
Published online: 02 December 2024

References

1. Lane N.The unseen world: reflections on Leeuwenhoek (1677)
“concerning little animals.” Philos Trans R Soc Lond B Biol Sci.
2015;370(1666). https://doi.org/10.1098/rstb.2014.0344.

2. Margulis L, Dolan M. Early life: evolution on the Precambrian Earth.
Burlington, Massachusetts, USA: Jones & Bartlett Learning; 1982. p.
196.

3. Singer D, Seppey CVW, Lentendu G, Dunthorn M, Bass D, Belbahri L,
et al. Protist taxonomic and functional diversity in soil, freshwater and
marine ecosystems. Environ Int. 2021;146:106262.

4. Sauvadet AL, Gobet A, Guillou L. Comparative analysis between pro-
tist communities from the deep-sea pelagic ecosystem and specific
deep hydrothermal habitats. Environ Microbiol. 2010;12(11):2946-64.


https://doi.org/10.1186/s12915-024-02077-8
https://doi.org/10.1186/s12915-024-02077-8
https://doi.org/10.1098/rstb.2014.0344

Perrin and Dorrell BMIC Biology

20.

21

22.

23.

24.

25.

26.

27.

(2024) 22:279

Amato P, Joly M, Besaury L, Oudart A, Taib N, Moné Al, et al. Active
microorganisms thrive among extremely diverse communities in
cloud water. PLoS One. 2017;12(8):e0182869.

Belilla J, Moreira D, Jardillier L, Reboul G, Benzerara K, Lépez-Garcia
JM, et al. Hyperdiverse archaea near life limits at the polyextreme
geothermal Dallol area. Nat Ecol Evol. 2019;3(11):1552-61.

Gérikas Ribeiro C, dos Santos AL, Gourvil P, Le Gall F, Marie D, Tragin
M, et al. Culturable diversity of Arctic phytoplankton during pack ice
melting. Elementa. 2020;8(1):6.

Dorrell RG, Kuo A, Fussy Z, Richardson EH, Salamov A, Zarevski N,

et al. Convergent evolution and horizontal gene transfer in Arctic
Ocean microalgae. Life Sci Alliance. 2023;6(3). https://doi.org/10.
26508/15a.202201833.

O'Malley MA, Simpson AGB, Roger AJ. The other eukaryotes in light of
evolutionary protistology. Biol Philos. 2013;28(2):299-330.

Bock NA, Charvet S, Burns J, Gyaltshen Y, Rozenberg A, Duhamel S,
et al. Experimental identification and in silico prediction of bacte-
rivory in green algae. ISME J. 2021;15(7):1987-2000.

Mitra A, Flynn KJ, Burkholder JM, Berge T, Calbet A, Raven JA, et al. The
role of mixotrophic protists in the biological carbon pump. Biogeo-
sciences. 2014;11(4):995-1005.

Gawryluk RMR, Stairs CW. Diversity of electron transport

chains in anaerobic protists. Biochim Biophys Acta Bioenerg.
2021;1862(1):148334.

Brown MW, Kolisko M, Silberman JD, Roger AJ. Aggregative multicel-
lularity evolved independently in the eukaryotic supergroup Rhizaria.
Curr Biol. 2012;22(12):1123-7.

Gile GH. Protist symbionts of termites: diversity, distribution, and
coevolution. Biol Rev Camb Philos Soc. 2023. https://doi.org/10.1111/
brv.13038.

Vincent FJ, Colin S, Romac S, Scalco E, Bittner L, Garcia Y, et al. The
epibiotic life of the cosmopolitan diatom Fragilariopsis doliolus on
heterotrophic ciliates in the open ocean. ISME J. 2018;12(4):1094-108.
Ku C, Nelson-Sathi S, Roettger M, Sousa FL, Lockhart PJ, Bryant D, et al.
Endosymbiotic origin and differential loss of eukaryotic genes. Nature.
2015;524(7566):427-32.

Leger MM, Eme L, Stairs CW, Roger AJ. Demystifying eukaryote lateral
gene transfer (response to Martin 2017. Bioessays. 2018;40(5):e1700242.
https://doi.org/10.1002/bies.201700115.

Sibbald SJ, Eme L, Archibald JM, Roger AJ. Lateral gene transfer
mechanisms and pan-genomes in eukaryotes. Trends Parasitol.
2020;36(11):927-41.

Burki F, Sandin MM, Jamy M. Diversity and ecology of protists revealed
by metabarcoding. Curr Biol. 2021;31(19):R1267-80.

Del Campo J, Carlos-Oliveira M, Cepi¢ka |, Hehenberger E, Hordk A,
Karnkowska A, et al. The protist cultural renaissance. Trends Microbiol.
2023. https://doi.org/10.1016/j.tim.2023.11.010.

Delmont TO, Gaia M, Hinsinger DD, Frémont P, Vanni C, Fernandez-
Guerra A, et al. Functional repertoire convergence of distantly related
eukaryotic plankton lineages abundant in the sunlit ocean. Cell Genom.
2022;2(5):100123.

Penot M, Dacks JB, Read B, Dorrell RG. Genomic and meta-genomic
insights into the functions, diversity and global distribution of hapto-
phyte algae. Appli Phycology. 2022;3(1):340-59.

Siswanto E, Horii T, Iskandar I, Gaol JL, Setiawan RY, Susanto RD. Impacts
of climate changes on the phytoplankton biomass of the Indonesian
Maritime Continent. J Mar Syst. 2020,212(103451):103451.

Asch RG, Stock CA, Sarmiento JL. Climate change impacts on mis-
matches between phytoplankton blooms and fish spawning phenol-
ogy. Glob Chang Biol. 2019,25(8):2544-59.

D'Angelo C, Hume BCC, Burt J, Smith EG, Achterberg EP, Wieden-
mann J. Local adaptation constrains the distribution potential of
heat-tolerant Symbiodinium from the Persian/Arabian Gulf. ISME J.
2015;9(12):2551-60.

Reddy MM, Goossens C, Zhou Y, Chaib S, Raviglione D, Nicole F, et al.
Multi-omics determination of metabolome diversity in natural coral
populations in the Pacific Ocean. Commun Earth Environ. 2023;4(1).
Available from: https://www.nature.com/articles/s43247-023-00942-y.
Marsh ME. Regulation of CaCO(3) formation in coccolithophores. Comp
Biochem Physiol B Biochem Mol Biol. 2003;136(4):743-54.

28.

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 11 of 16

Yool A, Tyrrell T. Role of diatoms in regulating the ocean’s silicon cycle.
Global Biogeochem Cycles. 2003. Available from: https://agupubs.onlin
elibrary.wiley.com/doi/abs/10.1029/2002GB002018.

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. Algae
acquire vitamin B12 through a symbiotic relationship with bacteria.
Nature. 2005;438(7064):90-3.

Coale TH, Loconte V, Turk-Kubo KA, Vanslembrouck B, Mak WKE,
Cheung S, et al. Nitrogen-fixing organelle in a marine alga. Science.
2024,384(6692):217-22.

Geisen S, Hu S, Dela Cruz TEE, Veen GFC. Protists as catalyzers of
microbial litter breakdown and carbon cycling at different temperature
regimes. ISME J. 2021;15(2):618-21.

Gao Z, Karlsson |, Geisen S, Kowalchuk G, Jousset A. Protists: pup-

pet masters of the rhizosphere microbiome. Trends Plant Sci.
2019;24(2):165-76.

Bass D, van der Gast C, Thomson S, Neuhauser S, Hilton S, Bending GD.
Plant rhizosphere selection of plasmodiophorid lineages from bulk soil:
the importance of “hidden” diversity. Front Microbiol. 2018;9:168.

Guidi L, Chaffron S, Bittner L, Eveillard D, Larhlimi A, Roux S, et al. Plank-
ton networks driving carbon export in the oligotrophic ocean. Nature.
2016;532(7600):465-70.

Barbeau K, Kujawinski EB, Moffett JW. Remineralization and recycling of
iron, thorium and organic carbon by heterotrophic marine protists in
culture. Aquat Microb Ecol. 2001;24:69-81.

Lampe RH, Mann EL, Cohen NR, Till CP, Thamatrakoln K, Brzezinski MA,
et al. Different iron storage strategies among bloom-forming diatoms.
Proc Natl Acad SciU S A. 2018;115(52):E12275-84.

Woodhouse MT, Mann GW, Carslaw KS, Boucher O. Sensitivity of cloud
condensation nuclei to regional changes in dimethyl-sulphide emis-
sions. Atmos Chem Phys. 2013;13(5):2723-33.

Zhuang G, Yang G, Yu J, Gao Y. Production of DMS and DMSP in differ-
ent physiological stages and salinity conditions in two marine algae.
Chin J Oceanol Limnol. 2011;29(2):369-77.

Diaz CJ, Douglas KJ, Kang K, Kolarik AL, Malinovski R, Torres-Tiji Y,

et al. Developing algae as a sustainable food source. Front Nutr.
2022;9:1029841.

Pires JCM. COP21: the algae opportunity? Renewable Sustainable
Energy Rev. 2017;79:867-77.

PaulV, Chandra Shekharaiah PS, Kushwaha S, Sapre A, Dasgupta

S, Sanyal D. Role of algae in CO2 sequestration addressing climate
change: a review. In: Renewable energy and climate change. Singapore:
Springer Singapore; 2020. p. 257-65. (Smart innovation, systems and
technologies).

Chowdhury R, Caetano N, Franchetti MJ, Hariprasad K. Life cycle based
GHG emissions from algae based bioenergy with a special emphasis
on climate change indicators and their uses in dynamic LCA: a review.
Sustain Sci Pract Policy. 2023;15(3):1767.

Xiong W, Song Y, Yang K, Gu Y, Wei Z, Kowalchuk GA, et al. Rhizosphere
protists are key determinants of plant health. Microbiome. 2020;8(1):27.
Perez-Lamarque B, Sommeria-Klein G, Duret L, Morlon H. Phylogenetic
comparative approach reveals evolutionary conservatism, ancestral
composition, and integration of vertebrate gut microbiota. Mol Biol
Evol. 2023;40(7). https://doi.org/10.1093/molbev/msad144.
Chandarana KA, Amaresan N. Soil protists: an untapped microbial
resource of agriculture and environmental importance. Pedosphere.
2022,32(1):184-97.

Maier AG, Matuschewski K, Zhang M, Rug M. Plasmodium falciparum.
Trends Parasitol. 2019;35(6):481-2.

Malvy D, Chappuis F. Sleeping sickness. Clin Microbiol Infect.
2011;17(7):986-95.

Pifero JE, Chavez-Mungufa B, Omana-Molina M, Lorenzo-Morales J.
Naegleria fowleri. Trends Parasitol. 2019;35(10):848-9.

Parija SC, Dinoop K, Venugopal H. Management of granulomatous
amebic encephalitis: laboratory diagnosis and treatment. Trop Parasitol.
2015;5(1):23-8.

Abdela N, Ibrahim N, Begna F. Prevalence, risk factors and vectors iden-
tification of bovine anaplasmosis and babesiosis in and around Jimma
town, Southwestern Ethiopia. Acta Trop. 2018;177:9-18.

Rizzo DM, Garbelotto M, Hansen EM. Phytophthora ramorum: integra-
tive research and management of an emerging pathogen in California
and Oregon forests. Annu Rev Phytopathol. 2005;43:309-35.


https://doi.org/10.26508/lsa.202201833
https://doi.org/10.26508/lsa.202201833
https://doi.org/10.1111/brv.13038
https://doi.org/10.1111/brv.13038
https://doi.org/10.1002/bies.201700115
https://doi.org/10.1016/j.tim.2023.11.010
https://www.nature.com/articles/s43247-023-00942-y
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2002GB002018
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2002GB002018
https://doi.org/10.1093/molbev/msad144

Perrin and Dorrell BMIC Biology

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.

63.

64.
65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

(2024) 22:279

Yoshida K, Schuenemann VJ, Cano LM, Pais M, Mishra B, Sharma R, et al.
The rise and fall of the Phytophthora infestans lineage that triggered
the Irish potato famine. Elife. 2013;28(2):e00731.

Moore SK, Trainer VL, Mantua NJ, Parker MS, Laws EA, Backer LC, et al.
Impacts of climate variability and future climate change on harmful
algal blooms and human health. Environ Health. 2008;7 Suppl 2(Suppl
2):54.

Brandenburg KM, Velthuis M, Van de Waal DB. Meta-analysis

reveals enhanced growth of marine harmful algae from temper-

ate regions with warming and elevated CO levels. Glob Chang Biol.
2019,25(8):2607-18.

Wells ML, Trainer VL, Smayda TJ, Karlson BSO, Trick CG, Kudela RM, et al.
Harmful algal blooms and climate change: learning from the past and
present to forecast the future. Harmful Algae. 2015;49:68-93.

O'Neill EC, Saalbach G, Field RA. Gene discovery for synthetic biology:
exploring the novel natural product biosynthetic capacity of eukaryotic
microalgae. Methods Enzymol. 2016;576:99-120.

Dacks JB, Ginger ML. Two decades taken at speed: genomics, cell biol-
ogy, ecology, and evolution of protists. BMC Biol. 2023;21(1):283.
Vicedomini R, Blachon C, Oteri F, Carbone A. MyCLADE: a multi-source
domain annotation server for sequence functional exploration. Nucleic
Acids Res. 2021,49(W1):W452-8.

Nhamo G, Togo M, Dube K. Sustainable development goals for society
vol. 1: selected topics of global relevance. Sustainable Development
Goals Series. London: Springer Nature; 2021. p. 301.

Keeling PJ, Eglit Y. Openly available illustrations as tools to describe
eukaryotic microbial diversity. PLoS Biol. 2023;21(11):e3002395.
Ruddiman WF. The anthropocene. Annu Rev Earth Planet Sci.
2013;41(1):45-68.

Beau R, Larrere C. Penser 'Anthropocéne. Paris: Presses de Sciences Po;
2018. p. 905.

Intergovernmental Panel on Climate Change, Intergovernmental Panel
on Climate Change. Working Group I. Climate change 2007 - the physi-
cal science basis: working group | contribution to the fourth assess-
ment report of the IPCC. Cambridge University Press; 2007. p. 48.
Website. Available from: https://www.climate.gov/news-features/under
standing-climate/climate-change-atmospheric-carbon-dioxide.
Lenton TM. Environmental tipping points. Annu Rev Environ Resour.
2013;38(1):1-29.

Agusti S, Lubidn LM, Moreno-Ostos E, Estrada M, Duarte CM. Projected
changes in photosynthetic picoplankton in a warmer subtropical
ocean. Front Mar Sci. 2019;5. Available from: https://www.frontiersin.
org/article/10.3389/fmars.2018.00506/full.

Seifert M, Nissen C, Rost B, Vogt M, Volker C, Hauck J. Interaction mat-
ters: bottom-up driver interdependencies alter the projected response
of phytoplankton communities to climate change. Glob Chang Biol.
2023;29(15):4234-58.

Duprat LPAM, Bigg GR, Wilton DJ. Enhanced Southern Ocean marine
productivity due to fertilization by giant icebergs. Nat Geosci.
2016,9(3):219-21.

Ardyna M, Arrigo KR. Phytoplankton dynamics in a changing Arctic
Ocean. Nat Clim Chang. 2020;10(10):892-903.

Hutchins D, Mulholland M, Fu F. Nutrient cycles and marine microbes in
a CO2-enriched ocean. Oceanography. 2009;22(4):128-45.

Khaska M, Salle CLGL, Verdoux P. Climate change impact on the min-
eralization of karst groundwater in a Mediterranean context. Procedia
Earth Planet Sci. 2017;17:976-9.

Nazari-Sharabian M, Ahmad S, Karakouzian M. Climate change and
eutrophication: a short review. Engineering, Technology and Applied
Science Research. 2018;8(6):3668.

Zhao J, Fan D, Guo W, Wu J, Zhang X, Zhuang X, et al. Precipitation
drives soil protist diversity and community structure in dry grasslands.
Microb Ecol. 2023;86(4):2293-304.

Hu Z,Yao J, Chen X, Gong X, Zhang Y, Zhou X, et al. Precipitation
changes, warming, and N input differentially affect microbial predators
in an alpine meadow: evidence from soil phagotrophic protists. Soil
Biol Biochem. 2022;165(108521):108521.

Suikkanen S, Pulina S, Engstrém-Ost J, Lehtiniemi M, Lehtinen S,
Brutemark A. Climate change and eutrophication induced shifts in
northern summer plankton communities. PLoS One. 2013;8(6):e66475.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 12 of 16

Yang H, Huang X, Thompson JR, Flower RJ. China’s soil pollution: urban
brownfields. Science. 2014;344(6185):691-2.

Diaz S, Settele J, Brondizio ES, Ngo HT, Agard J, Arneth A, et al. Pervasive
human-driven decline of life on Earth points to the need for trans-
formative change. Science. 2019;366(6471). https://doi.org/10.1126/
science.aax3100.

Williams PC, Bartlett AW, Howard-Jones A, McMullan B, Khatami A, Brit-
ton PN, et al. Impact of climate change and biodiversity collapse on the
global emergence and spread of infectious diseases. J Paediatr Child
Health. 2021;57(11):1811-8.

Murphy GEP, Romanuk TN, Worm B. Cascading effects of cli-

mate change on plankton community structure. Ecol Evol.
2020;10(4):2170-81.

Smayda TJ. Reflections on the ballast water dispersal—harmful algal
bloom paradigm. Harmful Algae. 2007;6(4):601-22.

Butrén A, Orive E, Madariaga . Potential risk of harmful algae trans-
port by ballast waters: the case of Bilbao Harbour. Mar Pollut Bull.
2011,62(4):747-57.

Haque U, Hashizume M, Glass GE, Dewan AM, Overgaard HJ, Yama-
moto T. The role of climate variability in the spread of malaria in
Bangladeshi highlands. PLoS One. 2010;5(12):e14341.

Caminade C, Kovats S, Rocklov J, Tompkins AM, Morse AP, Colén-
Gonzélez FJ, et al. Impact of climate change on global malaria
distribution. Proc Natl Acad Sci U S A. 2014;111(9):3286-91.
Rockstrom J, Steffen W, Noone K, Persson A, Chapin FS 3rd,

Lambin EF, et al. A safe operating space for humanity. Nature.
2009;461(7263):472-5.

Richardson K, Steffen W, Lucht W, Bendtsen J, Cornell SE, Donges

JF, et al. Earth beyond six of nine planetary boundaries. Sci Adv.
2023;9(37):eadh2458.

Diffenbaugh NS, Burke M. Global warming has increased global
economic inequality. Proc Natl Acad Sci U S A. 2019;116(20):9808-13.
Ruehle MD, Orias E, Pearson CG. Tetrahymena as a unicellular model
eukaryote: genetic and genomic tools. Genetics. 2016;203(2):649-65.
Van Houten J. A review for the special issue on Paramecium as a
modern model organism. Microorganisms. 2023;11(4). https://doi.
org/10.3390/microorganisms11040937.

Harris EH. Chlamydomonas as a model organism. Annu Rev Plant
Physiol Plant Mol Biol. 2001;52:363-406.

Falciatore A, Jaubert M, Bouly JP, Bailleul B, Mock T. Diatom molecular
research comes of age: model species for studying phytoplankton
biology and diversity. Plant Cell. 2020;32(3):547-72.

Wilken S, Huisman J, Naus-Wiezer S, Van Donk E. Mixotrophic organ-
isms become more heterotrophic with rising temperature. Ecol Lett.
2013;16(2):225-33.

Balch WM, Drapeau DT, Poulton N, Archer SD, Cartisano C, Burnell C,
et al. Osmotrophy of dissolved organic compounds by coccolitho-
phore populations: fixation into particulate organic and inorganic
carbon. Sci Adv. 2023. Available from: https://www.science.org/doi/
10.1126/sciadv.adf6973. Cited 2023 Dec 26.

Dorrell RG, Zhang Y, Liang Y, Gueguen N, Nonoyama T, Croteau D,

et al. Complementary environmental analysis and functional charac-
terization of lower glycolysis-gluconeogenesis in the diatom plastid.
Plant Cell. 2024. https://doi.org/10.1093/plcell/koae168.

Lenski RE. Experimental evolution and the dynamics of adapta-

tion and genome evolution in microbial populations. ISME J.
2017;11(10):2181-94.

Faktorové D, Nisbet RER, Ferndndez Robledo JA, Casacuberta E,
Sudek L, Allen AE, et al. Genetic tool development in marine protists:
emerging model organisms for experimental cell biology. Nat Meth-
ods. 2020;17(5):481-94.

Vaulot D, Gall F, Le Marie D, Guillou L, Partensky F. The Roscoff Culture
Collection (RCC): a collection dedicated to marine picoplankton.
Nova Hedwigia. 2004;79(1-2):49-70.

Tikhonenkov DV, Mikhailov KV, Gawryluk RMR, Belyaev AO, Mathur
V, Karpov SA, et al. Microbial predators form a new supergroup of
eukaryotes. Nature. 2022;612(7941):714-9.

Blaz J, Galindo LJ, Heiss AA, Kaur H, Torruella G, Yang A, et al. One
high quality genome and two transcriptome datasets for new spe-
cies of Mantamonas, a deep-branching eukaryote clade. Sci Data.
2023;10(1):603.


https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.frontiersin.org/article/10.3389/fmars.2018.00506/full
https://www.frontiersin.org/article/10.3389/fmars.2018.00506/full
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1126/science.aax3100
https://doi.org/10.3390/microorganisms11040937
https://doi.org/10.3390/microorganisms11040937
https://www.science.org/doi/10.1126/sciadv.adf6973
https://www.science.org/doi/10.1126/sciadv.adf6973
https://doi.org/10.1093/plcell/koae168

Perrin and Dorrell BMIC Biology

99.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
1.

112.

117.

120.

(2024) 22:279

Kawachi M, Nakayama T, Kayama M, Nomura M, Miyashita H, Bojo

O, et al. Rappemonads are haptophyte phytoplankton. Curr Biol.
2021;31(11):2395-403.e4.

Bendif EM, Probert I, Archontikis OA, Young JR, Beaufort L, Rickaby
RE, et al. Rapid diversification underlying the global dominance of a
cosmopolitan phytoplankton. ISME J. 2023;17(4):630-40.

Pierella Karlusich JJ, Nef C, Bowler C, Dorrell RG. Biogeographical
patterns and genomes of aquatic photoautotrophs. In: Blue planet,
red and green photosynthesis. Wiley; 2022. p. 43-79. Available from:
https://onlinelibrary.wiley.com/doi/10.1002/9781119986782.ch3.
Vernette C, Henry N, Lecubin J, de Vargas C, Hingamp P, Lescot

M. The Ocean barcode atlas: a web service to explore the biodi-
versity and biogeography of marine organisms. Mol Ecol Resour.
2021;21(4):1347-58.

Pierella Karlusich JJ, Pelletier E, Lombard F, Carsique M, Dvorak E,
Colin S, et al. Global distribution patterns of marine nitrogen-fixers by
imaging and molecular methods. Nat Commun. 2021;12(1):4160.
Frémont P, Gehlen M, Vrac M, Leconte J, Delmont TO, Wincker P, et al.
Restructuring of plankton genomic biogeography in the surface ocean
under climate change. Nat Clim Chang. 2022;12(4):393-401.

Gao S, Yang W, Li X, Zhou L, Liu X, Wu S, et al. Cryptochrome PtCPF1
regulates high temperature acclimation of marine diatoms through
coordination of iron and phosphorus uptake. ISME J. 2024;18(1). https://
doi.org/10.1093/ismejo/wrad019.

Chaffron S, Delage E, Budinich M, Vintache D, Henry N, Nef C, et al.
Environmental vulnerability of the global ocean epipelagic plankton
community interactome. Sci Adv. 2021;7(35). https://doi.org/10.1126/
sciadv.abg1921.

Trubovitz S, Lazarus D, Renaudie J, Noble PJ. Marine plankton show
threshold extinction response to Neogene climate change. Nat Com-
mun. 2020;11(1):5069.

Antell GT, Fenton IS, Valdes PJ, Saupe EE. Thermal niches of planktonic
foraminifera are static throughout glacial-interglacial climate change.
Proc Natl Acad Sci U S A. 2021;118(18). https://doi.org/10.1073/pnas.
2017105118.

Kléparski L, Beaugrand G, Edwards M, Ostle C. Phytoplankton life
strategies, phenological shifts and climate change in the North Atlantic
Ocean from 1850 to 2100. Glob Chang Biol. 2023;29(13):3833-49.

Hays GC, Richardson AJ, Robinson C. Climate change and marine plank-
ton. Trends Ecol Evol. 2005;20(6):337-44.

Fox L, Stukins S, Hill T, Miller CG. Quantifying the effect of anthropo-
genic climate change on calcifying plankton. Sci Rep. 2020;10(1):1620.
Collins S, Bell G. Phenotypic consequences of 1,000 gen-

erations of selection at elevated CO2 in a green alga. Nature.
2004;431(7008):566-9.

Sauterey B, Gland GL, Cermero P, Aumont O, Lévy M, Vallina

SM. Phytoplankton adaptive resilience to climate change col-

lapses in case of extreme events — a modeling study. Ecol Modell.
2023;483(110437):110437.

Bissinger JE, Montagnes DJS, Harples J, Atkinson D. Predicting marine
phytoplankton maximum growth rates from temperature: improv-

ing on the Eppley curve using quantile regression. Limnol Oceanogr.
2008;53(2):487-93.

Eppey RW. Temperature and phytoplankton growth in the sea. Fish Bull.
1971;70(4):1063.

Montagnes DJS, Franklin M. Effect of temperature on diatom volume,
growth rate, and carbon and nitrogen content: reconsidering some
paradigms. Limnol Oceanogr. 2001;46(8):2008-18.

Hancke K, Glud RN. Temperature effects on respiration and photosyn-
thesis in three diatom-dominated benthic communities. Aquat Microb
Ecol. 2004;37:265-81.

Colijn F, van Buurt G. Influence of light and temperature on the photo-
synthetic rate of marine benthic diatoms. Mar Biol. 1975;31(3):209-14.
Suzuki Y, Takahashi M. Growth responses of several diatom spe-

cies isolated from various environments to temperature. J Phycol.
1995;31(6):880-8.

Hong T, Huang N, Mo J, Chen Y, Li T, Du H. Transcriptomic and physi-
ological responses of a model diatom (Phaeodactylum tricornutum) to
heat shock and heat selection. Ecol Indic. 2023;153(110420):110420.

121.

123.

125.

126.

127.

128.

129.

130.

132.

133.

135.

136.

139.

140.

142.

Page 13 of 16

Liang Y, Koester JA, Liefer JD, Irwin AJ, Finkel ZV. Molecular mechanisms
of temperature acclimation and adaptation in marine diatoms. ISME J.
2019;13(10):2415-25.

Lepori-Bui M, Paight C, Eberhard E, Mertz CM, Moeller HV. Evidence

for evolutionary adaptation of mixotrophic nanoflagellates to warmer
temperatures. Glob Chang Biol. 2022;28(23):7094-107.

Sheward RM, Liefer JD, Irwin AJ, Finkel ZV. Elemental stoichiometry of
the key calcifying marine phytoplankton Emiliania huxleyi under ocean
climate change: a meta-analysis. Glob Chang Biol. 2023;29(15):4259-78.
Glibert PM. Harmful algae at the complex nexus of eutrophication and
climate change. Harmful Algae. 2020;91:101583.

Edwards M, Bresnan E, Cook K, Heath M, Helanaouet P, Lynam C, et al.
Impacts of climate change on plankton. Lowestoft: Marine Climate
Change Impacts Partnership (MCCIP); 2013. Available from: https://
www.mccip.org.uk/sites/default/files/2021-08/2013arc_sciencereview_
12_pla_final.pdf.

Henson SA, Cael BB, Allen SR, Dutkiewicz S. Future phytoplankton
diversity in a changing climate. Nat Commun. 2021;12(1):5372.

Winder M, Sommer U. Phytoplankton response to a changing climate.
Hydrobiologia. 2012;698(1):5-16.

Ibarbalz FM, Henry N, Branddo MC, Martini S, Busseni G, Byrne H, et al.
Global trends in marine plankton diversity across kingdoms of life. Cell.
2019;179(5):1084-97.e21.

Chivers WJ, Walne AW, Hays GC. Mismatch between marine plankton
range movements and the velocity of climate change. Nat Commun.
2017,8:14434.

Sommeria-Klein G, Watteaux R, Ibarbalz FM, Pierella Karlusich JJ,
ludicone D, Bowler C, et al. Global drivers of eukaryotic plankton bioge-
ography in the sunlit ocean. Science. 2021;374(6567):594-9.
Kwiatkowski L, Bopp L, Aumont O, Ciais P, Cox PM, Laufkétter C, et al.
Emergent constraints on projections of declining primary production in
the tropical oceans. Nat Clim Chang. 2017,7(5):355-8.

Li WKW, McLaughlin FA, Lovejoy C, Carmack EC. Smallest algae thrive as
the Arctic Ocean freshens. Science. 2009;326(5952):539.

Ardyna M, Babin M, Gosselin M, Devred E, Rainville L, Tremblay JE.
Recent Arctic Ocean sea ice loss triggers novel fall phytoplankton
blooms. Geophys Res Lett. 2014;41(17):6207-12.

Boras JA, Sala MM, Arrieta JM, Sa EL, Felipe J, Agusti S, et al. Effect of ice
melting on bacterial carbon fluxes channelled by viruses and protists in
the Arctic Ocean. Polar Biol. 2010;33(12):1695-707.

Comeau AM, Philippe B, Thaler M, Gosselin M, Poulin M, Lovejoy C.
Protists in Arctic drift and land-fast sea ice. J Phycol. 2013;49(2):229-40.
Chen QL, Hu HW, Sun AQ, Zhu YG, He JZ. Aridity decreases soil
protistan network complexity and stability. Soil Biol Biochem.
2022;166(108575):108575.

Forster D, Qu Z, Pitsch G, Bruni EP, Kammerlander B, Préschold T, et al.
Lake ecosystem robustness and resilience inferred from a climate-
stressed protistan plankton network. Microorganisms. 2021;9(3). https://
doi.org/10.3390/microorganisms9030549.

Dunn RR, Harris NC, Colwell RK, Koh LP, Sodhi NS. The sixth mass coex-
tinction: are most endangered species parasites and mutualists? Proc
Biol Sci. 2009;276(1670):3037-45.

Liu H, Probert |, Uitz J, Claustre H, Aris-Brosou S, Frada M, et al. Extreme
diversity in noncalcifying haptophytes explains a major pigment para-
dox in open oceans. Proc Natl Acad Sci U S A. 2009;106(31):12803-8.
Guillard RRL. The center for culture of marine phytoplankton: history,
structure, function, and future'. J Protozool. 1988;35(2):255-6.

Litchman E, Thomas MK. Are we underestimating the ecological and
evolutionary effects of warming? Interactions with other environmental
drivers may increase species vulnerability to high temperatures. Oikos.
2022. Available from: https://onlinelibrary.wiley.com/doi/10.1111/oik.
09155.

Johansson F, Orizaola G, Nilsson-Ortman V. Temperate insects with nar-
row seasonal activity periods can be as vulnerable to climate change as
tropical insect species. Sci Rep. 2020;10(1):8822.

Sunday JM, Bates AE, Kearney MR, Colwell RK, Dulvy NK, Longino JT,

et al. Thermal-safety margins and the necessity of thermoregula-

tory behavior across latitude and elevation. Proc Natl Acad Sci U S A.
2014;111(15):5610-5.


https://onlinelibrary.wiley.com/doi/10.1002/9781119986782.ch3
https://doi.org/10.1093/ismejo/wrad019
https://doi.org/10.1093/ismejo/wrad019
https://doi.org/10.1126/sciadv.abg1921
https://doi.org/10.1126/sciadv.abg1921
https://doi.org/10.1073/pnas.2017105118
https://doi.org/10.1073/pnas.2017105118
https://www.mccip.org.uk/sites/default/files/2021-08/2013arc_sciencereview_12_pla_final.pdf
https://www.mccip.org.uk/sites/default/files/2021-08/2013arc_sciencereview_12_pla_final.pdf
https://www.mccip.org.uk/sites/default/files/2021-08/2013arc_sciencereview_12_pla_final.pdf
https://doi.org/10.3390/microorganisms9030549
https://doi.org/10.3390/microorganisms9030549
https://onlinelibrary.wiley.com/doi/10.1111/oik.09155
https://onlinelibrary.wiley.com/doi/10.1111/oik.09155

Perrin and Dorrell BMIC Biology

144,

145.

146.

147.

148.

149.

151.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

(2024) 22:279

Trainer VL, Moore SK, Hallegraeff G, Kudela RM, Clement A, Mardones
JI, et al. Pelagic harmful algal blooms and climate change: lessons from
nature’s experiments with extremes. Harmful Algae. 2020,91:101591.
De Stasio BT, Hill DK, Kleinhans JM, Nibbelink NP, Magnuson JJ. Potential
effects of global climate change on small north-temperate lakes: phys-
ics, fish, and plankton. Limnol Oceanogr. 1996;41(5):1136-49.

Skaloud P, Jadma |, Dvorék P, Skvorova Z, Pusztai M, Certnerova D, et al.
Rapid diversification of a free-living protist is driven by adaptation to
climate and habitat. Curr Biol. 2023. https://doi.org/10.1016/j.cub.2023.
11.046.

Hennon GMM, Dyhrman ST. Progress and promise of omics for predict-
ing the impacts of climate change on harmful algal blooms. Harmful
Algae. 2020,91:101587.

Nef C, Madoui MA, Pelletier E, Bowler C. Whole-genome scanning
reveals environmental selection mechanisms that shape diversity

in populations of the epipelagic diatom Chaetoceros. PLoS Biol.
2022;20(11):3001893.

Gollnisch R, Ahrén D, Rengefors K. Single-cell genomics of a bloom-
forming phytoplankton species reveals population genetic structure
across continents. ISME J. 2024;18(1). https://doi.org/10.1093/ismejo/
wrae045.

Noori R, Tian F, Berndtsson R, Abbasi MR, Naseh MV, Modabberi A, et al.
Recent and future trends in sea surface temperature across the Persian
Gulf and Gulf of Oman. PLoS One. 2019;14(2):20212790.

Evans G. A discussion concerning the floor of the northwest Indian
Ocean - the recent sedimentary facies of the Persian Gulf region. Philos
Trans R Soc Lond. 1966;259(1099):291-8.

Thomas MK, Kremer CT, Klausmeier CA, Litchman E. A global pat-

tern of thermal adaptation in marine phytoplankton. Science.
2012;338(6110):1085-8.

Li F, Sun A, Liu X, Ren P, Wu BX, Shen JP, et al. Seasonality regulates

the taxonomic and functional compositions of protists respond-

ing to climate warming in forest ecosystems. J of Sust Agri & Env.
2023;2(4):529-40.

Orsi WD, Wilken S, Del Campo J, Heger T, James E, Richards TA, et al.
Identifying protist consumers of photosynthetic picoeukaryotes in

the surface ocean using stable isotope probing. Environ Microbiol.
2018;20(2):815-27.

del Campo J, Sieracki ME, Molestina R, Keeling P, Massana R, Ruiz-Trillo I.
The others: our biased perspective of eukaryotic genomes. Trends Ecol
Evol. 2014;29(5):252-9.

Vaulot D, Sim CWH, Ong D, Teo B, Biwer C, Jamy M, et al. metaPR* a
database of eukaryotic 18S rRNA metabarcodes with an emphasis on
protists. Mol Ecol Resour. 2022;22(8):3188-201.

Cotterill FPD, Al-Rasheid K, Foissner W. Conservation of protists: is

it needed at all? In: Protist diversity and geographical distribution.
Dordrecht: Springer Netherlands; 2007. p. 193-209.

Jurdn J, Kastovsky J. The procedure of compiling the Red List

of microscopic algae of the Czech Republic. Biodivers Conserv.
2019;28(10):2499-529.

Geisen S, Lara E, Mitchell EAD, Volcker E, Krashevska V. Soil protist life
matters! 2020. Available from: http://soil-organisms.org/index.php/SO/
article/view/133.

Lutz S, Anesio AM, Raiswell R, Edwards A, Newton RJ, Gill F, et al. The
biogeography of red snow microbiomes and their role in melting arctic
glaciers. Nat Commun. 2016;7:11968.

Hoham RW, Remias D. Snow and glacial algae: a review. J Phycol.
2020;56(2):264-82.

Gooday AJ, Schoenle A, Dolan JR, Arndt H. Protist diversity and function
in the dark ocean - challenging the paradigms of deep-sea ecology
with special emphasis on foraminiferans and naked protists. Eur J Protis-
tol. 2020;75:125721.

Moreira D, Lépez-Garcfa P. Are hydrothermal vents oases for parasitic
protists? Trends Parasitol. 2003;19(12):556-8.

EglitY, Shiratori T, Jerlstrém-Hultqvist J, Williamson K, Roger AJ, Ishida
Kl, et al. Meteora sporadica, a protist with incredible cell architecture, is
related to Hemimastigophora. Curr Biol. 2024;34(2):451-9.e6.

Jousset A, Bienhold C, Chatzinotas A, Gallien L, Gobet A, Kurm'V, et al.
Where less may be more: how the rare biosphere pulls ecosystems
strings. ISME J. 2017;11(4):853-62.

166.

167.

168.

170.

171,

172.

176.

177.

178.

179.

180.

182.

183.

184.

185.

186.

187.

188.

189.

Page 14 of 16

Caron DA, Countway PD. Hypotheses on the role of the protistan rare
biosphere in a changing world. Aquat Microb Ecol. 2009;57:227-38.
Colwell RK, Dunn RR, Harris NC. Coextinction and persistence of
dependent species in a changing world. Annu Rev Ecol Evol Syst.
2012;43(1):183-203.

Lindsay SW, Birley MH. Climate change and malaria transmission. Ann
Trop Med Parasitol. 1996;90(6):573-88.

Hamlet A, Jean K, Perea W, Yactayo S, Biey J, Van Kerkhove M, et al. The
seasonal influence of climate and environment on yellow fever trans-
mission across Africa. PLoS Negl Trop Dis. 2018;12(3):e0006284.
Grignard L, Shah S, Chua TH, William T, Drakeley CJ, Fornace KM.
Natural human infections with Plasmodium cynomolgi and other
malaria species in an elimination setting in Sabah, Malaysia. J Infect Dis.
2019;220(12):1946-9.

Nnadi NE, Carter DA. Climate change and the emergence of fungal
pathogens. PLoS Pathog. 2021;17(4):e1009503.

Berberian AG, Gonzalez DJX, Cushing LJ. Racial disparities in climate
change-related health effects in the United States. Curr Environ Health
Rep. 2022;9(3):451-64.

Khaled S, Gantois N, Ayoubi A, Even G, Sawant M, El Houmayraa

J, etal. sp. Prevalence and subtypes distribution amongst Syrian
refugee communities living in North Lebanon. Microorganisms.
2021;9(1). https://doi.org/10.3390/microorganisms9010184.
Varotsos C, Cracknell AP. Remote sensing and climate change. 2011.
p. 907.

El Hourany R, Pierella Karlusich J, Zinger L, Loisel H, Levy M, Bowler
C. Linking satellites to genes with machine learning to estimate
phytoplankton community structure from space. Ocean Sci.
2024,20(1):217-39.

Samarasekera U. Climate change and malaria: predictions becoming
reality. Lancet. 2023;402(10399):361-2.

Verni F, Rosati G. Resting cysts: a survival strategy in Protozoa Cili-
ophora. Ital J Zool. 2011;78(2):134-45.

Mast SO, Ibara Y. The effect of temperature, food and the age of

the culture on the encystment of Didinium nasutum. Biol Bull.
1923;45(2):105-12.

Anderson DM, Fachon E, Pickart RS, Lin P, Fischer AD, Richlen ML,

et al. Evidence for massive and recurrent toxic blooms of in the
Alaskan Arctic. Proc Natl Acad Sci U S A. 2021;118(41). https://doi.org/
10.1073/pnas.2107387118.

Niemi A, Michel C, Hille K, Poulin M. Protist assemblages in winter
sea ice: setting the stage for the spring ice algal bloom. Polar Biol.
2011;34(12):1803-17.

Hallegraeff GM. Ocean climate change, phytoplankton community
responses, and harmful algal blooms: a formidable predictive chal-
lenge. J Phycol. 2010;46(2):220-35.

Holyoak M, Lawler SP. The contribution of laboratory experiments on
protists to understanding population and metapopulation dynamics.
Advances in Ecological Research, Vol. 37: Population Dynamics and
Laboratory Ecology. Amsterdam, Netherlands. p. 245-71.

Altermatt F, Fronhofer EA, Garnier A, Giometto A, Hammes F, Klecka J,
et al. Big answers from small worlds: a user’s guide for protist micro-
cosms as a model system in ecology and evolution. Methods Ecol
Evol. 2015;6(2):218-31.

Plum K, Tarkington J, Zufall RA. Experimental evolution in Tetrahy-
mena. Microorganisms. 2022;10(2):414.

Krasovec M, Eyre-Walker A, Sanchez-Ferandin S, Piganeau G. Sponta-
neous mutation rate in the smallest photosynthetic eukaryotes. Mol
Biol Evol. 2017,34(7):1770-9.

Majda S, Boenigk J, Beisser D. Intraspecific variation in protists: clues
for microevolution from Poteriospumella lacustris (Chrysophyceae).
Genome Biol Evol. 2019:11(9):2492-504.

Krinos Al, Shapiro SK, Li W, Haley ST, Dyhrman ST, Dutkiewicz S, et al.
Intraspecific diversity in thermal performance determines phyto-
plankton ecological niche. bioRxiv. 2024. Available from: http://biorx
iv.org/lookup/doi/10.1101/2024.02.14.580366.

Schaum CE, Buckling A, Smirnoff N, Studholme DJ, Yvon-Durocher
G. Environmental fluctuations accelerate molecular evolution of
thermal tolerance in a marine diatom. Nat Commun. 2018;9(1):1719.
Racki G. Radiolarian palaeoecology and radiolarites: is the present
the key to the past? Earth Sci Rev. 2000;52(1-3):83-120.


https://doi.org/10.1016/j.cub.2023.11.046
https://doi.org/10.1016/j.cub.2023.11.046
https://doi.org/10.1093/ismejo/wrae045
https://doi.org/10.1093/ismejo/wrae045
http://soil-organisms.org/index.php/SO/article/view/133
http://soil-organisms.org/index.php/SO/article/view/133
https://doi.org/10.3390/microorganisms9010184
https://doi.org/10.1073/pnas.2107387118
https://doi.org/10.1073/pnas.2107387118
http://biorxiv.org/lookup/doi/10.1101/2024.02.14.580366
http://biorxiv.org/lookup/doi/10.1101/2024.02.14.580366

Perrin and Dorrell BMIC Biology

190.

192.

193.

194.

195.

196.

197.

198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

(2024) 22:279

LiH, Zhang H, Chang F, Liu Q, Zhang Y, Liu F, et al. Sedimentary DNA
for tracking the long-term changes in biodiversity. Environ Sci Pollut
Res Int. 2023;30(7):17039-50.

Zilio G, Krenek S, Gougat-Barbera C, Fronhofer EA, Kaltz O. Predicting
evolution in experimental range expansions of an aquatic model
system. Evol Lett. 2023;7(3):121-31.

Biddau M, Sheiner L. Targeting the apicoplast in malaria. Biochem
Soc Trans. 2019;47(4):973-83.

Hirst J, Schlacht A, Norcott JP, Traynor D, Bloomfield G, Antrobus R,
et al. Characterization of TSET, an ancient and widespread membrane
trafficking complex. Elife. 2014;3:202866.

Thierry A, Horn L, von Hellermann P, Gardner CJ.“No research on a
dead planet”: preserving the socio-ecological conditions for aca-
demia. Front Educ. 2023;8. Available from: https://www.frontiersin.
org/articles/10.3389/feduc.2023.1237076/full.

Richards CE, Lupton RC, Allwood JM. Re-framing the threat of global
warming: an empirical causal loop diagram of climate change, food
insecurity and societal collapse. Clim Change. 2021;164(3-4). Avail-
able from: http://link.springer.com/10.1007/510584-021-02957-w.
Kemp L, Xu C, Depledge J, Ebi KL, Gibbins G, Kohler TA, et al. Climate
endgame: exploring catastrophic climate change scenarios. Proc Natl
Acad Sci U S A.2022;119(34):e2108146119.

Barnacle R, Cuthbert D. The PhD at the end of the world: provocations
for the doctorate and a future contested —introduction. In: Debating
higher education: philosophical perspectives. Cham: Springer Interna-
tional Publishing; 2021. p. 1-7.

Daeninck C, KioupiV, Vercammen A. Climate anxiety, coping strategies
and planning for the future in environmental degree students in the
UK. Front Psychol. 2023;14:1126031.

Winter N, Marchand R, Lehmann C, Nehlin L, Trapannone R, Rokvi¢ D,
et al. The paradox of the life sciences: how to address climate change
in the lab: how to address climate change in the lab. EMBO Rep.
2023;24(3):e56683.

Borg K, Lennox A, Kaufman S, Tull F, Prime R, Rogers L, et al. Curbing
plastic consumption: a review of single-use plastic behaviour change
interventions. J Clean Prod. 2022;344(131077):131077.

Ongaro AE, Ndlovu Z, Sollier E, Otieno C, Ondoa P, Street A, et al.
Engineering a sustainable future for point-of-care diagnostics and
single-use microfluidic devices. Lab Chip. 2022;22(17):3122-37.
Grealey J, Lannelongue L, Saw WY, Marten J, Méric G, Ruiz-Carmona S,
et al. The carbon footprint of bioinformatics. Mol Biol Evol. 2022;39(3).
https://doi.org/10.1093/molbev/msac034.

Lannelongue L, Grealey J, Bateman A, Inouye M. Ten simple rules to
make your computing more environmentally sustainable. PLoS Com-
put Biol. 2021;17(9):21009324.

De Paepe M, Jeanneau L, Mariette J, Aumont O, Estevez-Torres A.
Purchases dominate the carbon footprint of research laboratories. PLOS
Sustain Transform. 2024;3(7):e0000116.

Mariette J, Blanchard O, Berné O, Aumont O, Carrey J, Ligozat A, et al. An
open-source tool to assess the carbon footprint of research. Environ Res
Infrastruct Sustain. 2022;2(3):035008.

Bannour N, Ghannay S, Névéol A, Ligozat AL. Evaluating the carbon
footprint of NLP methods: a survey and analysis of existing tools. In:
Moosavi NS, Gurevych |, Fan A, Wolf T, Hou Y, Marasovi¢ A, et al,, editors.
Proceedings of the second workshop on simple and efficient natural
language processing. Virtual: Association for Computational Linguistics;
2021.p. 11-21.

Achten WMJ, Aimeida J, Muys B. Carbon footprint of science: more than
flying. Ecol Indic. 2013;34:352-5.

Jackle S.The carbon footprint of travelling to international academic
conferences and options to minimise it. In: Academic flying and the
means of communication. Singapore: Springer Nature Singapore; 2022.
p. 19-52.

Jackle S. Reducing the carbon footprint of academic conferences by
online participation: the case of the 2020 virtual European Con-
sortium for Political Research General Conference. PS Polit Sci Polit.
2021;54(3):456-61.

Bousema T, Selvaraj P, Djimde AA, Yakar D, Hagedorn B, Pratt A, et al.
Reducing the carbon footprint of academic conferences: the example
of the American Society of Tropical Medicine and Hygiene. Am J Trop
Med Hyg. 2020;103(5):1758-61.

212.

213.

215.

216.

217.

220.

221,

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Page 150f 16

Odeny B, Bosurgi R. Time to end parachute science. PLoS Med.
2022;19(9):e1004099.

Stefanoudis PV, Licuanan WY, Morrison TH, Talma S, Veitayaki J, Woodall
LC. Turning the tide of parachute science. Curr Biol. 2021;31(4):R184-5.
Miller J, White TB, Christie AP. Parachute conservation: investigating
trends in international research. Conserv Lett. 2023;16(3). Available
from: https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12947.
Butt N, Epps K, Overman H, Iwamura T, Fragoso JMV. Assessing carbon
stocks using indigenous peoples'field measurements in Amazonian
Guyana. For Ecol Manage. 2015;338:191-9.

Leal JS, Soares B, Franco ACS, de Sa Ferreira Lima RG, Baker K, Griffiths
M. Decolonising ecological research: a debate between global North
geographers and global south field ecologists. SocArXiv. 2022. Available
from: https://osf.io/wbzh?2.

Adams MS, Carpenter J, Housty JA, Neasloss D, Paquet PC, Service C,

et al. Toward increased engagement between academic and indig-
enous community partners in ecological research. Ecol Soc. 2014;19(3).
Available from: http://www.jstor.org/stable/26269637.

Ebenezer TE, Muigai AW, Nouala S, Badaoui B, Blaxter M, Buddie AG,

et al. Africa: sequence 100,000 species to safeguard biodiversity. Nature.
2002,603(7901):388-92.

Sharaf A, Ndiribe CC, Omotoriogun TC, Abueg L, Badaoui B, Markey FJB,
et al. Open Institute of the African BioGenome Project: bridging the gap
in African biodiversity genomics and bioinformatics. 2023. Available
from: https://osfio/adwh4.

Urai AE, Kelly C. Rethinking academia in a time of climate crisis. Elife.
2023;12. https://doi.org/10.7554/eLife.84991.

Lamb WF, Mattioli G, Levi S, Timmons Roberts J, Capstick S, Creutzig F,
et al. Discourses of climate delay. Global Sustainability. 2020;3:e17.
Buonanno F, Dolan JR, Esteban GF, Hines HN, Kamra K, Kosakyan A, et al.
Protistological science dissemination. Eur J Protistol. 2020;76:125729.
Chandler M, See L, Copas K, Bonde AMZ, Lépez BC, Danielsen F, et al.
Contribution of citizen science towards international biodiversity moni-
toring. Biol Conserv. 2017;213:280-94.

Evans JA, Reimer J. Open access and global participation in science.
Science. 2009;323(5917):1025.

Goolsby JB, Cravens AE, Rozance MA. Becoming an actionable scientist:
challenges, competency, and the development of expertise. Environ
Manage. 2023;72(6):1128-45.

Jain N. Integrating sustainability into scientific research. Nature Reviews
Methods Primers. 2022;2(1):1-2.

Gorlinger S, Merrem C, Jungmann M, Aeschbach N. An evidence-based
approach to accelerate flight reduction in academia. npj Climate
Action. 2023;2(1):1-12.

Kumar S. Embracing green computing in molecular phylogenetics. Mol
Biol Evol. 2022;39(3). https://doi.org/10.1093/molbev/msac043.

Racimo F, Valentini E, Rijo De Ledn G, Santos TL, Norberg A, Atmore LM,
et al. The biospheric emergency calls for scientists to change tactics.
Elife. 2022;11. https://doi.org/10.7554/eLife.83292.

Gardner CJ, Thierry A, Rowlandson W, Steinberger JK. From publica-
tions to public actions: the role of universities in facilitating academic
advocacy and activism in the climate and ecological emergency. Front
Sustain. 2021;2. Available from: https://www.frontiersin.org/articles/10.
3389/frsus.2021.679019.

Bardele CF. On the symbiotic origin of protists, their diversity,

and their pivotal role in teaching systematic biology. Ital J Zool.
1997,64(2):107-13.

Muller JZ. The tyranny of metrics. Princeton, New Jersey, United States:
Princeton University Press; 2019. p. 248.

Gardner CJ, Wordley CFR. Scientists must act on our own warnings to
humanity. Nat Ecol Evol. 2019;3(9):1271-2.

Capstick S, Thierry A, Cox E, Berglund O, Westlake S, Steinberger JK. Civil
disobedience by scientists helps press for urgent climate action. Nat
Clim Chang. 2022;12(9):773-4.

Dennu L, Devic M, Rigonato J, Falciatore A, Lozano JC, Vergé V, et al.
Biological and genomic resources for the cosmopolitan phytoplankton
Bathycoccus: insights into genetic diversity and major structural varia-
tions. bioRxiv. 2023. Available from: http://biorxiv.org/lookup/doi/10.
1101/2023.10.16.562038.

Marin B, Palm A, Klingberg M, Melkonian M. Phylogeny and taxonomic
revision of plastid-containing euglenophytes based on SSU rDNA


https://www.frontiersin.org/articles/10.3389/feduc.2023.1237076/full
https://www.frontiersin.org/articles/10.3389/feduc.2023.1237076/full
http://link.springer.com/10.1007/s10584-021-02957-w
https://doi.org/10.1093/molbev/msac034
https://conbio.onlinelibrary.wiley.com/doi/10.1111/conl.12947
https://osf.io/wbzh2
http://www.jstor.org/stable/26269637
https://osf.io/adwh4
https://doi.org/10.7554/eLife.84991
https://doi.org/10.1093/molbev/msac043
https://doi.org/10.7554/eLife.83292
https://www.frontiersin.org/articles/10.3389/frsus.2021.679019
https://www.frontiersin.org/articles/10.3389/frsus.2021.679019
http://biorxiv.org/lookup/doi/10.1101/2023.10.16.562038
http://biorxiv.org/lookup/doi/10.1101/2023.10.16.562038

Perrin and Dorrell BMC Biology =~ (2024) 22:279 Page 16 of 16

sequence comparisons and synapomorphic signatures in the SSU rRNA
secondary structure. Protist. 2003;154(1):99-145.

236.  Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local align-
ment search tool. J Mol Biol. 1990;215(3):403-10.

237. Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013,30(4):772-80.

238. Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics. 2014;30(9):1312-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Protists and protistology in the Anthropocene: challenges for a climate and ecological crisis
	Abstract 
	Protists: hidden and fundamental contributors to global ecology
	The threats of the climate and ecological crisis to all living systems
	Bench-to-field approaches for understanding protist biology
	Known unknowns in protist adaptations to changing climates
	What can fieldwork tell us that laboratory experiments cannot?
	What can laboratory experiments tell us that fieldwork cannot?
	Which protists need the most future study?

	“No research on a dead planet”: protistology in the era of climate breakdown
	Questions and considerations for sustainable protistology research
	Advocating for protists beyond research

	Methods
	Cultures
	Tara Oceans distributions
	Growth measurements

	Accession numbers
	Acknowledgements
	References


