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High-latitude meromictic lakes such as those in the Antarctic McMurdo Dry
Valleys (MDV) harbor aquatic ecosystems dominated by the microbial loop.
Within this habitat, which is limited year-round by light and nutrients, protists,
or single celled eukaryotes, play outsized roles in the food web as the dominant
primary producers and the apex predators. Thus, the MDV lake ecosystem
represents an ideal system to study the role of sentinel protist taxa in carbon
and nutrient cycling. The perennially ice-covered lakes are part of the McMurdo
Long Term Ecological Research (McM LTER; mcmlter.org) established in 1993. In
this review we will highlight the diversity and trophic roles of the MDV lake protist
community and compare environmental factors driving spatiotemporal patterns
in key protist taxa in two lakes within the McM LTER, Lakes Bonney and Fryxell.
We will then discuss lessons learned from manipulated experiments on the
impact of current and future climate-driven environmental change on sensitive
protist taxa. Last, we will integrate knowledge gained from 25 years of lab-
controlled experiments on key photosynthetic protists to extend our
understanding of the function of these extremophiles within the MDV aquatic
food webs. Our research group has studied the distribution and function of the
MDV microbial community for nearly two decades, training the next generation
of scientists to tackle future problems of these globally significant microbes. This
review article will also highlight early career scientists who have contributed to
this body of work and represent the future of scientific understanding in
the Anthropocene.
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Introduction

Protists are a morphologically and taxonomically diverse group of
single-celled lifeforms which dominate diversity within the eukaryotic
lineage (Keeling and Burki, 2019; Burki et al., 2021). Protists play key
functional roles in carbon and nutrient cycling in all ecosystems, in
particular freshwater and marine food webs (Caron et al., 2012). Often
dominating the primary producer community of aquatic ecosystems
(Falkowski et al., 1998; Singer et al., 2021), photosynthetic protists (i.e.
eukaryotic algae) fix inorganic carbon for the rest of the aquatic food
chain (Carpenter et al., 1991; Field et al,, 1998). While often under-
described relative to their photosynthetic counterparts, heterotrophic
protists appear to be extremely diverse and abundant (Seeleuthner
et al, 2018). Predatory protists consume significant quantities of
phytoplankton and bacteria, exerting top-down control over their
prey populations (Leander, 2020; Laundon et al, 2021), as well as
linking carbon fixed within the microbial loop with higher trophic
levels (Azam and Malfatti, 2007). The trophic modes of heterotrophic
protists are diverse and include predation, symbiosis, parasitism, and
saprotrophy (De Vargas et al, 2015; Lima-Mendez et al., 2015;
Seeleuthner et al,, 2018). Mixotrophic protists are ubiquitous and
have complex influences on carbon and nutrient cycling, owing to
their ability for combined phototrophic and heterotrophic metabolism
(Sanders, 1991; Stoecker et al., 2017). Given the critical roles of these
microorganisms, it is important to understand their distribution and
function across global aquatic ecosystems. In recent years, the immense
taxonomic diversity of protists has been recognized (Santoferrara et al,,
2020), making them significant in understanding the eukaryote tree of
life (Keeling et al., 2005). The ecological function of some key protists
has been characterized, while many others are unknown. Further, the
essential ecological roles of protists are likely to shift under
anthropogenic climate change conditions. Improving our predictive
power of these functional shifts in the Anthropocene epoch would
contribute to disentangling the complex ecological response of
microbial communities to climate-related environmental disturbances.

High-latitude meromictic lakes such as those in the Antarctic
McMurdo Dry Valleys harbor ecosystems dominated by the
microbial loop. Within these truncated food webs, protists occupy
prominent roles at all trophic levels. Photosynthetic protists
dominate the photic zone and represent the major contributors of
autochthonous dissolved organic carbon (DOC) to these closed
aquatic ecosystems (Priscu et al, 1999; Dolhi et al., 2015).
Heterotrophic protists predate on either bacteria or smaller
phytoplankton and occupy the top of the food chain. Mixotrophic
metabolism appears to be very prevalent and advantageous in this
extreme environment: constitutive mixotrophic algae (e.g.
cryptophytes) contribute to both DOC production and control of
bacterial prey (Laybourn-Parry et al., 2000; Laybourn-Parry, 2009;
Kong et al., 2014), while larger nonconstitutive mixotrophic ciliates
are important top-down regulators of key phytoplankton (Roberts
and Laybourn-Parry, 1999). The distribution, diversity, and trophic
activity of protist communities within and between the water
columns of the Dry Valley lakes is highly variable and is
influenced by abiotic drivers such as light and nutrient availability
(Bielewicz et al., 2011; Dolhi et al., 2015; Li and Morgan-Kiss, 2019;
Lietal, 2019), as well as other stressors, including salinity gradients
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(Rojas-Jimenez et al., 2017). The Dry Valley lakes, situated in the
largest ice-free expanse of Antarctica, have historically been ice-
covered and fed by ephemeral streams (Gooseff et al., 2022). This
cold desert environment, and the life that inhabits it, is subject to
changes in solar radiation and temperature.

Beginning in the austral summer of 2011, our research group
initiated an intensive focus on how major biogeochemical and
physical parameters influence the vertical distribution of protists.
Additionally, the sensitivity of key protists to climate change has
also been probed by the application of bioassays and in situ
incubations. Last, the Lake Bonney green alga, Chlamydomonas
priscuii (formerly, Chlamydomonas sp. UWO241), represents a an
important non-model species for cold adaptation of photosynthetic
processes (reviewed recently in: (Cvetkovska et al., 2022; Hiner
et al., 2022). Here we present a synthesis of field studies, in situ
manipulation experiments and lab-controlled experiments
representing three decades of “Team Protist” working on native
communities and phytoplankton isolates from the McMurdo Dry
Valley lakes.

McMurdo Dry Valley lakes

The McMurdo Dry Valley lakes are part of a network of
hundreds of permanently ice-covered lakes and ponds located
throughout the valleys in the Transantarctic Mountains, and
more specifically within the Taylor Valley (Figure 1). Ice-covers
overlay water columns which remain liquid throughout the year
and exhibit minimal gas exchange, permanent chemical
stratification, and severely limited light availability (Howard-
Williams et al., 1998; Fritsen and Priscu, 1999). The MDV lakes
represent one of the last sites where perennially ice-covered lakes
still exist. Ice-covered lakes in other high latitude ecosystems (e.g.
the high Arctic) have become seasonally ice-free during the summer
in recent years, disrupting the permanent meromixis (Walsh, 2009).
Thus, the MDV lakes as well as other permanent ice-covered
Antarctic lakes in areas such as the Vestfold Hills in Princess
Elizabeth Land (Figure 1, inset) (Gibson and Burton, 1996;
Laybourn-Parry and Bell, 2014), are some of the last
representative “natural laboratories” for studying microbial
communities isolated in stratified water columns under
permanent ice (Gooseff et al., 2017b).

The MDV lake water columns represent a refuge from the harsh
conditions of a polar desert for food webs dominated by the
microbial loop. Several lakes, including Lakes Fryxell, Bonney,
Hoare, Vanda and Joyce have been intensively studied since the
early 1990s by the McMurdo Long Term Ecological Program
(MCM LTER). The MCM LTER long-term data set (mcmlter.org)
represents an invaluable record of climate change in a highly
sensitive ecosystem. Recent work on the protist communities has
focused on Lakes Fryxell and Bonney, which exhibit distinctions in
physicochemistry (Lyons et al., 2000), driving difference in the
structure of the microbial communities (Kwon et al., 2017; Li and
Morgan-Kiss, 2019).

Lake Fryxell is a brackish, relatively shallow body of water (20
m maximum depth) near the marine influence of the Ross Sea.
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FIGURE 1

Map of the Taylor and Wright Valleys, Antarctica. Inset: location of the McMurdo Dry Valleys (Victoria Land, site 1) and the Vestfold Hills (Princess
Elizabeth Land, site 2); both sites of long-term studies on protist communities residing in meromictic water columns under permanent ice covers.
Image was edited from a map from the Antarctic Geospatial Information Center (http://www.agic.umn.edu/maps/Antarctic).

Light levels in the austral summer are extremely low (PAR < 10
umol m™ s™'). Lake Fryxell is fed by numerous glacial streams,
providing increased nutrients and organic matter which flow into a
wide perimeter moat during the summer months. Higher nutrient
levels, especially phosphorus, support a mesotrophic ecology, some
of the highest detectable levels of phytoplankton and bacterial
biomass of all studied MDV lakes (Priscu, 1995). Microbial
productivity peaks within the permanent chemocline, at 9 m.

Lake Bonney is separated into two 40-m deep lobes (west and
east; WLB and ELB, respectively) by a 12-m deep bedrock sill which
allows exchange of surface waters for a few weeks in the short
summer. Above the permanent chemoclines, the water columns are
characterized by low light (<10% surface radiation levels), oxygen-
saturation, oligotrophy, and low productivity. Both lobes exhibit
deep chlorophyll-a maxima near the chemoclines (13 - 15 m). The
deep, saline waters of the two basins are ancient (~3000 yrs) and
cold (-2°C to -4°C) (Poreda et al,, 2004). Mixing times of the water
columns are approximately every 50,000 years (Spigel and Priscu,
1996): microbial communities are vertically stratified through the
water column and are adapted to the local physical and
chemical parameters.

Continental Antarctica harbors numerous inland lakes, many of
which share common physicochemical characteristics with the
MDYV lakes, such as meromixis, extreme shade conditions, and
oligotrophy (Green and Lyons, 2009). For example, perennially ice-
covered lakes in the Vestfold Hills are a second long-term research
site on the ecology of Antarctic lake microbial communities
(Figure 1, inset). Numerous permanent stratified bodies of water
have been recorded within the Vestfold Hills region; although, only
a handful have been sampled (Gibson, 1999). Ace Lake is one of the
most intensively studied systems in this region (Laybourn-Parry
and Bell, 2014). Tt is saline and meromictic, and in common with
the MDYV lakes, harbors a truncated microbial food web of bacteria
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and protist within the upper aerobic photic zone (Laybourn-Parry
and Bell, 2014). In contrast with the isolated lake systems within the
Antarctic continent, lakes within the maritime Antarctic region
typically experience ice-free summers and higher nutrient status,
owing to the proximity to populations of sea animals and birds
(Hawes, 1990; Laybourn-Parry et al., 1996). Thus, the permanently
ice-covered lakes of the McMurdo Dry Valleys and Vestfold Hills
are end members for studying isolated microbial communities
which have experienced minimal external impacts. In contrast,
the lakes in the maritime and sub-continental regions are closer
analogues to other global freshwater systems which experience
seasonal ice loss and significant allochthonous inputs.

Trophic function, diversity,
identification of key dry valley
lake protists

Protists play key trophic roles in the MDV food webs as the main
primary producers and the top predators. Several recent studies have
focused on environmental DNA sequencing of ribosomal and
functional genes to describe the diversity and distribution of MDV
protist communities (Bielewicz et al., 2011; Vick-Majors et al., 2014;
Dolhi et al,, 2015; Li and Morgan-Kiss, 2019). Microbial eukaryotes are
key producers and consumers of organic matter within the MDV food
web (Figure 2). Obligate photoautotrophic as well as constitutive
mixotrophic algae produce DOC for heterotrophic bacteria (Figure 2,
Boxes 1, 4). A variety of heterotrophic protists predate on bacteria and
algae (Figure 2, Boxes 2, 5). In Lake Bonney, pure photoautotrophic
chlorophytes (eg: Chlamydomonas sp) contribute significantly to fixing
new carbon for the aquatic food web, while mixotrophic populations
(Geminigera, Isochrysis sp.) combine photosynthesis and predation and
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FIGURE 2

Major trophic roles and microbial interactions of protists in the MDV lake food web. Lines represent the direction of the flow of carbon and/or
nutrients: dotted lines, dissolved organic carbon from primary production; solid lines, heterotrophic metabolism (black, predation; grey, saprotrophy).
Boxes represent major functional groups with images of examples for each group. Boxes: 1, Obligate photoautotrophic protists fix CO, and produce
DOC which is taken up by heterotrophic bacteria; 2, Large predators represent the top predators of the food web, consuming phytoplankton,
flagellates, bacteria and other ciliates; 3, Parasitic nanoflagellates predate upon algal prey; 4, Constitutive mixotrophs contribute to both primary
production and consumption of bacterial prey; 5, Heterotrophic nanoflagellates are small predators of bacteria; 6, A poorly characterized
saprophytic population of heterotrophic protists, fungi and bacteria mineralizes dead biomass.

are a potential source of biogenic sulfur compounds, such as
dimethylsulfoniopropionate (DMSP) (Lee et al., 2004; Dolhi et al,
2015). A diverse group of small heterotrophic protists graze on bacteria
[Figure 2, Box 5; (Li and Morgan-Kiss, 2019)], while a parasitic
Stramenopile (Personia) is a predator of Chlamydomonas (Figure 2,
Box 3; (Li et al, 2016). Smaller phytoplankton are prey for ciliates
which are typically the tertiary predators in these truncated food webs
(Figure 2, Box 2).

We complemented phylogenetic information from past molecular
surveys with a morphological description of key MDV protists residing
in Lake Bonney (Figure 3). Large, biflagellate chlorophytes are
abundant taxa (Bielewicz et al., 2011): our survey identified several
members of Chlorophyta, including multiple Chlamydomonas spp.
(Figure 3, plates 1-3), Chlorella (Figure 3, plates 4-5), and a lobed cell
related to Brachiomonas (Figure 3, plates 6-7). The shallow layers of
Lake Bonney also harbor a cryptophyte related to Geminigera
cryophila, a marine cryptophyte. This organism is the dominant
phytoplankton in Lake Fryxell (Li and Morgan-Kiss, 2019), and is a
major prey species for ciliates (Laybourn-Parry et al., 1997). Both Lakes
Bonney and Fryxell cryptophyte populations are closely related to a
single species, G. cryophila, while the chlorophyte populations are lake-
specific. A single haptophyte species related Isochrysis is the third most
abundance photosynthetic protist in Lake Bonney (Biclewicz et al,
2011) (Figure 3, plates 11-13). A number of heterotrophic protists
reside in the water column. In oligotrophic Lake Bonney, smaller
predators, including choanoflagellates and dinoflagellates, are
dominant members of the predatory protist populations (Li and
Morgan-Kiss, 2019) while large ciliates make up a larger proportion
of the predators in the more productive Lake Fryxell (Roberts and
Laybourn-Parry, 1999). Both lakes harbor a community of diverse
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community of Ochrophyta, including a parasitic heterotrophic
nanoflagellates related to Personia which preys upon Chlamydmonas
cells (Figure 3, plates 19-21) (Li et al., 2016; Li and Morgan-Kiss, 2019).
The combined morphological and environmental sequencing survey
provides an overall view of a diverse protist population, performing key
functional roles in the MDV aquatic ecosystem. Distribution and
metabolism of protist communities is significantly influenced by
strong gradients in major physicochemical factors, including light,
salinity and macronutrients (Li and Morgan-Kiss, 2019; Li et al., 2019).

Spatiotemporal patterns in key MDV
protist taxa

A variety of approaches have been applied to monitor spatial and
temporal patterns of key MDYV lake protist taxa. Early studies used clone
sequence libraries to provide the first view of the vertical distribution
patterns of protists in Lake Bonney. Bielewicz et al. (2011) reported
under-ice communities living in shallow waters of ELB were dominated
by a community of cryptophytes, while a haptophyte population related
to Isochrysis resides within the permanent chemocline. A population of
chlorophytes was detected in the deep photic zone. Recent applications
of next generation sequencing confirmed these findings and identified
additional key taxa, including choanoflagellates and numerous
heterotrophic nanoflagellates (Li and Morgan-Kiss, 2019); Figure 4B).
In Lake Fryxell, a cryptophyte community dominates the protist
populations at all depths within the photic zone, while Chlorophytes
are present at significantly lower abundance in Lake Fryxell compared to
Lake Bonney (Li and Morgan-Kiss, 2019).
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FIGURE 3

Micrographs of a selection of photosynthetic (Plates 1-15, 24-28) and heterotrophic (Plates 16-23) protists are shown. Plate IDs: 1-8 Chlorophyta: 1-
3, Chlamydomonas, 4-5; Chlorella; 6-8, Brachiomonas; red boxes — abundant protist taxa in MDV lakes; green boxes — MDV protist taxa available as
isolates. Figure is based on data from: (Bielewicz et al., 2011; Li and Morgan-Kiss, 2019).

In addition to sequencing efforts, probes for several functional
genes, particularly related to carbon fixation (rbcL, cbbM, nif]) and
photochemistry (psbB), have been used to describe both the spatial and
temporal patterns of major primary producers in the MDV lakes.
Using several primers sets specific for isoforms of the RubisCO large
subunit (encoded by the gene, rbcL), Kong et al. (Kong et al., 2012a, b)
confirmed that chlorophytes (harboring rbcL A/B) and Haptophytes
(harboring rbcL ID) exhibit distinct spatial patterns in gene copy
abundance (using environmental DNA; Figure 4A). Dolhi et al
(2015) also confirmed that cryptophyte rbcL is significantly more
abundant in Lake Fryxell. Last, Kong and colleagues showed that
temporal patterns in rbcL IA/B and ID gene copy during the transition
from fall to winter were different (Kong et al, 2012b): rbcL IA/B
expression exhibited a linear relationship with light availability, while
levels of rbcL ID transcripts exhibited no significant trends with light.

Submersible instruments which measure chlorophyll a
fluorescence provide real-time data on phytoplankton biomass.
When deployed in well-defined aquatic environments such as the
MDYV lakes, the use of a spectral fluorometer reports additional
information on relative abundance of spectral classes of
phytoplankton, as defined by their diagnostic pigments. The bbe
FluoroProbe has been deployed in the MDYV lakes for more than a
decade and has provided a long-term record of spatial variation in
phytoplankton abundance. The FluoroProbe relies on differential
excitation of major algal spectral class pigments to delineate
between four major algal classes: chlorophytes, cryptophytes,
cyanobacteria, and a ‘mixed’ group (Beutler et al, 2002). While
there have been debates among the literature over the limitations
and accuracy of spectral fluorometers (Kring et al,, 2014), in the
simple, defined systems of the dry valley lakes, the FluoroProbe has
been a valuable tool to complement other long-term datasets (Li
et al., 2019; Patriarche et al., 2021; Sherwell et al., 2022).
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The bbe FluoroProbe has been deployed annually during the
austral summer in the MDYV lakes since 2005. Long-term trends in
phytoplankton biomass, estimated as total chlorophyll 4, indicate
that phytoplankton levels have increased in Lake Bonney over the
past two decades. This trend is particularly significant for carbon
cycling in the MDYV lakes as most of the organic carbon is
autochthonous in origin, owing to minimal external inputs from
glacial-fed streams. Patriarche et al. (2021) reported that the rise in
phytoplankton biomass was due to a rising trend in Chlorophytes.
While this paper did not verify the specific chlorophyte taxa,
previous studies have documented that the chlorophyte
community is dominated by the large biflagellate,
Chlamydomonas (Bielewicz et al., 2011; Li and Morgan-Kiss, 2019).

More recently, the bbe FluoroProbe was deployed in Lake
Bonney as part of a suite of instruments and samples to provide
one of the first year-round views of seasonal succession in the algal
communities (Patriarche et al., 2021). A surprising discovery was
that the total chlorophyll a levels increased during early winter,
owing to a rise in biomass of the mixed spectral group (Figure 4D).
Previously, the mixotrophic haptophyte, Isochrysis sp., was
identified as a major algal component of the mixed group (Dolhi
et al., 2015). Thus, in addition to contributing to primary
production during the summer, Isochrysis sp. is also active during
the winter, mostly likely relying on predatory consumption of
bacterial prey (Li et al., 2016).

Molecular surveys during recent years have significantly
contributed to a fuller understanding of the dominant members
of the MDYV lake protist communities. Vertical stratification of the
protist communities within the water column is a reflection of
strong chemical gradients, redox transitions, and availability of
solar light. While the functional role of some of the dominant taxa is
understood, advances in understanding the activity and function of
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groups. (C, D). Spectral algal classes, chlorophyll a fluorescence, on spatial (C) and temporal (D) scales. Figure based on data from refs: (Dolhi et al.,

2015; Li and Morgan-Kiss, 2019; Patriarche et al., 2021).

taxa such as the diverse group of heterotrophic nanoflagellates as
well as the full diversity of saprotrophic protists.

Signs and impacts of the
Anthropocene in the dry valleys

The Western Antarctic continent, in particular the northern
Antarctic Peninsula has shown obvious signs and impacts of
climate-related change. Since the 1950’s, upper ocean
temperatures have risen almost 3°C (Turner et al., 2005) causing
the collapse of ice shelves, resulting in major shifts in macrofauna
life cycles and introduction of nonnative species. Although not fully
understood, warm summers, including increases in the number of
annual above freezing days, will have multiple positive and negative
impacts on biology, as ecosystems on the Antarctic continent are
restricted to ice-free areas comprising <0.5% of the continent
(Brooks et al., 2019), and are largely colonized by low
temperature-adapted microscopic lifeforms. The impact of
discrete climate events, traditionally termed pulses, has been
particularly notable in dry environments, such as the polar desert
conditions of the MDVs.

The MDVs are located in the larger eastern region of Antarctica:
in the past, East Antarctica has been largely spared from extreme
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weather events, in part due to ozone depletion over this region
(Doran et al,, 2002). In fact, conditions in the MDVs have been
metastable for thousands of years (Green and Lyons, 2009);
however, evidence of extreme weather events have appeared in
the past three decades. Long-term data records from the McMurdo
LTER have been critical in witnessing the stochastic shifts in major
climate conditions in the MDV's (Figure 5). One of the most notable
climate events was an unprecedented flooding from December 2001
to January 2002, caused by a discrete warming event which drove
increased glacial melt and record stream discharge (Foreman et al.,
2004). While this climate event was short, it caused both immediate
and long-term shifts in the MDV landscape (Gooseff et al., 2017a).
During the flood, high stream discharge caused increased water
column turbidity, while increased nutrient loading occurred over
the first year after the warm summer (Foreman et al.,, 2004).

On longer time scales, lake levels which had been stable or
declining for the previous decade, increased over the first decade
after the flood (Figure 5B). Despite lake level rise, the position of the
permanent chemocline has been stable relative to sea level in Lake
Bonney, which suggests that the volume of the overlaying
oligotrophic surface waters has increased (Patriarche et al., 2021).
Indeed, the upper water column of Lake Bonney has become fresher
since the warm summer, producing a larger freshwater habitat
(Sherwell et al., 2022).
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Permanent ice covers also thinned during the decade post-flood
(-1.20 and -0.61 m per decade in ELB and WLB, respectively)
(Gooseff et al., 2017a). Since 2009 the lake ice has thickened to pre-
flood values and lake level rise has been paused since 2015 (Sherwell
et al,, 2022). It is notable that the ice thickness of ELB did not fully
return to pre-flood levels (Figure 5B). Between 2001-2005, ice
thickness reached a maximum of 4.79 + 0.16 m; however, only
reached a maximum of 4.42 + 0.17 m between 2015-2019. Recently,
an extreme event in the form of a summer heat wave was
documented in Antarctica, with temperatures reaching a high of
20°C in February 2020 (Robinson et al., 2020). The two years of data
collected since this recent warm summer suggest that the dry valley
lakes may have been reset for another round of lake ice thinning and
lake level rise (Figure 5).

Many of the studies on the impacts of extreme weather events
on the biology in the MDV lakes have focused on response of the
phytoplankton communities. Immediately following the 2001/02
flood, Foreman observed that photosynthesis in Lake Bonney was

10.3389/fevo.2024.1323472

temporarily shut down due to turbidity-associated transient
reductions in PAR; however, increased nutrient availability fueled
a phytoplankton bloom the following year (Foreman et al., 2004).
Over longer time scales, Patriarche and colleagues proposed that a
decadal-long rise in chlorophyll a in ELB and WLB was largely due
to a rise in green algal biomass (Chlorophytes) in the upper water
column (Patriarche et al, 2021). In parallel with lake level rise,
major chlorophyll 4 maxima shifted ~3 m deeper in the water
column of ELB during the first decade (2003-2013) after the 2001/
02 flood (Sherwell et al., 2022). Since 2013, the position of the
phytoplankton biomass maxima has been stable and chlorophyll
levels have declined (Sherwell et al., 2022), in agreement with the
quiescent phase 2 decades post-flood (Figure 5).

The long-term data record of the MCM LTER provides a critical
tool for understanding how climate has shaped the
physicochemistry of the MDV lakes. On the other hand, the
application of widespread use of environmental sequencing is
relatively recent, e.g. next generation sequencing applications
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FIGURE 5

Impact of episodic climate events on McMurdo dry valley lakes. (A) Key papers documenting long-term trends in lake physicochemistry (blue arrows)
and protist diversity (red arrows) in relation to two warm summer events occurring in 2001/02 and 2019/20. (B, C). Long-term physicochemistry
from east lobe Lake Bonney. Figure is based on data from refs: (Doran and Gooseff, 2023; Priscu, 2023).
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began more than a decade after the 2001/02 flood (Figure 5A).
Thus, our current understanding of how protist populations
responded to past climate events and predicting impacts of future
climate related events is limited.

Responses of MDV protists to
environmental disturbance

The sequence record for the MDYV lakes is relatively recent, with
the first reported 18S rRNA sequencing of the photic zone of Lake
Bonney occurring in 2011 (Figure 5A; Bielewicz et al., 2011). As a
proxy, disturbance experiments were conducted to mimic
anticipated climate-related events on the MDV lake communities.
These lab- and field-based experiments have addressed several
climate-relevant impacts on the under-ice microbial communities,
including changes in physciochemistry, ice thickness, hydrological
connectivity, and lake level rise. In the earliest study, Priscu (1995)
used a nutrient bioassay approach to mimic the impact of increased
macronutrient input on phytoplankton communities from several
MDYV lakes. This study concluded that primary production rates in
Lake Bonney were stimulated by phosphorus addition. In contrast,
additions of both nitrogen and phosphorus were required to
observe a comparable response in Lake Fryxell phytoplankton.
These findings correlated well with the long-term data record
showing that soils and water within the Lake Bonney and Fryxell
basins are deficient for phosphorus and nitrogen, respectively
(Priscu, 1995).

Two decades after the initial study from Priscu, Teufel and
colleagues performed a second nutrient bioassay on Lakes Bonney
and Fryxell which incorporated 16S rRNA sequencing (Teufel et al.,

10.3389/fevo.2024.1323472

2017). Based on results from the bbe FluoroProbe, they identified
chlorophytes as the major contributors to the increase in
chlorophyll a and rates of light-dependent primary production in
nutrient bioassays conducted from the shallow surface waters of
both Lake Fryxell and Bonney. In a similar experiment, lake water
from both lakes were incubated in the presence or absence of
nitrogen/phosphorus/glucose and community structure was
compared using 18S rRNA gene sequencing (Figure 6). In
contrast with the findings of Teufel et al., sequence data showed
negligible changes in the phytoplankton communities from ELB: a
cryptophyte population dominated both the control and treatments
throughout the experiment (Figure 6A). However, Lake Fryxell
showed a clear enrichment in Chlorophyta in response to the
nutrient amendment (Figure 6B). Sherwell et al. added the
environmental factor of light availability to the bioassay approach.
These investigators found that light levels comparable to the high
light environment of the open water moat caused inhibition of
photochemistry and a loss of photoautotrophic protists, particularly
Chlorophyta (Sherwell et al., 2022).

Another experiment was designed to mimic two impacts of
warmer summers on phytoplankton communities in Lake Bonney
by shifting their location in the water column. Lake water from ELB
was captured in dialysis bags and transplanted either to the open
water moats or deeper in the water column to mimic either ice-
cover loss or one decade of lake level rise, respectively (Figures 5B,
C; 7A). Principal coordinate analyses (PcoA) provided evidence of
differential impacts on the eukaryotic community in response to the
transplants (Figure 7B). Protist communities from the shallow
layers of ELB exhibited higher sensitivity to the transplant
treatments compared with original communities from deeper in
the photic zone: 5 m communities shifted to either the moat or
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Impact of nutrient addition on protist community structure. Shallow water (5 m sampling depth) was collected from Lakes Bonney, east lobe (A) and
Fryxell (B) and incubated in cubitainers in a temperature-controlled photoincubator with or without addition of nutrients. CNP, carbon (glucose)/
nitrogen/phosphorus additions. Figure is based on data from: NCBI BioProject PRINA1066876.
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deeper into the water column both exhibited a significant shift in
community structure (Figure 7B). Moreover, the transplanted
shallow communities more closely resembled the protist
communities from their new habitat, indicating ecological
homogenization and reduced biodiversity (Figure 7B).
Furthermore, specific protist taxa were either positively or
negatively impacted by the transplants. In particular, relative
abundance of Cryptophyta declined in response to the
transplants, and were replaced by Chlorophyta (Figure 7C;
Sherwell et al., 2022). The chlorophyte community was
dominated by photoautotrophic Chlamydomonas spp., which
supports other bioassay experiments as well as the long-term
record that these organisms are competitive under climate-driven
disturbances (Teufel et al., 2017; Patriarche et al., 2021).
Ochrophyta were also stimulated in the moat transplant
(Figure 7C): these sequences were related to a diverse group of
heterotrophic eukaryotes, including a novel heterotrophic
nanoflagellate from Biscosoecida (Sherwell et al., 2022). Last,
photosynthetic efficiency of transplanted phytoplankton
communities was negatively impacted, particularly in the moat
transplant. These results suggest that the phytoplankton were
exposed to high excitation pressure and responded by
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shallow to deep
transplant
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downregulation of their photosynthetic apparatus (Sherwell
et al, 2022).

The disturbance experiments provide critical information
regarding the short-term responses of microbial communities to
mimicked episodic climate events. Overall, there are protist taxa
(e.g. Chlorophyta) which exhibit higher resilience to environmental
change and can take advantage of increased resources, such as
nutrients. Other important protist taxa (e.g. Cryptophyta) appear to
be highly sensitive to environmental perturbation. In future studies,
long-term datasets from native communities can be used to validate
the findings from these experiments performed under these
manipulated conditions.

Physiological and genomic studies on
isolated phytoplankton taxa

At the other end of the scale of experimental design, scientists
have been studying isolates of key MDV protists under lab-
controlled settings for three decades. While ex situ research, using
algal isolates, cannot reproduce native environments, these studies
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Sensitivity of MDV protists to manipulated environmental stress. (A). Schematic of the transplant experiment. Natural communities residing at various
depths in the water column (5 m, 17 m, 23 m) were transferred to dialysis bags, attached to PVC frames, and transplanted to either the open water
moat or 3 m deeper in the water column. Frames were retrieved after 14 days incubation. Image: a representative frame containing transplanted
microbial communities. (B). PCoA cluster analysis of 18S rRNA from Lake Bonney (east lobe) in response to mimicked moat expansion or lake level
rise. Circles, natural communities; squares, transplanted communities (n=1-3). The scatter plots are of principal coordinate 1 (PC1) versus principal
coordinate 2 (PC2) from weighted UniFrac results. (Red line, shows homogenization of communities; blue line, represents sensitivity of shifted
communities). (C). Changes in relative abundance eukaryal communities. Figure is based on data from ref: (Sherwell et al,, 2022).
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provide highly detailed physiological information which is not
possible within native communities residing in their complex and
changing environment. As the major protist groups and important
primary producers within the MDYV lakes, physiological studies on
the chlorophytes, cryptophytes, and haptophytes can inform how
key photosynthetic and mixotrophic protists of these truncated food
webs are equipped to survive under the current conditions and
predict how resilient they will be to future climate events (Figure 8).

Chlorophytes

Chlorophyta is a diverse phylum of algae: they are the closest
algal relatives of land plants. Many are obligate photoautotrophs
while others possess mixotrophic metabolism, i.e. combining light
absorption with uptake of dissolved organic compounds. This mode
of mixotrophy differs from many other protists who supplement
light absorption with phagotrophy. The vast body of research on the
model alga Chlamydomonas reinhardtii is conducted under
mixotrophic conditions in growth medium containing acetate.
Mixotrophic conditions enhance growth rates; however, at a cost
of downregulation of photosynthetic capacity (Johnson and Alric,
2012). Chlorophytes are a dominant primary producer in Lake
Bonney (Bielewicz et al., 2011; Kong et al., 2012b). Two isolated
strains from ELB, Chlamydomonas priscuii and Chlamydomonas sp.
ICE-MDV, have been studied under a variety of lab-controlled
conditions (Figures 8A, C). C. priscuii was isolated from the deep
photic zone (18 m) of ELB in the early 1990s and has emerged as a
model of cold-adapted photosynthesis (reviewed in: (Morgan-Kiss

10.3389/fevo.2024.1323472

et al., 2006; Dolhi et al., 2013; Cvetkovska et al., 2017, 2022).
Chlamydomonas sp. ICE-MDV was isolated from the chemocline
(15 m) in 2015 (Liet al.,, 20165 Cook et al., 2019), and it is one of the
dominant chlorophyte taxa of the upper water columns of ELB and
WLB (Li and Morgan-Kiss, 2019). While the natural habitat of both
Chlamydomonas spp. is Lake Bonney, they exhibit distinct
physiologies and stress tolerances which are likely due to the
stratified layers in which they reside (Figures 8A, C). Isolated
studies on these two organisms help to characterize how the
chlorophyte populations of Lake Bonney may respond to changes
such as temperature, nutrient availability, and light intensity at
varying depths.

C. priscuii was isolated from the deep photic zone of ELB where
it experiences low light (<50 umol*m**s™) enriched in blue
spectrum (400 - 500 nm), high salinity (80 - 90 mS cm’’; 700
mM NaCl), low temperature (0 - 5 °C) and supersaturated O, (30 -
40 mg L% 200% air saturation levels) (Neale and Priscu, 1995). C.
priscuii has been the subject of nearly 30 years of physiological study
(reviewed in (Morgan-Kiss et al., 2006; Cvetkovska et al., 2022;
Hiumner et al,, 2023). The genome of C. priscuii has been sequenced
and is available in two searchable databases (NCBI and Phytozome)
making it a robust model for studying the genetic and physiological
underpinnings of stress adaptation (Zhang et al., 2021). C. priscuii is
an obligate photoautotroph and a psychrophile, which is defined as
an organism obligately adapted to growth at cold temperatures
(Morita, 1975). Psychrophily in this organism is at least partly due
to highly unsaturated photosynthetic membranes and a high
sensitivity of the photosynthetic apparatus to even moderately
high temperatures (Morgan-Kiss et al., 2002a). Thus, short- or
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long-term increases in temperature are expected to significantly
impair the growth of this organism.

C. priscuii has lost the rapid response mechanism of state
transitions (Morgan-Kiss et al., 2002b); however, it possess a high
capacity for photoprotection and oxidative stress detoxification and
grows remarkably well under light conditions which are >10-fold
higher than native light levels (Stahl-Rommel et al., 2022).
Adaptation to the permanently high salinity environment may
have contributed to the loss in capacity for state transitions: C.
priscuii assembles a pigment-protein super complex which supports
sustained rates of an alternative electron transport pathway around
photosystem I (Kalra et al., 2020, 2023). Last, Hiiner and colleagues
reported that C. priscuii forms immobile, multicellular palmelloid
structures which are functionally distinct from single cells and
exhibit higher photoprotection from short-term high light stress
(Szyszka-Mroz et al., 2022; Hiiner et al,, 2023). A recent study on
two field isolates of C. reinhardtii also reported that palmelloids
were essential for survival under excessive high light conditions
(Suwannachuen et al, 2023). It is unknown whether C. priscuii
palmelloids occur in Lake Bonney: it would seem to be a
disadvantage in a permanently stratified water column, but could
be a photoprotective mechanism in the mixed, open water moats.

Adaptation to a highly stable shade/low temperature/high
salinity environment has resulted in a Tocked” physiology in C.
priscuii which confers adaptive advantages under this extreme
environmental regime (Figure 8C). Twenty years after the its
isolation, C. priscuii was transplanted back to its native
environment: despite long-term isolation in controlled laboratory
conditions, the transplanted cultures responded dynamically in
response to the transition from summer to the polar night by
downregulating expression of major photosynthetic genes and
functional downregulation of the photosynthetic apparatus
(Morgan-Kiss et al., 2016). This study validated an earlier lab-
based model that C. priscuii maintains its photosynthetic apparatus
under mimicked winter conditions so that it can rapidly switch on
its photochemical apparatus when summer returns (Morgan-Kiss
etal., 2005, 2006). On the other hand, specialized adaptations which
limit its ability to respond to environmental disturbance may be a
disadvantage under future climate scenarios (Figure 8): indeed, C.
priscuii is rarely detected in Lake Bonney in recent 185 rRNA
surveys (Li and Morgan-Kiss, 2019). Thus, C. priscuii could
represent one of the first casualties of climate change in the
MDYV lakes.

Chlamydomonas sp. ICE-MDV was more recently isolated and
is also an obligate photoautotroph and a psychrophile; it displays
distinct physiology compared with C. priscuii. Compared to C.
priscuii, native communities of Chlamydomonas sp. ICE-MDV have
been detected in a variety of locations, representing a broad range of
light levels (Li and Morgan-Kiss, 2019), including the high-light
environment of the open water moats (Sherwell et al., 2022). Lab-
controlled experiments have also shown that Chlamydomonas sp.
ICE-MDV has greater metabolic plasticity relative to C. priscuii,
including some capacity for state transitions (Figure 8A; Kalra et al,
2023). Chlamydomonas sp. ICE-MDV also responds to variability
in the micronutrient, Fe, with typically restructuring of
Photosystem I (a high Fe-requiring reaction center), while C.

Frontiers in Ecology and Evolution

10.3389/fevo.2024.1323472

priscuii exhibited minimal PSI restructuring (Cook et al., 2019).
Interestingly, 77K fluorescence analyses on native algal
communities from the Lake Bonney showed minimal PSI
fluorescence emission (Kong et al., 2014). Chlamydomonas sp.
ICE-MDV grows faster than C. priscuii under nonstress
conditions and is capable of state transitions (Figure 8A), but
exhibits significantly lower salinity tolerance (< 500 mM NaCl)
(Kalra et al., 2023) compared to C. priscuii (up to 1200 mM NaCl;
Pocock et al., 2011). Overall, we conclude that Chlamydomonas sp.
ICE-MDV has retained physiological plasticity, while C. priscuii has
evolved specialized mechanisms to survive additional extreme
conditions, particularly high salt (Figures 8A, C). These differing
strategies may serve Chlamydomonas sp. ICE-MDV under future
climate-driven perturbations, such as thinning ice covers or even
seasonal ice-free periods (Obryk et al., 2019) which could
significantly increase light availability. As discussed above,
mimicked disturbance experiments showed that Chlamydomonas
sp. ICE-MDV is competitive under climate-related environmental
changes (Teufel et al., 2017; Sherwell et al., 2022), for e.g. during
high stream flow years.

Cryptophytes

Cryptophyceae is a group nanophytoplankton which harbors
phycobilin-type chloroplasts derived from secondary endosymbiosis.
Many are constitutive mixotrophs, or phago-mixotrophs, representing
significant bacterivores in fresh water ecosystems (Grujcic et al., 2018).
A recent paper also reported aplastic cryptophytes as dominant
members of the heterotrophic nanoflagellate populations of
freshwater environments (Simek et al,, 2023). Cryptophytes reside in
the shallow layers of Lake Bonney but are rare in the deeper photic
zone. In contrast, they are the dominant phototroph throughout the
photic zone of Lake Fryxell (Bielewicz et al,, 2011; Dolhi et al., 2015).
Currently, it is unknown what drives the differential distribution of the
cryptophyte populations in Lake Bonney versus Lake Fryxell, but
higher cryptophyte abundance in the latter is likely supported by
higher abundance of bacterial prey. Li and colleagues reported a
negative correlation between salinity and cryptophytes (Li et al,
2019), which could also explain why cryptophyte populations are
restricted to the upper water column of saline Lake Bonney
Similarly, cryptophytes occupy lower salinity regions along the coast
of the Antarctic peninsula (Mendes et al., 2013; Mendes et al., 2023).

Cryptomonad isolates from the MDYV lakes are currently
unavailable and so detailed knowledge of their physiology and
response to varying environmental conditions is limited. A closely
related isolate Geminigera cryophila, has been studied for several
years and has yielded significant information regarding its ability to
acclimate to a number of environmental variables (Trimborn et al.,
2019; Camoying and Trimborn, 2023). These studies have revealed
that the marine cryptophyte exhibits physiological plasticity to
respond to variations in temperature and light. Trimborn and
colleagues reported that G. cryophila was sensitive to increasing
irradiance, with complete growth inhibition under high light
(Trimborn et al,, 2019). However, in the presence of high CO, (a
condition associated with ocean acidification), this light sensitivity
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phenotype was alleviated. Growth of G. cryophila was also
stimulated under warming temperatures (Camoying and
Trimborn, 2023). The conditions of higher and variable light
combined with warmer temperatures and high CO, match
climate-driven changes in the WAP. Indeed, a recent paper from
Mendes and colleagues reported that cryptophytes are gradually
outgrowing diatoms in the Antarctic coastal marine ecosystem as
oceanic pCO, increases and conditions switch to prolonged
summer stratification (Mendes et al., 2023). It is unknown
whether the MDV cryptophytes will respond in a comparable
manner as their WAP counterparts; however, as discussed above,
results from the disturbance experiments conducted thus far
suggest that the MDV cryptophyte communities are highly
sensitive to environmental perturbation and are less competitive
than the chlorophytes (Teufel et al., 2017; Sherwell et al., 2022).

Haptophytes

The order Isochrysidales (Phylum Haptophyta) is a second
abundant mixotrophic nanophytoplankton taxa in the MDV
lakes. Haptophytes have major environmental importance in
aquatic habitats: mixotrophic haptophytes are major grazers of
bacteria in marine environments (Unrein et al.,, 2014; Penot et al.,
2022). A single haptophyte species belonging to the genus
Isochrysis, appears to be highly abundant within the chemoclines
in both lobes of Lake Bonney (Figure 8B) (Bielewicz et al., 2011;
Dolhi et al,, 2015). Kong et al. (Kong et al., 2012b) detected
relatively high levels of haptophyte rbcL ID transcripts in the
chemocline of Lake Bonney, suggesting that Isochrysis contributes
significantly to primary production. There is no evidence that this
mixotroph is present in other MDYV lakes (Li et al., 2019).

There is evidence that the haptophyte community in Lake
Bonney may be a major contributor to biogenic sulfur cycling in
Lake Bonney. ELB has some of the highest levels of DMSP recorded
(Lee et al., 2004). DMSP is an algal osmolyte in marine
environments which is almost exclusively produced by
photosynthetic eukaryotes (Sunda et al., 2002). Since Lake
Bonney is a hypersaline lake, it is highly likely that one of the
dominant phytoplankton is responsible for its production. While
the identity of the DMSP-producing algae is currently not known,
peaks in DMSP were reported at depths of maximal expression of
the rbcL ID gene of Isochrysis sp., suggesting that this organism
might be the major producer of DMSP (Kong et al., 2012a).

Details on the physiology of the MDV Isochrysis sp. are
minimal; however, a nonaxenic Isochrysis (named Isochrysis sp.
MDYV) culture from Lake Bonney was isolated in 2016 (Li et al.,
2016). Isochrysis sp. MDYV is most closely related to a mesophilic
species, 1. galbana (Bielewicz et al, 2011). One master’s thesis
reported some preliminary analyses of the physiology of the
MDV strain, including a comparison between Chlamydomonas
spp. and Isochrysis sp. MDV under mimicked polar night
(Cariani, 2019). This study found that Isochrysis sp. MDV strain
is psychrophilic and can grow under variable light levels of up to
250 umol photons m™ s™. Growth rates of Isochrysis sp. MDV did
not change significantly under a range of light intensities, and
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photochemical activity was generally lower compared with MDV
Chlamydomonas spp. isolates (Cariani, 2019). Last, Isochrysis sp.
MDYV exhibited a two-fold increase in growth rate and cell biomass
yield under mixotrophic growth conditions relative to
photoautotrophic conditions, and Li et al. reported the presence
of an acidic food vacuole (Li et al., 2016).

In response to mimicked winter conditions in a lab-controlled
experiment, Chlamydomonas sp. ICE-MDV and C. priscuii rapidly
downregulated photochemistry activity upon the onset of 24-hour
darkness, while Isochrysis sp. MDV maintained functional
photochemical activity throughout the dark incubation of up to 4
weeks. These findings from lab-controlled experiments fit with
findings from Kong et al. (Kong et al., 2012b) who reported that
expression of haptophyte rbcL ID is not correlated with light
availability during the transition from summer to polar winter,
while chlorophyte rbcL IAB declined with linearly with light over
the same time period. This suggests that Isochrysis sp. MDYV is a
facultative phototroph that relies on heterotrophy under low light
or nutrients (Figure 8B). We conclude that unlike the
Chlamydomonas spp. of Lake Bonney which are reliant the
physiological strategy of a tunable photochemical apparatus,
Isochrysis relies on the physiological strategy of metabolic
versatility to be competitive under low light (summer) and dark
(winter) conditions (Figure 8B).

Future directions and training the
next generation

Protists clearly play outsized roles in the truncated food webs of
the McMurdo Dry Valley lakes. While three decades of research on
the native communities in concert with focused investigations on
several isolates, we are really at the beginning of the journey to fully
understand the functional contributions of protists to polar aquatic
ecosystems. In the MDYV lakes, the current literature represents an
overemphasis on photosynthetic representatives: there is a need for
improved understanding of diversity and functional roles of
heterotrophic protists, particularly poorly understood trophic
modes including parasitic, saprotrophic, mutualistic, and
symbiotic lifestyles. Our understanding of the contributions of
parasitic and saprotrophic fungi to the MDV lake biogeochemical
cycles is also in its infancy. The long-term data record of the
McMurdo LTER is invaluable for understanding the physical and
chemical trends in response to climate-driven events: the temporal
record of MDV protist communities is catching up.

Last, on a broader scale, a place for MDYV protists within the
context of global protist diversity should be addressed. A recent
paper reported on the biogeography of protists among marine,
freshwater and soil communities (Singer et al., 2021). Their results
confirm earlier findings that salinity is an environmental barrier
between marine and freshwater ecosystems, preventing marine-
freshwater transitions between microbial communities (Logares
et al, 2009). Unlike marine and freshwater systems which are
geographically separated, salinity is a major physicochemical
factor with strong gradients within the MDV lakes. As studies on
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MDYV algal isolates have shown, there are protist lineages within the
same lake which possess different salinity tolerances and physiology
(Kalra et al,, 2020, Kalra et al,, 2023). Identifying additional protist
lineages with varying salt sensitivity could make them valuable
sentinels of climate change.

Antarctic field research provides one of the most unique training
opportunities in the world. The McMurdo LTER has been training and
sending early career scientists, particularly graduate students and
postdoctoral fellows, to work in the dry valleys for three decades.
Many of these scientists have gone on to continue to conduct research
in polar environments, but others have pursued diverse careers in

10.3389/fevo.2024.1323472

government agencies (e.g. EPA and NASA) and private industry.
Laboratory-based inquiries provide additional opportunities for many
more early career researchers to get involved in Antarctic research than
would not be possible from field-based studies. Specifically, laboratory-
based inquiries exploiting isolates of MDV lake phytoplankton have
recruited a large number of high school and undergraduate students to
work on independent research projects. Last field- and laboratory-
based research activities on the MDV protists have engaged a large
number of early career female scientists (Figure 9). These remarkable
women represent role models, inspiring the next generation of
polar scientists!

FIGURE 9

Early career polar scientists working in the field in McMurdo Dry Valleys, Antarctica (A-D) and growing Antarctic algae in the lab (E). (A) “Team
Protist” — J Dolhi-Binder (PhD 2015), (A) Teufel (PhD 2016), R. Morgan-Kiss, W. Li (PhD 2016), Lake Bonney, Nov 2012. (B) S. Sherwell (MSc 2018) &
() Kalra (PhD 2020) measuring PAR, Lake Bonney, Jan 2019. (C) A. Teufel & R. Morgan-Kiss deploying the bbe FluoroProbe, Lake Vanda, Nov 2017.
(D) C. Takacs-Vesbach and (E) Rynebeau (current PhD student) collecting samples at Lake Brownworth, Jan 2020 (E) R. Pereira (current PhD

student) measuring ice thickness, Lake Fryxell, December 2022.
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