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isms with short generation times and large population sizes, mixotrophs may rapidly
evolve in response to climate change. Here, we present data from a 3-year experiment
quantifying the evolutionary response of two mixotrophic nanoflagellates to temper-
ature. We found evidence for adaptive evolution (increased growth rates in evolved
relative to acclimated lineages) in the obligately phototrophic strain, but not in the
facultative phototroph. All lineages showed trends of increased carbon use efficiency,
flattening of thermal reaction norms, and a return to homeostatic gene expression.
Generally, mixotrophs evolved reduced photosynthesis and higher grazing with in-
creased temperatures, suggesting that evolution may act to exacerbate mixotrophs'

effects on global carbon cycling.
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1 | INTRODUCTION

Mixotrophs, organisms that use a combination of autotrophy and het-
erotrophy to gain energy and nutrients, are increasingly recognized
as omnipresent members of planktonic food webs and regulators of
global biogeochemical cycles (Caron, 2016; Mitra et al., 2014; Ward
& Follows, 2016; Worden et al., 2015). “Constitutive mixotrophs”
are chloroplast-bearing protists that have retained the ability to eat
(Mitra et al., 2016; Stoecker, 1998). These mixotrophs occur on a

carbon use efficiency, experimental evolution, metabolism, Ochromonas, thermal reaction

spectrum of metabolic strategies, ranging from primarily phototro-
phic (feeding when nutrients needed for photosynthesis are limiting)
to primarily heterotrophic (photosynthesizing when prey are limiting)
(Stoecker, 1998). Though different species of mixotrophs may favor
one mode of carbon acquisition over the other in ideal conditions, the
balance between autotrophy and heterotrophy is also affected by en-
vironmental factors including temperature, light and prey availability.

As a result of their flexible metabolism, mixotrophs may act

as either carbon sources or sinks. For example, mixotrophs are

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

7094 wileyonlinelibrary.com/journal/gcb

Glob Change Biol. 2022;28:7094-7107.



LEPORI-BUI ET AL.

predicted to contribute substantially to primary production in
mature ecosystems (Mitra et al., 2014), and they can account
for over 80% of total chlorophyll in the open ocean (Zubkov &
Tarran, 2008). They have also been found to drive carbon reminer-
alization as the dominant grazers in oligotrophic gyres (Hartmann
et al., 2012). Ocean ecosystem models predict that incorporating
mixotrophy can promote the accumulation of biomass in larger
size classes, increasing estimates of carbon export via the bio-
logical carbon pump by 60% (Ward & Follows, 2016). However,
accurate model predictions require a better understanding of
mixotroph metabolic flexibility, particularly in the face of ocean
warming.

Rising ocean temperatures due to climate change will fun-
damentally affect oceanic ecosystems by altering the metabolic
functions of marine organisms (Gillooly et al., 2001). According
to the metabolic theory of ecology, metabolic rates increase
exponentially with temperature (Brown et al., 2004). Because
heterotrophic processes are more sensitive to temperature in-
creases than photosynthetic processes (Allen et al., 2005; Rose
& Caron, 2007), mixotrophs are predicted to become more het-
erotrophic at higher temperatures (Allen et al., 2005; Wilken
et al., 2013), increasing their emission of carbon dioxide. Further,
mixotrophs are dominant in the low-nutrient stratified water of
subtropical gyres (Hartmann et al., 2012; Mitra et al., 2016), which
are expected to expand with climate change (Polovina et al., 2008).
Rising temperatures are also associated with decreases in body
size (Gillooly et al., 2001; Malerba & Marshall, 2020), which re-
duces sinking rates, leading to cascading effects to carbon export
by the biological carbon pump. Together, these changes could in-
crease carbon dioxide accumulation in the atmosphere, generat-
ing a positive feedback loop.

Relatively few studies have tested the hypothesis that mixo-
trophs will become more heterotrophic with increased tempera-
tures. Wilken et al. (2013) found a shift towards heterotrophy at
higher temperatures in a primarily phagotrophic freshwater mixo-
troph, Ochromonas sp., after 2-4 weeks of acclimation to new tem-
peratures. Conversely, Princiotta et al. (2016) found the opposite
effect after 5days of thermal acclimation in an obligately phototro-
phic freshwater mixotroph, Dinobryon sociale. These contrasting
results show that predicting mixotrophs' response to increased
temperature is complicated by many factors, including the diversity
of mixotrophic organisms and how they balance their metabolism.
Furthermore, due to the short timescale of these experiments (be-
tween 5days and 4 weeks for slower-growing organisms), these re-
sults represent the organism's phenotypic plasticity, defined as the
ability of a single genotype to exhibit different traits as a function
of abiotic conditions. Such phenotypically plastic responses are
expected to be reversible, and to not have arisen due to heritable
genetic change. However, due to their short generation times, fast
growth rates and large population sizes, microbes may rapidly adapt
(via heritable evolutionary changes in genotype) to changing condi-
tions. For example, a growing body of evolutionary experiments has
shown that some phytoplankton are capable of adaptive evolution
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within several hundred generations (Barton et al., 2020; Listmann
et al.,, 2016; O'Donnell et al., 2018; Padfield et al., 2016; Schaum
et al., 2018). In some cases, these adaptations reversed short-term
responses to increasing temperature, such as through the reduc-
tion of respiratory costs (Barton et al., 2020; Padfield et al., 2016).
Although high taxonomic diversity mean lineages likely vary in their
responses (Collins et al., 2014), to our knowledge, no mixotrophs
have been similarly experimentally evolved.

Here, we quantified the evolutionary responses of mixotrophs
to temperature change and related these responses to mixotrophic
contributions to carbon cycling in the oceans. Specifically, we asked:
Do mixotrophs adapt to different temperatures? What changes can
be observed in carbon cycle-relevant traits when comparing their
plastic and evolved responses? And what are some of the potential
mechanisms for adaptation? We experimentally evolved two related
strains of mixotrophic nanoflagellates—one obligate phototroph,
requiring light but with increased growth rate with the presence
of prey, and one facultative phototroph, requiring prey but able to
grow in darkness—to different temperature treatments for 3years
(between 400 and 700 generations, depending on evolutionary
temperature), to quantify adaptation. We varied light availability
to manipulate selection for photosynthesis, and measured carbon
cycle-relevant traits including metabolic rates (photosynthesis, graz-
ing, and respiration), photosynthetic parameters (pigment content
and photosynthetic efficiency), and cell size. We found evidence
for adaptive evolution to both hot and cold temperatures in the
obligately phototrophic strain, but only under high light conditions.
Although differences in fitness over time were more variable in the
facultative phototroph, evolution increased carbon use efficiency
and reversed some of the short-term stress responses of control
lineages. All lineages showed evolved responses in carbon cycle-
relevant traits at the end of our experiment that could exacerbate

mixotroph contributions to climate change.

2 | MATERIALS AND METHODS
2.1 | Mixotroph cultures and maintenance

We experimentally evolved two marine lineages from the
genus Ochromonas, a widely distributed group of mixotrophic
nanoflagellates. These cultures, purchased from the National Center
for Marine Algae and Microbiota (NCMA, Bigelow Laboratory),
represent different degrees of metabolic flexibility: Strain CCMP
1391 is obligately phototrophic (requiring light to survive, but has
increased growth rate with the presence of prey) (Moeller et al.,
2019), and Strain CCMP 2951 is facultatively phototrophic (requiring
prey but able to grow in darkness) (Wilken et al., 2020). Xenic cultures
were maintained in K medium (Keller et al., 1987) made by adding
pre-mixed nutrients (NCMA) to 0.2 um filtered coastal seawater.
Because Ochromonas is bacterivorous, co-occurring bacteria in
the xenic cultures provided a food supply, and no additional food
supplementation was given. Stock cultures were kept at the ancestral
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temperature of 24°C, with a 12:12 light: dark cycle and acclimated to
the two experimental light levels, 100 and 50 pmol quanta m2s™, for

at least 5weeks prior to the start of the experiment.

2.2 | Evolution experiment

We conducted a long-term evolution experiment testing mixotroph
responses to both 6°C lower (18°C) and higher (30°C) temperatures.
This temperature range is relatively large compared to expected
surface ocean temperature increases, but was chosen to maxi-
mize evolutionary responses, and is similar to temperature ranges
used in other phytoplankton evolution experiments (e.g. O'Donnell
et al., 2018; Padfield et al., 2016). In March 2018, we initiated six
evolutionary replicates for each temperature treatment with a sub-
population of 10,000 cells from a stock culture maintained at 24°C
(hereafter, “control”) at each light level (Figure 1a). This initial popula-
tion size was chosen over using a clonal isolate to avoid genetic bot-
tlenecks, to increase the probability of favorable mutations, and to
support the long-term stability of the cultures (Elena & Lenski, 2003;
Malerba & Marshall, 2020; Wahl et al., 2002). We monitored cell
density weekly by counting a live sub-sample of each lineage using
a Guava easyCyte flow cytometer (Luminex Corporation), distin-
guishing Ochromonas cells using forward scatter (a proxy for cell
size) and red fluorescence (a measure of photosynthetic pigmenta-
tion). Evolving cultures were transferred in a 1:15 ml dilution of fresh
media in 25ml culture flasks (Genesee Scientific; Part No. 25-212)
every subsequent 2-4weeks (depending on population density) to
maintain exponential growth and maximize adaptive potential (Elena
& Lenski, 2003).

(a) Evolution experiment
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2.3 | Reciprocal transplant assays

To differentiate between evolution and plasticity, we periodically
transplanted evolving lineages to all treatment temperatures and
quantified metabolic traits relevant to the carbon cycle (Figure 1b,c).
Aliquots of evolving cultures were transferred to new tempera-
tures for a 5-day acclimation to overcome transfer shock before ex-
perimental measurements began. We measured growth rate every
3months to test overall fitness; photosynthetic, grazing, and respi-
ration rates every 6 months to quantify carbon budgets; and cellular
carbon and nitrogen content (yearly after Year 1 of the experiment)
to determine cell size and stoichiometry. All physiological meas-
urements were made on cells in exponential growth phase and be-
tween 5 and 10days of temperature acclimation. We based this time
window choice on preliminary data demonstrating that acclimated
lineages did not display significant changes in growth rate, chloro-
phyll content, or photosynthetic efficiency between days7 and 28
of acclimation to a new temperature (Figure S1). All analyses were
performed using the software package R (R Core Team, 2020). Data
and code are available at: https://doi.org/10.5281/zenodo.7059246.

2.4 | Growth rate and generation time

Growth assays were conducted in 24-well plates (VWR; Part No.
10062-896). On Dayé6 of temperature acclimation, Ochromonas
lineages were inoculated into 2.5 ml of media at an initial density of
20,000cellsml™t and counted daily for 4 days using a flow cytometer.
Growth rates were calculated by fitting a linear model to the natural
log of population size (R function Im). Average growth rate over

() Evolved vs. control lineages
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FIGURE 1 Conceptual diagram of experimental design. (a) Genetically similar ancestral cultures were split and exposed to three
treatment temperatures (18, 24 [control], and 30°C), with six replicates at each temperature, for evolutionary time scales. (b) Reciprocal
transplant assays were performed at regular time points, wherein aliquots of each strain were transplanted to each treatment temperature
for an acclimation period of 5days prior to trait tests to differentiate between adaptation and plasticity. (c) Hypothetical data points
demonstrate the thermal reaction norms for each treatment lineage that result from reciprocal transplant assays. In particular, we can
compare the cold-evolved (blue squares) and hot-evolved (red squares) to the control lineages (gray squares). Differences between these
(blue and red double-sided arrows) shows evolutionary response, while no differences in thermal reaction norms (not pictured) would

indicate plasticity.
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the course of the experiment was estimated at 0.198day™* for all
lineages which were transferred in a 1:15 dilution every 2weeks,
with the exception of the obligate phototroph at 18°C which was
transferred every 4 weeks and had a growth rate 0.099 day *. These
average growth rates were used to calculate generation time.

2.5 | Cellular C content

Cellular carbon (C) and nitrogen (N) content were measured using
an elemental analyzer (Model CEC 440HA; Exeter Analytical).
Known volumes and densities of Ochromonas cultures were filtered
onto pre-combusted GF/F filters (Whatman Part No. 1825-025;
Whatman Cytiva), acidified to remove inorganic carbonates, and
dried before combustion. To control for the biomass of coexisting
bacteria, bacteria-only cultures (made by inoculating media with
bacteria isolated from stock Ochromonas cultures) at each tem-
perature were filtered, acidified, dried and combusted. Bacteria
were enumerated by plating on Difco™ Marine Broth 2216 (Becton,
Dickinson and Company) agar (VWR; Part No. J637) plates. Colony
forming units were counted after 7days of incubation at 24°C, and
average bacterial C content was calculated. In Ochromonas cultures,
bacteria were similarly enumerated, and bacterial contribution of C
was subtracted from the mixed-culture measurements prior to cal-

culating Ochromonas cellular C content.

2.6 | Photosynthesis and respiration

Photosynthesis and respiration rates were measured using oxygen
sensor spots (PyroScience) and FireStingO2 optical oxygen meters
(Pyroscience; Jallet et al., 2016). Ochromonas were sealed into airtight
glass vials with sensor spots and magnetic stir bars to keep cultures
well-mixed. We monitored oxygen levels within vials continuously
for 3h in light and 2h in darkness. To subtract respiratory contri-
butions from coexisting bacteria, we measured respiration rates of
bacteria-only cultures (see methods in Section 2.5) at all treatment
temperatures. Temperature-specific bacterial respiration rates were
removed from mixed cultures before calculating Ochromonas rates.
Net photosynthesis and dark respiration rates were calculated by fit-
ting a linear model to change in oxygen (O,) measurements (R func-
tion Im) in light and darkness, respectively. Gross photosynthetic
rates were computed as the sum of net photosynthesis and dark res-
piration, assuming that respiration rates did not change with light.
We used the equation from Barton et al. (2020) to convert metabolic

rates (b) from units of O, to pgC (Equation 1).

b(pmoI02 cell™? h"1> X 32x M x (%) 1)

b(ugCugClh?t)=
( ) ug Ccell™?

Equation (1) uses the molecular weights of 0,, C, and carbon di-
oxide (CO,), and the species-specific assimilation quotient (M) from
Falkowski et al. (1985). M describes the conversion between C and
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O, through consumption or fixation within a cell using its C:N ratio.
We used estimated values for this quotient from published literature
on phytoplankton Falkowski et al. (1985). This neglects possible dif-
ferences between mixotrophs and phytoplankton but, so long as the
quotient itself did not evolve in response to temperature, acts as a
scalar that should not qualitatively affect the comparisons between

Ochromonas strains made in this study.

2.7 | Grazing

We measured Ochromonas grazing rates by offering mixotrophs
heat-killed fluorescently labeled bacteria (FLB; Escherichia coli—
K-12 strain—Bioparticles®, Alexa Fluor®488 conjugate; Molecular
Probes) as prey. To construct grazing functional response curves,
we inoculated FLB at a range of concentrations between 0 and
4 million cellsml™ into Ochromonas cultures, as well as into ster-
ile media as controls. After 1 h of grazing, final concentrations of
Ochromonas and FLB were enumerated using forward scatter, red-
fluorescence, and yellow-fluorescence measurements on a flow cy-
tometer. Grazing rates were calculated using methods of Jeong and
Latz (1994) for each FLB concentration. We fit both Holling Type
| (linear) and Type Il (saturating) functional response curves to the
data and used Akaike Information Criterion values to determine
which response fit best. We then compared attack rates from the
functional responses as a measure of grazing. We also estimated
grazing rates by scaling to average prey densities, which were deter-
mined as average bacteria per treatment, enumerated as described
in cellular C content methods.

2.8 | Photosynthetic traits

We measured electron transport rate (ETR) and photosynthetic ef-
ficiency (F /F,) using a mini-Fluorescence Induction and Relaxation
(miniFIRe) system (custom built by M. Gorbunov, Rutgers University,
New Brunswick, NJ, USA). We quantified photosynthetic rate
as a function of irradiance according to Gorbunov et al. (1999).
Photosynthetic efficiency was measured as the ratio of variable to
maximum fluorescence. ETR was measured at light intervals be-
tween 0 and 1000 pumolquanta m?2s?to generate photosynthesis-
irradiance curves, which were fit with the photosynthesis-irradiance
equation of Jassby and Platt (1976) (Equation 2) using non-linear

least squares regression (R function nls).

ETR = P, ,, X tanh("‘ X ’) 2)

Pmax
In Equation (2), ETR is calculated using maximum ETR (P, ), the
initial slope of ETR to light (@), and the incident irradiance (I). We ex-
tracted chlorophyll-a (chl-a) by incubating a known number of cells
captured on a GF/F filter (Whatman Part No. 1825-025; Whatman
Cytiva) overnight in 90% acetone at 4°C, then quantified it using a
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Trilogy fluorometer with a 460nm LED (Turner Designs). We used a
linear model to calibrate between flow cytometry red fluorescence
to extracted chl-a content (Figure S2). To compute per-carbon pho-
tosynthetic rates, we used the output of Equation (2) to interpolate
the ETR (in electrons per molecule of chl-a per second) at the growth
irradiance (100 pumol quanta m~2 s7Y). We then used the molecular
mass of chl-a, the cellular chl-a content, and the cellular C content to

convert to units of electrons per pg C per day.

2.9 | Carbon use efficiency

Carbon use efficiency was calculated to quantify how much carbon
was allocated to growth. This was calculated as growth divided by

the sum of growth and respiration.

2.10 | Thermal reaction norms

To obtain a more complete picture of the thermal sensitivity of
metabolic traits in evolved lineages, we measured thermal reaction
norms (TRNs) of photosynthesis and bacterivory. We performed
photosynthesis-irradiance curves or grazing assays as described
above at a range of temperatures between 3 and 44°C. These ther-
mal assays represent short-term responses of cells to temperature
where samples were incubated at the assay temperature only for the
duration of the assay (15 min of dark acclimation for photosynthesis-
irradiance curves; 60 min of incubation with FLB for grazing assays).
For photosynthesis-irradiance curves, to rapidly bring cells to their
incubation temperature, we diluted 1 ml of Ochromonas culture
with 4 ml of sterile, filtered seawater at the assay temperature. We
only collected TRN data from the obligate phototroph (Strain 1391)
evolved at high light because this strain showed the strongest adap-
tive response to temperature. TRNs for ETR were fit using a repa-
rameterized version of the Norberg-Eppley equation (Equation 3)
from the R package “growthTools” (Kremer, 2021).

1.2
—2-2bT,+2bT+ [4+bw2] :
(3)

— pla+bT)
=e 1-
H bw

In Equation (3), u is the metabolic trait, T is temperature, TOpt is

the optimum temperature, a affects the y-intercept, b affects ther-
mal scaling, and w describes the thermal niche width. For photosyn-
thetic efficiency and grazing, we added smoothed conditional means
(R function ggplot2::geom_smooth).

211 | Transcriptome sequencing

Finally, we measured gene expression in the obligate phototroph
(Strain 1391) evolved at high light to better understand cellular

mechanisms underlying observed adaptive responses. To contrast
evolved and acclimatory responses, we collected transcriptomes
from lineages evolving at all temperatures, and from control line-
ages evolving at 24°C but acclimated to 18 or 30°C. In week 141 of
the experiment, we inoculated exponentially growing Ochromonas
cells into 130ml volumes of culture media in 250ml tissue culture
flasks (VWR; Part No. 10062-860). We incubated these cultures for
48h at their evolutionary temperatures (to allow cells to overcome
transfer shock), before transplanting acclimation treatments to their
new temperatures. Evolving treatments remained at their initial tem-
peratures. After 7 days (the mean acclimation time of our reciprocal
transplant studies; see above), we filtered the cultures onto 0.8 um
pore size polycarbonate filters (Millipore ATTP04700; Millipore
Sigma), immediately flash-froze samples in liquid nitrogen, and then
stored them at -80°C until RNA extraction (within 1 week). We col-
lected one transcriptome from each evolving or acclimated lineage
(=5 treatmentsx 6 replicates for a total of 30 samples), except for
lineages evolving at 18°C for which we collected technical tripli-
cates (i.e. inoculated three replicate 130ml volumes of media, and
collected three replicate transcriptomes) to contrast the range of
gene expression in technical replicates with that contained amongst
biological replicates.

We extracted samples using an RNeasy Plant Mini Kit (Qiagen).
Cells were physically disrupted by adding 2.8 mm ceramic beads
(Qiagen) and 400pul Buffer RLT with 10ul/ml p-mercaptoethanol
(Qiagen), then vortexed for 30s. Following cell lysis, RNA ex-
traction proceeded according to the manufacturer's instructions.
Samples were sequenced and cDNA preparation was performed
at the UC Davis DNA Technologies Core (Davis, CA, USA) on two
lanes of an Illumina NovaSeq (PolyA pulldown NovaSeq S4 PE150).
We assembled uncorrected reads de novo with RNA SPAdes
(v3.13.0; default parameters, k = 49, 73) (Bankevich et al., 2012)
and used TransDecoder (v5.5.0) to translate assemblies into pro-
tein sequences. We compared our predicted proteins with the NCBI
RefSeq database using Diamond v2.02 (-p 32 -b 8 -c 1) (Buchfink
et al,, 2015); Sequences that were identified as bacterial (>90% se-
quence identity and >80% query coverage) were considered con-
taminants and removed from further analysis. We then assessed
assembly completeness using Busco v 5.0.0 (Sim3o et al., 2015) and
used KEGG GhostKoala (Kanehisa et al., 2016) to perform prelim-
inary annotations. Read mappings to nucleotide transcripts were
quantified with Salmon 0.12.0 (- A --validateMappings --gcBias)
(Patro et al., 2017), and differential expression was analyzed with
the R package DEseq2 v1.28.1 (Love et al., 2014). Differential ex-
pression was calculated with Approximate Posterior Estimation for
GLM (apeglm) (Zhu et al., 2019).

To quantify the effects of evolutionary history on gene expres-
sion, we first confirmed that single replicate transcriptomes were
sufficient to capture variation in gene expression within treatment
group. We did this by contrasting differential expression within tech-
nical replicates and across biological replicates for lineages evolved
at 18°C. Next, we identified genes with evidence of differential ex-
pression (>2x change in expression; adjusted p-value <.1) across

d ‘€T ‘TTOT "98YTSIET

:sdyy woxy papeoy

puop) pue SWR, a1 39S “[€207/80/ST] U0 AIpIqr] UIUQ AS[IA “BICGIRE TIURS “BIUIONIED JO ANSIOAIUN £Q 1EH91°QOB/1111°01/10p/wiod K[t

:sdny) suor

soyw0> Ko .

NIPUOd-pue-s

QSUADIT suowo) daneary) d[qearidde oy Aq pauIA0S aIe SA[ONIR YO 98N JO $I[NI 10J AIRIqIT dUIUQ AD[IAN UO (



LEPORI-BUI £ AL. 7099
il % GloballChange Biology YA | ]_EYJ—

any treatment group and asked whether differentially expressed and assayed at the evolutionary temperature, Figure S3). Evidence
genes tended to be up- or down-regulated in response to tempera- for adaptation in the obligate phototroph was weaker at the lower
ture. To study genes linked to thermal evolution, we selected genes light level (50 pmolquanta m~2s7Y), which showed significant relative
with differential expression between either lineages evolved at 18°C increases in growth rate at cold temperatures after about 50
and those acclimated to 18°C or lineages evolved at 30°C and those generations, but mixed evidence for adaptation at hot temperatures
acclimated to 30°C. We then contrasted expression in this subset (4 out of 11 reciprocal transplant experiments showed increases in
of genes in thermally evolved or acclimated lineages with control growth, Student's t-test, Figure 2b). Growth rates of the facultative
lineages. phototroph, Ochromonas Strain 2951, were much more variable,

and did not show consistent evidence of evolution in any direction
(Figure 2c,d).
3 | RESULTS

3.1 | Obligate phototroph growth rates evolved in 3.2 | Evolution affects mixotroph traits
response to temperature
Although only the obligate phototroph showed strong evidence

We found evidence for thermal adaptation in the obligate for adaptation over time (in the form of increases in growth rates
phototroph, Ochromonas Strain 1391, when it was evolved in high relative to the acclimated controls), all mixotroph strains displayed
light (100 pmolquanta m~2 s at both cold and hot temperatures evolutionary responses to temperature in carbon cycle-relevant
(Figure 2a). Within 50 generations, evolving lineages grew faster than traits. Generally, evolutionary thermal responses were less variable
the acclimated controls (lineages evolving at ancestral temperatures than phenotypically plastic ones (Figure 3). By year three of the
08 1 (a) Obligate, high light 1 (c) Facultative, high light
0.6
0.4
_ 02
|
o
3 0.0
2
© -0.2
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< 281 (b) Obligate, low light | (d) Facultative, low light ® o <.001
O_J @ p<.01
3 06 Op<.05
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FIGURE 2 Thermal adaptation in obligate phototrophs. To test for evolutionary responses, we computed the difference in growth rates
between experimental and acclimated control lineages at hot (red) and cold (blue) temperatures. Positive values are evidence of adaptive
evolution (experimental lineages growing faster than acclimated control lineages assayed at the same temperature). The x-axes are scaled
by growth rate to show time in number of generations the evolving strains experienced at their evolutionary temperatures. Data are shown
for both mixotroph strains—the obligate phototroph Strain 1391 (left column) and the facultative phototroph Strain 2951 (right column)—
and both light levels—high light (100 pmolquanta m~2s™* top row), and low light (50 pmolquanta m2s %, bottom row) for each reciprocal
transplant experiment. Point coloration indicates significance ranging from p <.001 (darkest points; one sample Student's t-test) to p>.05
(white).
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FIGURE 3 Thermal responses of carbon cycle-relevant traits in mixotrophs. We measured the plastic response of control lineages acclimated
to all temperatures (gray points, dotted lines) and the evolved response of experimental lineages at their treatment temperatures (cold-evolved
in blue, hot-evolved in red, solid black line). Data for the obligate (Strain 1391, first and second column) and the facultative phototroph (Strain
2951, third and fourth column) are shown for both light levels (high light in first and third column, low light in second and fourth column).

Points represent means for all six replicates across the final year of the project (2-3 time points) of the experiment, with error bars showing +1
standard error. We measured growth rate (a-d), cellular carbon content (e-h), photosynthesis (i-1), attack rate (m-p), respiration (g-t), and carbon
use efficiency (u-x). Significant differences between the evolved and acclimated response at treatment temperatures are shown at the top of
each panel in blue for 18°C and red for 30°C (two-sample Student's t-test; ***p <.001, **p<.01, and *p <.05).
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experiment, most lineages showed some evidence of adaptation
through increased growth rate compared to acclimated controls
(Figure 3, top row), though note that this represents three time points
that are part of a more equivocal trend in the facultative phototroph.
As a result, evolution produced a general trend of increasing growth
rates with ambient temperature (true after evolution in all lineages
except the facultative phototroph at low light, Figure 3, top row). For
obligate phototrophs, cellular C content generally decreased with
temperature in evolved lineages (Figure 3, second row), though this
was driven by higher carbon contents at the coldest temperature. In
all cases, mixotrophs evolved towards lower carbon content at the
hottest temperatures relative to phenotypic plasticity in the control
(Figure 3, second row, compare red and gray points). Forward scatter
(a proxy for physical size) also tended to decrease with temperature,
but did not vary with evolution except when the obligate phototroph
was evolved at high light (Figure S4, bottom row).

Evolutionary responses in photosynthesis and grazing were
more variable. The TRNs of photosynthesis were most affected
by evolution at the lowest light level, becoming less steep (higher
photosynthetic rates at cold temperatures; lower photosynthetic
rates at hot temperatures) after 3years of evolution (Figure 3, row
3). This may have resulted in part from a similar flattening of ther-
mal reactions norms of chlorophyll at low light levels (Figure S4b,d),
and due to changes in the use of photosynthetic machinery, espe-
cially increases in photosynthetic efficiency at low temperatures
(Figure S4). The TRNs of attack rate were flatter in all treatments
except the facultative phototroph at low light, though most differ-
ences between adapted and evolved lineages were not statistically
significant (Figure 3, row 4). We also estimated grazing rates based
on average bacterial rates counted within each treatment flask as
prey abundance in these systems may affect overall heterotrophy.
Though our methods of assessing grazing make the assumption that
all prey are equally palatable and may underestimate the number of
prey based on enumeration through plating, they are still likely to
be qualitatively consistent between treatments. These grazing rates
decreased slightly with temperature in evolved lineages, and TRNs
were flatter in high light treatments (Figure S4, row 3).

Overall, respiration rates decreased in evolved strains compared
to acclimated control strains (Figure 3, row 5), except when lineages
were evolved to lower temperatures at low light. This resulted in
marked increases in carbon use efficiency across evolved lineages
(Figure 3, row 6).

3.3 | Mechanisms underlying adaptation in obligate
phototroph at high light

For the obligate phototroph at high light (which had the strongest
evidence for adaptive evolution), metabolic and transcriptomic dif-
ferences indicate evolutionary changes to cellular processes that
may underlie adaptation. In the hot-evolved obligate phototroph, in-
creased growth rates at the hot temperature (Figure 4a) were driven
by a 19% reduction in cell size (Figure 4b), a 43% increase in attack

S ey

rate (Figure 4e), and a 46% decrease in respiratory costs (Figure 4f)
relative to the acclimated control. Although chlorophyll content nor-
malized to cell size increased in the hot-evolved lineages (Figure 4c),
total carbon fixation was slightly lower (Figure 4d). In cold-evolved
lineages, cell sizes and attack rates did not vary significantly from
the control at cold temperatures (Figure 4b,e), but increased growth
rates may have been driven by an 80% decrease in respiratory costs
(Figure 4f).

In the obligate phototroph at high light, cold- and hot-evolved
lineages showed changes in the TRNs for two important photo-
synthetic traits. Hot-evolved lineages had lower ETR per carbon at
nearly all temperatures than those evolved at lower temperatures
(Figure 5a), but maintained photosynthetic efficiency to higher tem-
peratures (Figure 5b). The photosynthetic rates of cold-evolved lin-
eages were more sensitive to changes in temperature (had steeper
initial thermal response curve of ETR) and generally had lower pho-
tosynthetic efficiency (Figure 5b). The grazing thermal response
curves showed some signs of shifts in thermal optima but had much
higher variability between replicates within the same treatment
(Figure S5).

Finally, we used our transcriptome data to understand changes
in gene expression underlying our observed physiological responses.
First, we confirmed that variation amongst our biological replicates
exceeded any variation captured by technical replication (Figure Sé).
We then proceeded with a comparative analysis using only one tran-
scriptome per lineage. We found that, although some variation in
gene expression existed across biological replicates, gene expres-
sion varied strongly by treatment (Figure S7; Table S1). Of the 17,140
Ochromonas gene transcripts that we identified, we found that 6951
genes were differentially expressed between lineages evolved at
and adapted to 30°C. Of these, 380 genes had >2-fold upregula-
tion, and 147 had >2-fold downregulation. Of 5420 genes differen-
tially expressed between lineages evolved at and adapted to 18°C,
105 had >2-fold upregulation, and 142 had >2-fold downregulation.
Among these differentially expressed genes, we found evidence
across metabolic pathways for a return to “baseline” gene expres-
sion levels over evolutionary time (Figure 6). Specifically, cultures
that experienced a 7-day acclimation to new temperatures tended
to exhibit down-regulation when expression levels were compared
to lineages evolved and acclimated at 24°C (Figure 6). In contrast,
evolved lineages had broadly similar gene expression levels across
temperatures (Figure 6; Figure S6).

4 | DISCUSSION

Mixotrophs play an integral role in oceanic food webs and the
biological carbon pump (Caron, 2016; Mitra et al., 2014; Ward &
Follows, 2016; Worden et al., 2015) and are predicted to become
more heterotrophic with rising temperatures (Allen et al., 2005;
Wilken et al., 2013). However, such predictions fail to account for
evolutionary responses. We found that mixotrophs, like other
unicellular organisms with fast generation times (Kaweckietal.,2012),
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FIGURE 4 Differences between evolved and plastic responses of obligate phototroph at high light. Differences between evolved
responses of the cold and warm evolved lineages and the plastic responses of the acclimated controls at the respective cold and warm
temperatures (obtained from reciprocal transplant) are shown for several key traits, to examine what mechanisms drove adaptation in the
obligate phototroph (Strain 1391) at high light (100 pmol quanta m™2 s7Y). The differences in cold-evolved lineages and acclimated controls are
shown in blue, and the differences in hot-evolved lineages and acclimated controls is shown in red. Data are averaged for all six replicates
across the last year of the experiment (2-3 time points) with error bars showing +1 standard error. We measured growth rate (a), cellular C
content (b), chlorophyll (c), photosynthesis (d), attack rate (e), and respiration (f). Significant differences are shown by each bar (one-sample

Student's t-test; *** p<.001, **p<.01, and *p <.05).

can adapt to new thermal conditions within 50 generations, but
that the magnitude of adaptation varied by mixotroph identity and
environmental conditions. Generally, mixotrophs evolved lower
respiration rates and higher carbon use efficiencies, responses
that paralleled similar evolution experiments conducted in
phytoplankton (Barton et al., 2020; Padfield et al., 2016; Schaum
et al., 2018). At higher temperatures, mixotrophs evolved lower
rates of photosynthesis and higher rates of grazing, compounding
metabolic scaling predictions that mixotrophs will become more
heterotrophic as temperatures increase (Princiotta et al., 2016; Rose
& Caron, 2007; Wilken et al., 2013).

Two competing processes shaped the consequences of mixo-
troph evolution on carbon cycling. On the one hand, evolved lin-
eages had lower photosynthetic rates, higher attack (and grazing)
rates, and smaller cell sizes compared to control lineages at hot tem-
peratures (Figures 3 and 4; Figure S4), suggesting mixotroph evo-
lution could compound carbon dioxide atmospheric accumulation.
On the other hand, evolved lineages also exhibited reduced respira-
tion and higher carbon use efficiencies (Figures 3 and 4), suggesting
that mixotrophs could increase trophic transfer efficiency and, po-
tentially, carbon export (Ward & Follows, 2016). However, we were
unable to balance the mixotrophs' carbon budget as carbon uptake

(through photosynthesis and grazing) did not consistently match the
sum of respiration and growth. One possible missing flux is the loss
of organic carbon through leakage or exudation (Thornton, 2014).
Because we did not monitor pH evolution (except to confirm that pH
did not change appreciably during exponential growth phase), alka-
linity, or dissolved carbon within our cultures, we could not quantify
this loss or how much carbon dioxide was absorbed through diffu-
sion. Evidence suggests that Ochromonas likely do not have a car-
bon concentrating mechanism (CCM, Maberly et al., 2009), although
transcriptomic analysis shows that some strains retain the genes
coding for proteins related to a CCM (Lie et al., 2018). Additionally,
our method of assessing grazing may be biased by differences in pal-
atability of prey, as well as underestimating total bacteria popula-
tions based on the growth medium.

In general, evolved metabolic rates shifted back towards an-
cestral rates as they adapted, suggesting a recovery from stress-
induced dysregulation to homeostasis. Stress has been shown to
cause physiological and metabolic dysregulation in marine organisms
(Fernandez-Pinos et al., 2017; Innis et al., 2021). In our experiment,
when mixotrophs were briefly acclimated to new thermal environ-
ments, they exhibited similar dysregulation of metabolism (either in-
creases or decreases in metabolic rates relative to the 24°C control
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FIGURE 5 Thermal response (a)
curves of two photosynthetic traits

for obligate phototroph at high light. 44
Electron transport rate per pgC (a)

and photosynthetic efficiency (b) were
measured at 10 temperatures between 3
and 44°C for cold-evolved (blue), control
(gray), and hot-evolved (red) lineages

at the termination of the evolution
experiment. For the cold-evolved lineages
this represents >200 generations,

and for the hot-evolved lineages, this
represents >600 generations. Curves
with confidence intervals represent

the average of all six lineages at each

Electron transport rate
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temperature and individual lineages are

represented by points. Three vertical lines
farthest to the left represent the thermal
optimum of each temperature, while the
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Assay temperature °C

vertical lines on the right represent the (b)
thermal maxima.

Photosynthetic efficiency
/

lineages; Figure 3, gray lines) and gene expression (reduced expres-
sion; Figure 6a, gray histograms). Yet over evolutionary time, mixo-
trophs adapted to the altered temperatures, such that evolved TRNs
were flatter than acclimatized ones (Figure 3, compare “flatter” gray
to “steeper” black lines) and relative gene expression levels returned
to the optimized expression of the control (Figure 6a, blue and red
histograms). This suggests that mixotrophs experience short-term
acclimations as a “shock” that induces a stress response, but over
time evolution allows them to recover by returning to an adaptive
steady state homeostasis. The return to homeostasis in transcrip-
tion regulation parallels other microbial systems (Brauer et al., 2008;
Lopez-Maury et al., 2008), including thermal response in Escherichia
coli (Ying et al., 2015), suggesting global transcriptome optimization
is a key component of adaptive thermal evolution. Evolved recov-
ery from stress through the reversal of plastic responses has also
been found in green algae in response to elevated CO, (Schaum &
Collins, 2014).

Although all the mixotrophic lineages we evolved exhibited some
evolutionary responses (Figure 3), only the obligate phototroph
(Ochromonas Strain 1391) showed consistent evidence for adap-
tation (Figure 2). The facultative phototroph's (Strain 2951) higher

10 20 30 40
Assay temperature °C

innate phenotypic plasticity may have resulted in a more muted evo-
lutionary response: If the temperatures tested in our evolution ex-
periment fell within Strain 2951's capacity for plastic responses, this
strain could have experienced reduced selection pressure compared
to Strain 1391 (Snell-Rood et al., 2010). These findings intersect
with a larger literature exploring the relationship between pheno-
typic plasticity and rapid evolution: More plastic lineages may be
better able to survive in changing environments, thus “buying time”
to evolve new adaptations (West-Eberhard, 2003). But plasticity
may also inhibit evolution when it inhibits the fixation of adaptive
traits (Whitlock, 1996). Because our study used only two mixotroph
strains, we urge caution in interpreting our results in this context.
However, constitutive mixotrophs fall along a wide spectrum of phe-
notypic plasticity, so future work could use this system as a testbed
for these ideas.

Mixotroph evolution may also have been constrained by selec-
tion pressures imposed by our experimental design. For example, our
experiment was conducted using warm water-adapted species (from
an ancestral temperature of 24°C) that may have already been near
the upper limits of thermal tolerance (Thomas et al., 2012). Thus,
while the cold-evolved lineages of the obligate phototroph shifted
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FIGURE 6 Evolution returns gene expression to homeostasis. (a) Differences in expression of annotated genes between evolved and
acclimated lineages at 18°C (left) and 30°C (right) compared to the control (24°C) lineages acclimated at 24°C. Across genes that were
significantly differentially expressed, we observed a tendency towards downregulation in acclimated lineages (gray; left side are acclimated
to 18°C, right side are acclimated to 30°C), while evolved lineages tended to have gene expression levels similar to one another regardless of
temperature (blue and red). (b-g) This pattern was evident in many metabolic pathways (lines connect data from individual gene candidates),
especially those associated with energy metabolism and biosynthesis. Colored points represent evolved lineages (blue = 18°C; red = 30°C),
and gray points represent control lineages acclimated to hot and cold temperatures.

their photosynthetic thermal optima to slightly lower temperatures,
the thermal optima for hot-evolved lineages did not change, and the
thermal maxima were similar for all evolved lineages (Figure 5). This
supports the idea that thermal maxima that are physiologically con-
strained by metabolic limits are strongly phylogenetically conserved
(Araujo et al., 2013). We also conducted our experiment in replete
nutrient conditions and under stable temperature and light environ-
ments. In reality, nutrient limitation—which is likely experienced by
mixotrophs in oligotrophic gyre habitats—can inhibit evolutionary
adaptation (Aranguren-Gassis et al., 2019; Marafion et al., 2018;
Thomas et al., 2017), as can the combination of multiple stressors
(Brennan & Collins, 2015). Additionally, our evolving lineages were
xenic. Thus, bacterial prey in our experiment coevolved with the
Ochromonas lineages. While this “community evolution” is a real-
istic scenario in marine ecosystems, this means that evolutionary
changes in bacterial prey could have created complex feedbacks in
prey availability and palatability, and may have affected our grazing
rate estimates.

Finally, we note that our interpretation of our results as evidence
for mixotroph evolution is shaped by our choice of reference point. In
this experiment, we used lineages evolved at 24°C, and then briefly
acclimated to both colder and hotter temperatures, as our “control”
for phenotypic plasticity. While our preliminary tests suggested that
mixotroph phenotypes were consistent over the first few weeks of
acclimation to new temperatures (Figure S1), without evidence of
genotypic change, it remains challenging to differentiate between
transient acclimation dynamics, phenotypic plasticity, and a true

evolutionary response. Other studies have used longer acclimation
windows of 2weeks or at least 10 generations to establish full ac-
climation to new conditions (Staehr & Birkeland, 2006; Trimborn
et al., 2014). In contrast, in our cold-temperature acclimations, mark-
edly reduced growth rates of acclimating strains mean that a 5-day
acclimation window could represent as few as two generations.
Thus, an alternative interpretation of our findings could be that
our “control” data actually represent a short-term stress-response,
though we note that long-term acclimation data suggest this re-
sponse persists for at least 4weeks (>8 generations) in our control
lineages (Figure S1). Our choice of reference point also impacted our
interpretation of the speed of mixotroph adaptive evolution. Other
studies have shown that phytoplankton can mount an adaptive re-
sponse in <50 generations (Malerba et al., 2018), though the speed
and magnitude of adaptation are impacted by the availability of nu-
trients (Aranguren-Gassis et al., 2019) and co-occurring stressors
(Brennan et al., 2017). The speed and consistency (i.e. that the six
replicate evolving lineages were phenotypically and transcriptionally
similar to one another) of adaptation in our study may have resulted
from our choice to start with a mixed (rather than clonal) population:
Perhaps a single genotype from the original mixture swept to numer-
ical dominance during the course of the experiment. Future stud-
ies should contrast our findings with other experimental designs,
including higher temporal resolution of sampling, and initialization
with clonal and/or axenic mixotroph populations.

In sum, our findings highlight the complex interaction be-
tween mixotroph identity and environmental selection pressures in
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constraining marine plankton adaptation. While some general trends
(increased carbon use efficiency; flattening of TRNs; return to ho-
meostatic gene expression) emerged, evolutionary responses were
highly context dependent. These results suggest that incorporating
evolutionary responses of marine microbes into climate predictions
will be challenging. Additional studies may allow us to better link or-
ganismal metabolic plasticity to evolutionary responses and develop
a more robust framework to predict the structure and function of

upper ocean communities.
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