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Abstract  24 

Mixotrophs, organisms that combine photosynthesis and heterotrophy to gain energy, play an 25 

important role in global biogeochemical cycles. Metabolic theory predicts that mixotrophs 26 

will become more heterotrophic with rising temperatures, potentially creating a positive 27 

feedback loop that accelerates carbon dioxide accumulation in the atmosphere. Studies 28 

testing this theory have focused on phenotypically plastic (short-term) thermal responses of 29 

mixotrophs. However, as small organisms with short generation times and large population 30 

sizes, mixotrophs may rapidly evolve in response to climate change. Here we present data 31 

from a 3-year experiment quantifying the evolutionary response of two mixotrophic 32 

nanoflagellates to temperature. We found evidence for adaptive evolution through increasing 33 

growth rates in the obligately mixotrophic strain, but not in the facultative mixotroph. All 34 

lineages showed trends of increased carbon use efficiency, flattening of thermal reaction 35 

norms, and a return to homeostatic gene expression. Generally, mixotrophs evolved reduced 36 

photosynthesis and higher grazing with increased temperatures, suggesting that evolution 37 

may act to exacerbate mixotrophs’ effects on global carbon cycling. 38 

 39 

1. Introduction  40 

Mixotrophs, organisms that use a combination of autotrophy and heterotrophy to gain 41 

energy and nutrients, are increasingly recognized as omnipresent members of planktonic food 42 

webs and regulators of global biogeochemical cycles (Mitra et al. 2014; Worden et al. 2015; 43 

Caron 2016; Ward & Follows 2016). “Constitutive mixotrophs” are chloroplast-bearing 44 

protists that have retained the ability to eat (Stoecker 1998; Mitra et al. 2016). These 45 

mixotrophs occur on a spectrum of metabolic strategies, ranging from primarily phototrophic 46 
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(feeding when nutrients needed for photosynthesis are limiting) to primarily heterotrophic 47 

(photosynthesizing when prey are limiting) (Stoecker 1998). Though different species of 48 

mixotrophs may favor one mode of carbon acquisition over the other in ideal conditions, the 49 

balance between autotrophy and heterotrophy is also affected by environmental factors 50 

including temperature, light, and prey availability.  51 

As a result of their flexible metabolism, mixotrophs may act as either carbon sources 52 

or sinks. For example, mixotrophs contribute substantially to primary production in mature 53 

ecosystems (Mitra et al. 2014) where they can account for over 80% of total chlorophyll 54 

(Zubkov & Tarran 2008). They can also drive carbon remineralization as the dominant 55 

grazers in oligotrophic gyres (Hartmann et al. 2012). Ocean ecosystem models predict that 56 

incorporating mixotrophy can promote the accumulation of biomass in larger size classes, 57 

increasing estimates of carbon export via the biological carbon pump by 60% (Ward & 58 

Follows 2016). However, accurate model predictions require a better understanding of 59 

mixotroph metabolic flexibility, particularly in the face of ocean warming. 60 

Rising ocean temperatures due to climate change will fundamentally affect oceanic 61 

ecosystems by altering the metabolic functions of marine organisms (Gillooly et al. 2001). 62 

According to the metabolic theory of ecology, metabolic rates increase exponentially with 63 

temperature (Brown et al. 2004). Because heterotrophic processes are more sensitive to 64 

temperature increases than photosynthetic processes (Allen et al. 2005; Rose & Caron 2007), 65 

mixotrophs are predicted to become more heterotrophic at higher temperatures (Allen et al. 66 

2005; Wilken et al. 2013), increasing their emission of carbon dioxide. Further, mixotrophs 67 

are dominant in the low-nutrient stratified water of subtropical gyres (Hartmann et al. 2012; 68 

Mitra et al. 2016), which are expected to expand with climate change (Polovina et al. 2008). 69 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 5, 2022. ; https://doi.org/10.1101/2022.02.03.479051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.03.479051


4 
 

Rising temperatures are also associated with decreases in body size (Gillooly et al. 2001; 70 

Malerba & Marshall 2020), which reduces sinking rates, leading to cascading effects to 71 

carbon export by the biological carbon pump. Together, these changes could increase carbon 72 

dioxide accumulation in the atmosphere, generating a positive feedback loop.  73 

Relatively few studies have tested the hypothesis that mixotrophs will become more 74 

heterotrophic with increased temperatures. Wilken et al. (2013) found a shift towards 75 

heterotrophy at higher temperatures in a primarily phagotrophic freshwater mixotroph, 76 

Ochromonas sp., after 2-4 weeks of acclimation to new temperatures. Conversely, Princiotta 77 

et al. (2016) found the opposite effect after 5 days of thermal acclimation in an obligately 78 

phototrophic freshwater mixotroph, Dinobryon sociale. These contrasting results show that 79 

predicting mixotrophs’ response to increased temperature is complicated by many factors, 80 

including the diversity of mixotrophic organisms and how they balance their metabolism. 81 

Furthermore, due to the short time scale of these experiments (between 5 days and 4 weeks 82 

for slower-growing organisms), these results represent the organism’s phenotypic plasticity, 83 

or the ability of a single genotype to exhibit different traits as a function of abiotic 84 

conditions. However, due to their short generation times, fast growth rates, and large 85 

population sizes, microbes may rapidly adapt (via evolutionary changes in genotype) to 86 

changing conditions. For example, a growing body of evolutionary experiments has shown 87 

that some phytoplankton are capable of adaptive evolution within several hundred 88 

generations (Listmann et al. 2016; Padfield et al. 2016; O’Donnell et al. 2018; Schaum et al. 89 

2018; Barton et al. 2020). In some cases, these adaptations reversed short-term responses to 90 

increasing temperature, such as through the reduction of respiratory costs (Padfield et al. 91 

2016; Barton et al. 2020). Although high taxonomic diversity mean lineages likely vary in 92 
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their responses (Collins et al. 2014), to our knowledge, no mixotrophs have been similarly 93 

experimentally evolved.  94 

Here, we quantified the evolutionary responses of mixotrophs to temperature change 95 

and related these responses to mixotrophic contributions to carbon cycling in the oceans. 96 

Specifically, we asked: Do mixotrophs adapt to different temperatures? What changes can be 97 

observed in carbon cycle-relevant traits when comparing their plastic and evolved responses? 98 

And what are some of the potential mechanisms for adaptation? We experimentally evolved 99 

two related strains of mixotrophic nanoflagellates—one obligate mixotroph, requiring both 100 

light and prey, and one facultative phototroph, requiring prey but able to grow in darkness—101 

to different temperature treatments for three years, to quantify adaptation. We varied light 102 

availability to manipulate selection for photosynthesis, and measured carbon cycle-relevant 103 

traits including metabolic rates (photosynthesis, grazing, and respiration), photosynthetic 104 

parameters, and cell size. We found evidence for adaptive evolution to both hot and cold 105 

temperatures in the obligately mixotrophic strain, but only under high light conditions. 106 

Although differences in fitness over time were more variable in the facultative mixotroph, 107 

evolution increased carbon use efficiency and reversed some of the short-term stress 108 

responses of control lineages. All lineages showed evolved responses in carbon cycle-109 

relevant traits at the end of our experiment that could exacerbate mixotroph contributions to 110 

climate change.   111 

2. Materials and Methods  112 

Mixotroph cultures and maintenance. We experimentally evolved two marine 113 

lineages from the genus Ochromonas, a widely distributed group of mixotrophic 114 

nanoflagellates. These cultures, purchased from the National Center for Marine Algae and 115 
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Microbiota (NCMA, Bigelow Laboratory, East Boothbay, ME), represent different degrees 116 

of metabolic flexibility: Strain CCMP 1393 is obligately mixotrophic (requiring both light 117 

and prey to survive), and Strain CCMP 2951 is facultatively phototrophic (requiring prey but 118 

able to grow in darkness) (Wilken et al. 2020). Cultures were maintained in K medium 119 

(Keller et al. 1987) made by adding pre-mixed nutrients (NCMA) to 0.2 μm filtered coastal 120 

seawater. Stock cultures were kept at the ancestral temperature of 24°C, with a 12:12 121 

light:dark cycle and acclimated to the two experimental light levels, 100 and 50 μmol 122 

quanta·m−2·s−1, for at least 5 weeks prior to the start of the experiment.  123 

Evolution experiment. We conducted a long-term evolution experiment testing 124 

mixotroph responses to both lower (18°C) and higher (30°C) temperatures. In March 2018, 125 

we initiated six evolutionary replicates for each temperature treatment with a sub-population 126 

of 10,000 cells from stock cultures maintained at 24°C (hereafter, “control”) at each light 127 

level (Fig. 1A). This initial population size was chosen over using a clonal isolate to avoid 128 

genetic bottlenecks, increase the probability of favorable mutations, and support the long-129 

term stability of the cultures (Wahl et al. 2002; Elena & Lenski 2003; Malerba & Marshall 130 

2020). We monitored cell density weekly by counting a live sub-sample of each lineage 131 

using a Guava easyCyte flow cytometer (Luminex Corporation, Austin, USA), distinguishing 132 

Ochromonas cells using forward scatter (a proxy for cell size) and red fluorescence (a 133 

measure of photosynthetic pigmentation). Evolving cultures were transferred in a 1:15 mL 134 

dilution of fresh media in 25 mL Culture Flasks (Genesee Scientific, Part No. 25-212, San 135 

Diego, CA, USA) every subsequent 2-4 weeks (depending on population density) to maintain 136 

exponential growth and maximize adaptive potential (Elena & Lenski 2003). 137 
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 138 

Figure 1. Conceptual diagram of experimental design. A. Genetically similar ancestral cultures were split 139 

and exposed to three treatment temperatures (18°C, 24°C (control), and 30°C) for evolutionary time scales. B. 140 

Reciprocal transplant assays were performed periodically, wherein aliquots of each strain were transplanted to 141 

each treatment temperature for an acclimation period of 5 days prior to trait tests to differentiate between 142 

adaptation and plasticity. C. Hypothetical data points demonstrate the thermal reaction norms for each treatment 143 

lineage that result from reciprocal transplant assays. In particular, we can compare the cold-evolved (blue 144 

squares) and hot-evolved (red squares) to the control lineages (gray squares). Differences between these (blue 145 

and red double-sided arrows) shows evolutionary response, while no differences in thermal reaction norms (not 146 

pictured) would indicate plasticity.  147 

 148 

Reciprocal transplant assays. To differentiate between evolution and plasticity, we 149 

periodically transplanted evolving lineages to all treatment temperatures and quantified 150 

metabolic traits relevant to the carbon cycle (Fig. 1B-C). Aliquots of evolving cultures were 151 

transferred to new temperatures for a 5-day acclimation to overcome transfer shock before 152 

experimental measurements began. We measured growth rate every three months to test 153 

overall fitness; photosynthetic, grazing, and respiration rates every six months to quantify 154 

carbon budgets; and cellular carbon and nitrogen content (yearly after Year 1 of the 155 

experiment) to determine cell size and stoichiometry. All physiological measurements were 156 
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made on cells in exponential growth phase and between 5-10 days of temperature 157 

acclimation. All analyses were performed using the software package R (R Core Team 158 

2020). Data and code are available at: https://github.com/mleporibui/OchEvo. [Note to 159 

reviewers: A permanent DOI will be created when the manuscript is accepted, and code is 160 

finalized.] 161 

Growth rate and generation time. Growth assays were conducted in 24-well plates 162 

(VWR, Part No. 10062-896, Radnor, PA, USA). On Day 6 of temperature acclimation, 163 

Ochromonas lineages were inoculated into 2.5 mL of media at an initial density of 20,000 164 

cells·mL-1 and counted daily for 4 days using a flow cytometer. Growth rates were calculated 165 

by fitting a linear model to the natural log of population size (R function lm). Generation 166 

time for experimental (18°C and 30°C) lineages was calculated over the course of the 167 

experiment using growth rates specific to each strain, temperature, and time step. We divided 168 

log(2) by the growth rate (interpolated over time using R function smooth.spline) to obtain 169 

doubling time, then integrated over time to calculate generations elapsed for each lineage 170 

between each growth rate measurement. 171 

Cellular C content. Cellular carbon (C) and nitrogen (N) content were measured 172 

using an elemental analyzer (Model CEC 440HA, Exeter Analytical, Coventry, UK). Known 173 

volumes and densities of Ochromonas cultures were filtered onto pre-combusted GF/F filters 174 

(Whatman Part No. 1825-025 Whatman Cytiva, Marlborough, MA, USA), acidified to 175 

remove inorganic carbonates, and dried before combustion. To control for the biomass of 176 

coexisting bacteria, bacteria-only cultures (made by inoculating media with bacteria isolated 177 

from stock Ochromonas cultures) at each temperature were filtered, acidified, dried, and 178 

combusted. Bacteria were enumerated by plating on Difco™ Marine Broth 2216 (Becton, 179 
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Dickinson and Company, Sparks MD 21152 USA) agar (VWR, Part No. J637, Radnor, PA, 180 

USA) plates. Colony forming units were counted after 7 days incubated at 24°C, and average 181 

bacterial C content was calculated. In Ochromonas cultures, bacteria were similarly 182 

enumerated, and bacterial contribution of C was subtracted from the mixed-culture 183 

measurements prior to calculating Ochromonas cellular C content. 184 

Photosynthesis and respiration. Photosynthesis and respiration rates were measured 185 

using oxygen sensor spots (PyroScience, Aachen, Germany) and FireStingO2 optical oxygen 186 

meters (Pyroscience, Jallet et al. 2016). Ochromonas were sealed into airtight glass vials with 187 

sensor spots and magnetic stir bars to keep cultures well-mixed. We monitored oxygen levels 188 

within vials continuously for 3 hours in light and 2 hours in darkness. To subtract respiratory 189 

contributions from coexisting bacteria, we measured respiration rates of bacteria-only 190 

cultures (see cellular C content methods) at all treatment temperatures. Temperature-specific 191 

bacterial respiration rates were removed from mixed cultures before calculating Ochromonas 192 

rates. Net photosynthesis and dark respiration rates were calculated by fitting a linear model 193 

to change in oxygen (O2) measurements (R function lm) in light and darkness, respectively. 194 

Gross photosynthetic rates were computed as the sum of net photosynthesis and dark 195 

respiration, assuming that respiration rates did not change with light. We used the equation 196 

from Barton et al. (2020) to convert metabolic rates (b) from units of O2 to μgC (Equation 1).  197 

 𝑏(𝜇𝑔𝐶𝜇𝑔𝐶!"ℎ!") =
#$%&'()!*+(("#,"#-⋅/0⋅1⋅2

#!
$$3

%45*+(("#
  (1) 198 

Equation 1 uses the molecular weights of O2, C, and carbon dioxide (CO2), and the species-199 

specific assimilation quotient (M) from Falkowski et al. (1985). M describes the conversion 200 

between C and O2 through consumption or fixation withing a cell using its C:N ratio. 201 
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 Grazing. We measured Ochromonas grazing rates by offering mixotrophs heat-killed 202 

fluorescently labeled bacteria (FLB; Escherichia coli – K-12 strain- Bioparticles®, Alexa 203 

Fluor®488 conjugate, Molecular Probes, Invitrogen, Waltham, MA, USA) as prey. To 204 

construct grazing functional response curves, we inoculated FLB at a range of concentrations 205 

between 0 and 4 million cells·mL-1 into Ochromonas cultures, as well as into sterile media as 206 

controls. After 1 h of grazing, final concentrations of Ochromonas and FLB were enumerated 207 

using forward scatter, red-fluorescence, and yellow-fluorescence measurements on a flow 208 

cytometer. Grazing rates were calculated using methods of Jeong and Latz (1994) for each 209 

FLB concentration. We fit both Holling Type I (linear) and Type II (saturating) functional 210 

response curves to the data and used Akaike Information Criterion (AIC) values to determine 211 

which response fit best. Grazing rates were calculated at average prey densities, which were 212 

determined as average bacteria per treatment, enumerated as described in cellular C content 213 

methods. 214 

Photosynthetic traits. We measured electron transport rate (ETR) and photosynthetic 215 

efficiency (Fv/Fm) using a mini–Fluorescence Induction and Relaxation (miniFIRe) system 216 

(custom built by M. Gorbunov, Rutgers University, New Brunswick, NJ, USA). We 217 

quantified photosynthetic rate as a function of irradiance according to Gorbunov et al. 218 

(1999). Photosynthetic efficiency was measured as the ratio of variable to maximum 219 

fluorescence. ETR was measured at light intervals between 0 and 1000 μmol quanta·m−2·s−1 220 

to generate photosynthesis-irradiance curves, which were fit with the photosynthesis-221 

irradiance equation of Jassby and Platt (1976) (Equation 2) using non-linear least squares 222 

regression (R function nls).  223 

 𝐸𝑇𝑅 = 𝑃&67 ⋅ 𝑡𝑎𝑛ℎ 1
8⋅9
:%&'

2  (2) 224 
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In Equation 2, ETR is calculated using maximum ETR (Pmax), the initial slope of ETR to 225 

light (α), and the incident irradiance (I). We extracted chlorophyll-a (chl-a) by incubating a 226 

known number of cells captured on a GF/F filter (Whatman Part No. 1825-025, Whatman 227 

Cytiva, Marlborough, MA, USA) overnight in 90% acetone at 4°C, then quantified it using a 228 

Trilogy fluorometer with a 460nm LED (Turner Designs, San Jose, CA, USA). We used a 229 

linear model to calibrate between flow cytometry red fluorescence to extracted chl-a content 230 

(Fig. S1). 231 

Thermal reaction norms. To obtain a more complete picture of the thermal sensitivity 232 

of metabolic traits in evolved lineages, we measured thermal reaction norms (TRNs) of 233 

photosynthesis and bacterivory. We performed photosynthesis-irradiance curves or grazing 234 

assays as described above at a range of temperatures between 3°C to 44°C. These thermal 235 

assays represent short-term responses of cells to temperature where samples were incubated 236 

at the assay temperature only for the duration of the assay (15 minutes of dark acclimation 237 

for photosynthesis-irradiance curves; 60 minutes of incubation with FLB for grazing assays). 238 

For photosynthesis-irradiance curves, to rapidly bring cells to their incubation temperature, 239 

we diluted 1 mL of Ochromonas culture with 4 mL of sterile, filtered seawater at the assay 240 

temperature. We only collected TRN data from the obligate mixotroph (Strain 1393) evolved 241 

at high light because this strain showed the strongest adaptive response to temperature. 242 

Thermal reaction norms for ETR were fit using a reparameterized version of the Norberg-243 

Eppley equation (Equation 3) from the R package “growthTools” (Kremer, 2021).  244 

 𝜇 = 𝑒(6<#=) 41 − 7!0!0#=()*<0#=<?@<#A
!B
#
!

#A
8
0

9  (3) 245 
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In Equation 3, μ is the metabolic trait, T is temperature, Topt is the optimum temperature, a 246 

affects the y-intercept, b affects thermal scaling, and w describes the thermal niche width. For 247 

photosynthetic efficiency and grazing, we added smoothed conditional means (R function 248 

ggplot2::geom_smooth). 249 

Transcriptome sequencing. Finally, we measured gene expression in the obligate 250 

mixotroph (Strain 1393) evolved at high light to better understand cellular mechanisms 251 

underlying observed adaptive responses. To contrast evolved and acclimatory responses, we 252 

collected transcriptomes from lineages evolving at all temperatures, and from control 253 

lineages evolving at 24°C but acclimated to 18°C or 30°C. In week 141 of the experiment, 254 

we inoculated exponentially growing Ochromonas cells into 130 mL volumes of culture 255 

media in 250 mL tissue culture flasks (VWR Part # 10062-860). We incubated these cultures 256 

for 48 hours at their evolutionary temperatures (to allow cells to overcome transfer shock), 257 

before transplanting acclimation treatments to their new temperatures. Evolving treatments 258 

remained at their initial temperatures. After seven days (the mean acclimation time of our 259 

reciprocal transplant studies; see above), we filtered the cultures onto 0.8μm pore size 260 

polycarbonate filters (Millipore ATTP04700, Millipore Sigma, Darnstadt, Germany), 261 

immediately flash-froze samples in liquid nitrogen, and then stored them at -80°C until RNA 262 

extraction (within one week). We collected one transcriptome from each evolving or 263 

acclimated lineage (= 5 treatments x 6 replicates for a total of 30 samples), except for 264 

lineages evolving at 18°C for which we collected technical triplicates (i.e., inoculated 3 265 

replicate 130 mL volumes of media, and collected 3 replicate transcriptomes) to contrast the 266 

range of gene expression in technical replicates with that contained amongst biological 267 

replicates.  268 
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We extracted samples using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). 269 

Cells were physically disrupted by adding 2.8 mm ceramic beads (Qiagen) and 400 μL Buffer 270 

RLT with 10 μL/mL β-mercaptoethanol (Qiagen), then vortexed for 30 seconds. Following cell 271 

lysis, RNA extraction proceeded according to manufacturer’s instructions. Samples were 272 

sequenced at the UC Davis Genome Center (Davis, CA, USA). We assembled uncorrected 273 

reads de novo with RNA SPAdes (v3.13.0; default parameters, k = 49, 73) (Bankevich et al. 274 

2012) and used TransDecoder (v5.5.0) to translate assemblies into protein sequences. We 275 

compared our predicted proteins with the NCBI RefSeq database using Diamond v2.02 (-p 276 

32 –b 8 –c 1) (Buchfink et al. 2015); Sequences that were identified as bacterial (>90% 277 

sequence identity and >80% query coverage) were considered contaminants and removed 278 

from further analysis. We then assessed assembly completeness using Busco v 5.0.0 (Simão 279 

et al. 2015), and used KEGG GhostKoala (Kanehisa et al. 2016) to perform preliminary 280 

annotations. Read mappings to nucleotide transcripts were quantified with Salmon 0.12.0 (-l 281 

A --validateMappings --gcBias) (Patro et al. 2017), and differential expression was analyzed 282 

with the R package DEseq2 v1.28.1 (Love et al. 2014). Differential expression was 283 

calculated with Approximate Posterior Estimation for GLM (apeglm) (Zhu et al. 2019).  284 

To quantify the effects of evolutionary history on gene expression, we first confirmed 285 

that single replicate transcriptomes were sufficient to capture variation in gene expression 286 

within treatment group. We did this by contrasting differential expression within technical 287 

replicates and across biological replicates for lineages evolved at 18°C. Next, we identified 288 

genes with evidence of differential expression (>2x change in expression; adjusted p-value < 289 

0.1) across any treatment group and asked whether differentially expressed genes tended to 290 

be up- or down-regulated in response to temperature. To study genes linked to thermal 291 
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evolution, we selected genes with differential expression between either lineages evolved at 292 

18°C and those acclimated to 18°C or lineages evolved at 30°C and those acclimated to 293 

30°C. We then contrasted expression in this subset of genes in thermally evolved or 294 

acclimated lineages with control lineages. 295 

3. Results  296 

3.1 Obligate mixotroph growth rates evolved in response to temperature  297 

We found evidence for thermal adaptation in the obligate mixotroph, Ochromonas 298 

Strain 1393, when it was evolved in high light (100 μmol quanta·m−2·s−1) at both cold and 299 

hot temperatures (Fig. 2A). Within fifty generations, evolving lineages grew faster than the 300 

acclimated controls (lineages evolving at ancestral temperatures and assayed at the 301 

evolutionary temperature, Fig. S2). Evidence for adaptation in the obligate mixotroph was 302 

weaker at the lower light level (50 μmol quanta·m−2·s−), which showed significant relative 303 

increases in growth rate at cold temperatures after about 50 generations, but mixed evidence 304 

for adaptation at hot temperatures (4 out of 11 reciprocal transplant experiments showed 305 

increases in growth, Student’s t-test, Fig. 2B). Growth rates of the facultative mixotroph, 306 

Ochromonas Strain 2951, were much more variable, and did not show consistent evidence of 307 

evolution in any direction (Fig. 2C-D).  308 
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 309 

Figure 2. Thermal adaptation in obligate mixotrophs. To test for evolutionary responses, we computed the 310 

difference in growth rates between experimental and acclimated control lineages at hot (red) and cold (blue) 311 

temperatures. Positive values are evidence of adaptive evolution (experimental lineages growing faster than 312 

acclimated control lineages assayed at the same temperature). The x-axes are scaled by growth rate to show 313 

time in number of generations the evolving strains experienced at their evolutionary temperatures. Data are 314 

shown for both mixotroph strains—the obligate mixotroph Strain 1393 (left column) and the facultative 315 

mixotroph Strain 2951 (right column) – and both light levels – high light (100 μmol quanta·m−2·s−1 top row) and 316 

low light (50 μmol quanta·m−2·s−1, bottom row) for each reciprocal transplant experiment. Point coloration 317 

indicates significance ranging from p<0.001 (darkest points; one sample Student’s t-test) to p>0.05 (white).  318 

 319 

3.2 Evolution affects mixotroph traits 320 

Although only the obligate mixotroph showed strong evidence for adaptation over 321 

time (in the form of increases in growth rates relative to the acclimated controls), all 322 

mixotroph strains displayed evolutionary responses to temperature in carbon cycle-relevant 323 
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traits. Generally, evolutionary thermal responses were less variable than phenotypically 324 

plastic ones (Fig. 3). By year three of the experiment, most lineages showed some evidence 325 

of adaptation through increased growth rate compared to acclimated controls (Fig. 3, top 326 

row), though note that this represents 3 time points that are part of a more equivocal trend in 327 

the facultative mixotroph. As a result, evolution produced a general trend of increasing 328 

growth rates with ambient temperature (true after evolution in all lineages except the 329 

facultative mixotroph at low light, Fig. 3, top row). For obligate mixotrophs, cellular C 330 

content (a proxy for cell size) generally decreased with temperature in evolved lineages (Fig. 331 

3, second row), though this was driven by larger cell sizes at the coldest temperature. In all 332 

cases, mixotrophs evolved smaller cell sizes at the hottest temperatures relative to phenotypic 333 

plasticity in the control (Fig. 3, second row, compare red and gray points), but these cell sizes 334 

were not always smaller than those evolved at cooler temperatures. 335 
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 336 

Figure 3. Thermal responses of carbon cycle-relevant traits in mixotrophs. We measured the plastic 337 

response of control lineages acclimated to all temperatures (gray points, dotted lines) and the evolved response 338 

of experimental lineages at their treatment temperatures (cold-evolved in blue, hot-evolved in red, solid black 339 

line). Data for the obligate (Strain 1393, first and second column) and the facultative mixotroph (Strain 2951, 340 

third and fourth column) are shown for both light levels (high light in first and third column, low light in second 341 

and fourth column). Points represent means for all 6 replicates across the final year of the project (2-3 time 342 
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points) of the experiment, with error bars showing ± 1 standard error. We measured growth rate (A-D), cellular 343 

carbon content (E-H), photosynthesis (I-L), grazing (M-P), respiration (Q-T), and carbon use efficiency (U-X). 344 

Significant differences between the evolved and acclimated response at treatment temperatures are shown at the 345 

top of each panel in blue for 18°C and red for 30°C (two-sample Student’s t-test; *** = p<0.001, ** = p<0.01, 346 

and * = p<0.05). 347 

 348 

 Evolutionary responses in photosynthesis, grazing, and respiration were more 349 

variable. The thermal reaction norms of photosynthesis were most affected by evolution at 350 

the lowest light level, becoming less steep (higher photosynthetic rates at cold temperatures; 351 

lower photosynthetic rates at hot temperatures) after three years of evolution (Fig. 3, row 3). 352 

This may have resulted in part from a similar flattening of thermal reactions norms of 353 

chlorophyll at low light levels (Fig. S3, panels B and D), and due to changes in the use of 354 

photosynthetic machinery, especially increases in photosynthetic efficiency at low 355 

temperatures (Fig. S3). Grazing rates decreased slightly with temperature in evolved 356 

lineages, and thermal reaction norms were flatter in high light treatments (Fig. 3, row 4). 357 

Respiration rates decreased in evolved strains compared to acclimated control strains (Fig. 3, 358 

row 5). Collectively, this resulted in marked increases in carbon use efficiency across 359 

evolved lineages (Fig. 3, row 6).  360 

3.3 Mechanisms underlying adaptation in obligate mixotroph at high light 361 

For the obligate mixotroph at high light (which had the strongest evidence for 362 

adaptive evolution), metabolic and transcriptomic differences indicate evolutionary changes 363 

to cellular processes that may underlie adaptation. In the hot-evolved obligate mixotroph, 364 

increased growth rates at the hot temperature (Fig. 4A) were driven by a 19% reduction in 365 

cell size (Fig. 4B), a 116% increase in carbon intake from grazing (Fig. 4E), and a 46% 366 
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decrease in respiratory costs (Fig. 4F) relative to the acclimated control. Smaller cell sizes 367 

mean more cells can be made with less carbon, which came from increased grazing and 368 

decreased respiratory loses. Although chlorophyll content normalized to cell size increased in 369 

the hot-evolved lineages (Fig. 4C), total carbon fixation was slightly lower (Fig. 4D). In cold-370 

evolved lineages, cell sizes and grazing rates did not vary significantly from the control at 371 

cold temperatures (Fig. 4B and E), but increased growth rates may have been driven by an 372 

80% decrease in respiratory costs (Fig. 4F).  373 

 374 

Figure 4. Differences between evolved and plastic responses of obligate mixotroph at high light. 375 

Differences between evolved responses of the cold and warm evolved lineages and the plastic responses of the 376 

acclimated controls at the respective cold and warm temperatures (obtained from reciprocal transplant) are 377 

shown for several key traits, to examine what mechanisms drove adaptation in the obligate mixotroph (Strain 378 

1393) at high light (100 μmol quanta·m−2·s−1). The differences in cold-evolved lineages and acclimated controls 379 

are shown in blue, and the differences in hot-evolved lineages and acclimated controls is shown in red. Data are 380 

averaged for all 6 replicates across the last year of the experiment (2-3 time points) with error bars showing +/- 381 

1 standard error. We measured growth rate (panel A), cellular C content (panel B), chlorophyll (panel C), 382 
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photosynthesis (panel D), grazing (panel E), and respiration (panel F). Significant differences are shown by 383 

each bar (one-sample Student’s t-test; *** = p<0.001, ** = p<0.01, and * = p<0.05). 384 

 385 

In the obligate mixotroph at high light, cold- and hot-evolved lineages showed 386 

changes in the thermal reaction norms for two important photosynthetic traits. Hot-evolved 387 

lineages had lower ETR per carbon at nearly all temperatures than those evolved at lower 388 

temperatures (Fig. 5A), but maintained photosynthetic efficiency to higher temperatures (Fig. 389 

5B). The photosynthetic rates of cold-evolved lineages were more sensitive to changes in 390 

temperature (had steeper initial thermal response curve of ETR) and generally had lower 391 

photosynthetic efficiency (Fig. 5B). The grazing thermal response curves showed some signs 392 

of shifts in thermal optima but had much higher variability between replicates within the 393 

same treatment (Fig. S4).  394 
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 395 

Figure 5. Thermal response curves of two photosynthetic traits for obligate mixotroph at high light. 396 

Electron transport rate per pgC (panel A) and photosynthetic efficiency (panel B) were measured at 10 397 

temperatures between 3°C and 44°C for cold-evolved (blue), control (gray), and hot-evolved (red) lineages at 398 

the termination of the evolution experiment. For the cold-evolved lineages this represents >200 generations, and 399 

for the hot-evolved lineages, this represents >600 generations. Curves with confidence intervals represent the 400 

average of all 6 lineages at each temperature and individual lineages are represented by points. Three vertical 401 

lines farthest to the left represent the thermal optimum of each temperature, while the vertical lines on the right 402 

represent the thermal maxima.  403 

 404 
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 Finally, we used our transcriptome data to understand changes in gene expression 405 

underlying our observed physiological responses. First, we confirmed that variation amongst 406 

our biological replicates exceeded any variation captured by technical replication (Fig. S5). 407 

We then proceeded with a comparative analysis using only one transcriptome per lineage. 408 

We found that, although some variation in gene expression existed across biological 409 

replicates, gene expression varied strongly by treatment (Fig. S6, Table S1). Of the 17,140 410 

Ochromonas gene transcripts that we identified, we found that 6,951 genes were 411 

differentially expressed between lineages evolved at and adapted to 30°C. Of these, 380 412 

genes had >2-fold upregulation, and 147 had >2-fold downregulation. Of 5,420 genes 413 

differentially expressed between lineages evolved at and adapted to 18°C, 105 had >2-fold 414 

upregulation, and 142 had >2-fold downregulation. Among these differentially expressed 415 

genes, we found evidence across metabolic pathways for a return to “baseline” gene 416 

expression levels over evolutionary time (Fig. 6). Specifically, cultures that experienced a 7-417 

day acclimation to new temperatures tended to exhibit down-regulation when expression 418 

levels were compared to lineages evolved and acclimated at 24°C (Fig. 6). In contrast, 419 

evolved lineages had broadly similar gene expression levels across temperatures (Fig 6, S6).  420 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 5, 2022. ; https://doi.org/10.1101/2022.02.03.479051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.03.479051


23 
 

 421 

Figure 6. Evolution returns gene expression to homeostasis. A: Differences in expression of annotated genes 422 

between evolved and acclimated lineages at 18°C (left) and 30°C (right) and the control (24°C) lineages. Across 423 

genes that were significantly differentially expressed, we observed a tendency towards downregulation in 424 

acclimated lineages (gray; left side are acclimated to 18°C, right side are acclimated to 30°C), while evolved 425 

lineages tended to have gene expression levels similar to one another regardless of temperature (blue and red). 426 

B-G: This pattern was evident in many metabolic pathways (lines connect data from individual gene 427 

candidates), especially those associated with energy metabolism and biosynthesis. Colored points represent 428 

evolved lineages, and gray points represent control lineages acclimated to hot and cold temperatures. 429 

 430 

4. Discussion  431 

Mixotrophs play an integral role in oceanic food webs and the biological carbon 432 

pump (Mitra et al. 2014; Worden et al. 2015; Caron 2016; Ward & Follows 2016) and are 433 

predicted to become more heterotrophic with rising temperatures (Allen et al. 2005; Wilken 434 

et al. 2013). However, such predictions fail to account for evolutionary responses. We found 435 

that mixotrophs, like other unicellular organisms with fast generation times (Kawecki et al. 436 

2012), can adapt to new thermal conditions within 50 generations, but that the magnitude of 437 
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adaptation varied by mixotroph identity and environmental conditions. Generally, 438 

mixotrophs evolved lower respiration rates and higher carbon use efficiencies, responses that 439 

paralleled similar evolution experiments conducted in phytoplankton (Padfield et al. 2016; 440 

Schaum et al. 2018; Barton et al. 2020). At higher temperatures, mixotrophs evolved lower 441 

rates of photosynthesis and higher rates of grazing, compounding metabolic scaling 442 

predictions that mixotrophs will become more heterotrophic as temperatures increase (Rose 443 

& Caron 2007; Wilken et al. 2013; Princiotta et al. 2016).  444 

 Two competing processes shaped the consequences of mixotroph evolution on carbon 445 

cycling. On the one hand, evolved lineages had lower photosynthetic rates, higher grazing 446 

rates, and smaller cell sizes compared to control lineages at hot temperatures (Figs. 3, 4), 447 

suggesting mixotrophs could compound carbon dioxide atmospheric accumulation. On the 448 

other hand, evolved lineages also exhibited reduced respiration and higher carbon use 449 

efficiencies (Figs. 3, 4), suggesting that mixotrophs could increase trophic transfer efficiency 450 

and, potentially, carbon export (Ward & Follows 2016). However, we were unable to balance 451 

the mixotrophs’ carbon budget as carbon uptake (through photosynthesis and grazing) did not 452 

consistently match the sum of respiration and growth. One possible missing flux is the loss of 453 

organic carbon through leakage or exudation (Thornton 2014). Because we did not monitor 454 

pH evolution (except to confirm that pH did not change appreciably during exponential 455 

growth phase), alkalinity, or dissolved carbon within our cultures, we could not quantify this 456 

loss or how much carbon dioxide was absorbed through diffusion. Evidence suggests that 457 

Ochromonas likely do not have a carbon concentrating mechanism (CCM, Maberly et al. 458 

2009), although transcriptomic analysis shows Strain 1393 retains the genes coding for 459 

proteins related to a CCM (Lie et al. 2018).  460 
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 In general, evolved metabolic rates shifted back towards ancestral rates as they 461 

adapted, suggesting a recovery from stress-induced dysregulation to homeostasis. Stress has 462 

been shown to cause physiological and metabolic dysregulation in marine organisms 463 

(Fernández-Pinos et al. 2017, Innis et al. 2021). In our experiment, when mixotrophs were 464 

briefly acclimated to new thermal environments, they exhibited similar dysregulation of 465 

metabolism (either increases or decreases in metabolic rates relative to the 24°C control 466 

lineages; Fig. 3, gray lines) and gene expression (reduced expression; Fig. 6A, gray 467 

histograms). Yet over evolutionary time, mixotrophs adapted to the altered temperatures, 468 

such that evolved thermal reaction norms were flatter than acclimatized ones (Figure 3, 469 

compare “flatter” gray to “steeper” black lines) and relative gene expression levels returned 470 

to the optimized expression of the control (Figure 6A, blue and red histograms). This 471 

suggests that mixotrophs experience short-term acclimations as a “shock” that induces a 472 

stress response, but over time evolution allows them to recover by returning to an adaptive 473 

steady state homeostasis. The return to homeostasis in transcription regulation parallels other 474 

microbial systems (Brauer et al. 2008; López-Maury et al. 2008), including thermal response 475 

in Escherichia coli (Ying et al. 2015), suggesting global transcriptome optimization is a key 476 

component of adaptive thermal evolution. 477 

 Although all the mixotrophic lineages we evolved exhibited some evolutionary 478 

responses (Fig. 3), only the obligate mixotroph (Ochromonas Strain 1393) showed consistent 479 

evidence for adaptation (Fig. 2). The facultative mixotroph’s (Strain 2951) higher innate 480 

phenotypic plasticity may have resulted in a more muted evolutionary response: If the 481 

temperatures tested in our evolution experiment fell within Strain 2951’s capacity for plastic 482 

responses, this strain could have experienced reduced selection pressure compared to Strain 483 
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1393 (Snell-Rood et al. 2010). These findings intersect with a larger literature exploring the 484 

relationship between phenotypic plasticity and rapid evolution: More plastic lineages may be 485 

better able to survive in changing environments, thus “buying time” to evolve new 486 

adaptations (West-Eberhard 2003). But plasticity may also inhibit evolution when it inhibits 487 

the fixation of adaptive traits (Whitlock 1996). Because our study used only two mixotroph 488 

strains, we urge caution in interpreting our results in this context. However, constitutive 489 

mixotrophs fall along a wide spectrum of phenotypic plasticity, so future work could use this 490 

system as a testbed for these ideas. 491 

 Mixotroph evolution may also have been constrained by selection pressures imposed 492 

by our experimental design. For example, our experiment was conducted using warm water-493 

adapted species (from an ancestral temperature of 24°C) that may have already been near the 494 

upper limits of thermal tolerance (Thomas et al. 2012). Thus, while the cold-evolved lineages 495 

of the obligate mixotroph shifted their photosynthetic thermal optima to slightly lower 496 

temperatures, the thermal optima for hot-evolved lineages did not change, and the thermal 497 

maxima were similar for all evolved lineages (Fig. 5). This supports the idea that thermal 498 

maxima that are physiologically constrained by metabolic limits are strongly 499 

phylogenetically conserved (Araújo et al. 2013). We also conducted our experiment in 500 

replete nutrient conditions and under stable temperature and light environments. In reality, 501 

nutrient limitation—which is likely experienced by mixotrophs in oligotrophic gyre 502 

habitats—can inhibit evolutionary adaptation (Thomas et al. 2017; Marañón et al. 2018; 503 

Aranguren-Gassis et al. 2019), as can the combination of multiple stressors (Brennan & 504 

Collins 2015). Additionally, our evolving lineages were xenic. Thus, bacterial prey in our 505 

experiment coevolved with the Ochromonas lineages. While this “community evolution” is a 506 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 5, 2022. ; https://doi.org/10.1101/2022.02.03.479051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.03.479051


27 
 

realistic scenario in marine ecosystems, this means that evolutionary changes in bacterial 507 

prey could have created complex feedbacks in prey availability and palatability. 508 

 In sum, our findings highlight the complex interaction between mixotroph identity 509 

and environmental selection pressures in constraining marine plankton adaptation. While 510 

some general trends (increased carbon use efficiency; flattening of thermal reaction norms; 511 

return to homeostatic gene expression) emerged, evolutionary responses were highly context 512 

dependent. These results suggest that incorporating evolutionary responses of marine 513 

microbes into climate predictions will be challenging. Additional studies may allow us to 514 

better link organismal metabolic plasticity to evolutionary responses and develop a more 515 

robust framework to predict the structure and function of upper ocean communities.  516 
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Supplemental Figures: 674 

 675 

 676 

Figure S1. Correlation between extracted chlorophyll per cell measurements from a fluorometer and red 677 

fluorescence from flow cytometer for each strain of Ochromonas (obligate mixotroph Strain 1393 in gray, and 678 

facultative mixotroph Strain 2951 in black).   679 
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 680 

Figure S2. Thermal reaction norms of growth rate for all lineages at every reciprocal transplant time point. 681 

Panel A shows the obligate mixotroph at high light and panel B at low light. Panel C is the facultative 682 

mixotroph at high light and panel D at low light. Each box is a single time point labeled as experimental week 683 

going from left to right, with the x-axis of each box showing temperature. Blue points and lines are cold-684 

evolved linages, red points and lines are hot-evolved lineages, and gray points and lines are control lineages. All 685 

points are averages of 6 replicates with bars depicting standard error.   686 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 5, 2022. ; https://doi.org/10.1101/2022.02.03.479051doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.03.479051


37 
 

 687 

Figure S3. Additional thermal reaction norms of mixotroph traits before and after exposure to temperature 688 

treatments for evolutionary time. Control thermal reaction norms are in gray with dotted lines and post-689 

adaptation data are shown as cold in blue and hot in red, connected by solid black lines. Top row has 690 

chlorophyll per pgC, and bottom row has photosynthetic efficiency (Fv/Fm). Points represent means for all 6 691 

replicates across the final year of the project (2-3 time points) of the experiment, with error bars showing ± 1 692 

standard error. Significant differences between the evolved and acclimated response at treatment temperatures 693 

are shown at the top of each panel in blue for 18°C and red for 30°C (two-sample Student’s t-test; *** = 694 

p<0.001, ** = p<0.01, and * = p<0.05).   695 
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 696 

Figure S4. Thermal response curves of grazing rates for obligate mixotroph at high light. Grazing rate was 697 

measured at 10 temperatures between 18°C and 39°C for cold-evolved (blue), control (gray), and hot-evolved 698 

(red) lineages at the termination of the evolution experiment. For the cold-evolved lineages this represents >200 699 

generations, and for the hot-evolved lineages, this represents >600 generations. Curves with confidence 700 

intervals represent the average of all 6 lineages at each temperature and individual lineages are represented by 701 

points. Three vertical lines farthest to the left represent the thermal optimum of each temperature, while the 702 

vertical lines on the right represent the thermal maxima.   703 
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 704 

Figure S5. Biological replicates display more variation in gene expression than technical replicates. Data are 705 

drawn from Ochromonas lineages evolved at 18°C. Three technical replicates are shown for each of six 706 

biological replicates (labeled A through F).   707 
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 708 

Figure S6. Principal component analysis of the 500 genes with the largest variance after variance stabilizing 709 

transformation, showing a strong treatment effect with replicates by treatment group. Generally, gene 710 

expression in Ochromonas Strain 1393 lineages evolved at 100 μmol quanta·m−2·s−1 reflected thermal 711 

environments. While control lineages evolving at 24°C and then acclimated to 18°C (light blue) showed 712 

intermediate gene expression between the control (gray; evolving at 24°C) and cold-evolved (dark blue) 713 

lineages, lineages evolved at (red) or acclimated to (light red) 30°C had distinctive expression patterns. 714 

Treatments are color coded with lines to the group mean.   715 
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 716 

Figure S7. Regardless of gene subset, acclimated lineages display dysregulation while evolved lineages exhibit 717 

a return to homeostasis. Histograms are shown for all genes with significant differential expression; gray = 718 

acclimated lineages, red = evolved at 30°C, blue = evolved at 18°C. Left column: all differentially expressed 719 

genes. Middle column: Genes differentially expressed between lineages evolved or acclimated to 30°C or 18°C. 720 

Right column: Genes differentially expressed between lineages evolved and acclimated at 24°C and those 721 

evolved or acclimated at any other temperature. Top row: data from strains evolved at or acclimated to 30°C. 722 

Bottom row: data from strains evolved at or acclimated to 18°C.  723 
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Table S1. Number of differentially expressed genes (two-fold difference with adjusted p-value < 0.1) in 725 

Ochromonas Strain 1393 lineages evolved at high light. Rows show differences in assay temperature, and cell 726 

entries show number of genes either up or down-regulated for a series of pairwise comparisons (columns). Here, 727 

evolved = lineages evolved and assayed at treatment temperature; control = lineages evolved and assayed at 728 

24°C; and acclimated = lineages evolved at 24°C and assayed at 18°C or 30°C. Rows of pairwise comparisons 729 

sum to greater than the final column because some genes are differentially expressed across multiple pairwise 730 

comparisons.  731 

  

Evolved compared 

to control 

Acclimated 

compared to control 

Evolved compared 

to acclimated 

All unique 

differential genes 

Temperature  up down  up down up down up down 

18°C 121 141 100 124 124 118 284 257 

30°C 95 84 147 380 88 482 498 644 

 732 

 733 
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