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P A L E O N T O L O G Y

The Rise of Algae promoted eukaryote predation in the 
Neoproterozoic benthos
Daniel B. Mills1,2*, Aurèle Vuillemin3, Katharina Muschler1, Ömer K. Coskun1, William D. Orsi1,4*

The proliferation of marine algae in the Neoproterozoic Era is thought to have stimulated the ecology of predatory 
microbial eukaryotes. To test this proposal, we introduced algal particulate matter (APM) to marine sediments under-
lying a modern marine oxygen minimum zone with bottom-water oxygen concentrations approximating those of 
the late Neoproterozoic water column. We found that under anoxia, APM significantly stimulated microbial eukary-
ote gene expression, particularly genes involved in anaerobic energy metabolism and phagocytosis, and increased 
the relative abundance of 18S rRNA from known predatory clades. We additionally confirmed that APM promoted 
the reproduction of benthic foraminifera under anoxia with higher-than-expected net growth efficiencies. Overall, 
our findings suggest that algal biomass exported to the Neoproterozoic benthos stimulated the ecology of benthic 
predatory protists under anoxia, thereby creating more modern food webs by enhancing the transfer of fixed carbon 
and energy to eukaryotes occupying higher trophic levels, including the earliest benthic metazoans.

INTRODUCTION
Crown-group eukaryotes—the clade encompassing the last eukary-
ote common ancestor (LECA) and all of its descendants—apparently 
diversified in the Neoproterozoic Era (1000 to 539 million years 
ago or Ma) (1, 2), before the establishment of modern marine oxygen 
(O2) levels (3). While the oldest body fossils with diagnostic eukary-
ote features date to ~1650 Ma (1), body fossils confidently assigned to 
living eukaryote lineages are unknown from rocks older than 
~1050 Ma (4). Similarly, extractable regular (4-desmethyl) steranes—
the molecular fossils of sterols produced by living eukaryotes—
are unknown from rocks older than ~820 Ma (2, 5, 6), although 
the remains of sterol precursors are known from rocks as old as 
~1640 Ma (2). The succession of the earliest extractable steranes 
in the rock record suggests an increase in the relative abundance 
of marine red algae (members of the Rhodophyta in the Archaeplastida 
supergroup) by ~820 Ma, followed by an increase in the relative 
abundance of marine green algae (members of the Chloroplastida in 
the Archaeplastida supergroup) by ~635 Ma (2, 6). These shifts cor-
respond to increased ratios of steranes to hopanes (the molecular 
fossils of bacterial hopanoids), suggesting a growing contribution of 
algal versus bacterial organic matter to marine sediments through-
out this interval (5). Together, this apparent expansion of marine 
archaeplastids in the Neoproterozoic ocean has been broadly re-
ferred to as the “Rise of Algae” (5).

The oldest body fossil evidence for modern eukaryote primary 
producers, as well as the biomarker evidence for the Rise of Algae, 
broadly corresponds to the oldest body fossil evidence for eukaryote-
on-eukaryote predation (eukaryovory) (7). Some of the oldest body 
fossils displaying signs of eukaryote predation (8) have been confi-
dently assigned to extant groups of heterotrophic microbial eukary-
otes (protists), namely the Amoebozoa (9), while other fossils from 

the same locality (770 to 742 Ma) have been more tentatively as-
signed to the Rhizaria, specifically the Cercozoa (8). Younger body 
fossils from 716 to 635 Ma have also been interpreted as the potential 
remains of rhizarians, specifically the Foraminifera (10). It has also 
been proposed that C30 steranes from the Cryogenian Period (720 to 
635 Ma) were sourced from rhizarians (11), consistent with body fos-
sil evidence for foraminifera and cercozoans by this time, although 
these steranes are also interpreted as the remains of demosponges 
(12), algae (13), and bacteria (14). Overall, the body fossil and lipid 
biomarker records have inspired the prediction that the Rise of Algae 
promoted the growth of eukaryovorous protists, which, in turn, esca-
lated predator-prey dynamics, such as actively selecting for larger 
body sizes among eukaryotic prey, including the unicellular-colonial 
ancestors of macroalgae and metazoans (5, 11, 15). In addition, the 
Rise of Algae likely enhanced the flux of carbon, energy, and nutri-
ents from eukaryote primary producers to the Neoproterozoic ben-
thos, stimulating the trophic ecology of the earliest benthic animals 
(metazoa), which unequivocally entered the fossil record by the Edi-
acaran Period (635 to 539 Ma) (16). Despite the apparent plausibility 
of these proposed scenarios, the effect of sinking algal matter on 
eukaryotic predation in the benthos remains largely unconstrained 
by observations of modern ecosystems. Furthermore, eukaryovorous 
protists like foraminifera and ciliates are often assumed by paleon-
tologists and geochemists to have been “near-absent” in anoxic environ-
ments in the Neoproterozoic (17, 18), despite widespread evidence 
for their activity in anoxic systems today (19–24), suggesting a po-
tentially overlooked role of anaerobic benthic phagotrophs during 
the Rise of Algae. Determining how the Rise of Algae most likely 
affected the evolution of Neoproterozoic ecosystems requires explic-
itly testing predictions based on the rock record against data gathered 
from modern marine organisms and environments.

The microbial loop and anaerobic food webs
In modern ecosystems, fixed carbon is both remineralized and chan-
neled to higher trophic levels—namely the metazoans of “classic food 
chains”—by microorganisms in what is called the “microbial loop,” a 
hallmark of modern oceanography (25). Within the microbial loop, 
protists in particular channel the carbon and energy of primary pro-
ducers (e.g., autotrophic bacteria and algae) to metazoans by preying 
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upon bacteria, archaea, and other microbial eukaryotes via phagocy-
tosis (or “cell eating”). In the global ocean today, protists are thought 
to consume up to 62% of algal primary production daily (26) and are 
even known to acquire mixotrophy (the capacity for both heterotro-
phy and phototrophy) by retaining the plastids of algal prey (27). 
While the Rise of Algae would have likely promoted protist-on-algal 
predation in oxic marine surface waters in the Neoproterozoic, the 
processing of exported algal matter by anaerobic protists living in an-
oxic marine sediments has received little-to-no attention, hindering 
our understanding of how the Rise of Algae would have transformed 
the base of the marine food web within the Neoproterozoic benthos.

In the modern ocean, free-living anaerobic protists are common 
in both benthic and planktonic habitats where O2 is undetectable 
(19, 20). The gross growth efficiency [yield = (assimilated carbon)/
(consumed carbon)] of anaerobic (fermentative) food chains is esti-
mated to be 10%—four times less than the 40% gross growth effi-
ciency of aerobic food chains (28). In other words, for every four 
units of carbon transferred from one trophic level to the next in aero-
bic food chains, only one unit of carbon is transferred in anaerobic 
food chains, potentially explaining the lower number of trophic lev-
els and protist-to-bacteria biomass ratios of anoxic ecosystems (28). 
The comparatively low growth efficiencies of anaerobic protists, how-
ever, can be compensated for by increasing the cell size and therefore 
the carbon and energy content, of microbial prey, resulting in higher 
growth rates than those expected based on gross growth efficiency 
alone (29). As a result, it is possible that the growing input of algal 
versus cyanobacterial biomass to anoxic marine sediments during 
the Neoproterozoic enhanced the growth rates of anaerobic benthic 
protists, which, in turn, could have promoted the transfer of carbon 
and energy to additional trophic levels, such as those occupied by 
the earliest animals. To better understand the effects of exported 
algae on anaerobic protists in the benthos, we performed algal-
predation experiments in marine sediments under both oxic and 
anoxic conditions.

The Benguela Upwelling System
Our study site was the Benguela Upwelling System (BUS) located 
along the western coast of southern Africa (see Materials and Meth-
ods). The BUS is the most productive of the four main Eastern 
Boundary Currents with an estimated primary production rate of 
0.37 Gt C per year (30). The upwelling of nutrient-rich waters in 
response to offshore Ekman transport fuels this elevated productiv-
ity, which, coupled to the physical stratification of the water column 
in summer, produces a seasonally fluctuating oxygen minimum 
zone extending to the seafloor. Common primary producers in the 
BUS include both toxic and nontoxic bloom-forming dinoflagellates 
(e.g., Noctiluca scintilans), phototrophic ciliates (e.g., Mesodinium 
rubrum), and diatoms (e.g., members of the genus Chaetoceros) 
(31–34). The sediments underlying the BUS form a mixture of dia-
tomaceous ooze and foraminifera sand (35) and exhibit abundant 
and active benthic foraminifera with anaerobic energy metabolisms 
(22). At the time of sampling, dissolved O2 was detectable through-
out the water column with concentrations ranging from 20 to 40 μM 
(8 to 16% of atmospheric saturation) in the bottom waters directly 
overlying the benthos (110- to 127-m depth) (22). The sediments 
immediately below (0 to 30 cm) the seafloor were characterized by 
anoxia (undetectable O2) and H2S concentrations ranging from 0 to 
12 μM (22). To assess the response of benthic microbes to the influx 
of exported algae, we added seafloor sediment and algal particulate 

matter (APM) to gas-tight glass flasks and monitored the microbial 
response over time compared to control flasks without added APM 
(see Materials and Methods).

RESULTS
Anaerobic protist gene expression stimulated by algal input
In the water phase of our flasks, O2 was initially present and was 
consumed in the presence of APM until it fell below detection 
(reaching anoxia) by ~22 hours, while O2 remained detectable in the 
no-APM controls for no longer than 28 hours (fig. S1). During the 
final two time points (7 and 10 days), O2 concentrations were below 
detection (anoxic) in all treatments and controls (fig. S1). Total ad-
enylate [adenosine triphosphate (ATP)  +  adenosine diphosphate 
(ADP)  +  adenosine monophosphate (AMP)] concentrations, a 
proxy for microbial biomass (36), suggest that living biomass sig-
nificantly accumulated (two-sided t test; P  =  0.002) in the APM 
treatments (n = 6) relative to the controls (n = 5) at both 7 and 
10 days (fig. S2). A principal components analysis of the gene expres-
sion profiles of the APM treatments (n = 8) and controls (n = 5) 
showed that microbial eukaryote gene expression in the presence of 
APM was significantly different from that of the controls (fig. S3). 
Moreover, microbial eukaryote gene expression at 7 and 10 days 
(under anoxia) with added APM was highly similar (fig. S3), moti-
vating us to group these two time points together for comparison to 
the rest. The percentage of expressed genes by microbial eukaryotes 
was significantly higher (two-sided t test; P =  0.005) in the com-
bined 7- and 10-day APM treatments (n = 5) than in the combined 
7- and 10-day controls (n = 3) (Fig. 1A). In contrast, the percent-
ages of expressed genes by bacteria and archaea were lower (two-
sided t test; P = 0.003 and P = 0.115, respectively) in the treatments 
(n = 5) versus the controls (n = 3) at 7 and 10 days (Fig. 1A). To-
gether, the higher total adenylate concentrations and greater per-
centage of gene expression by microbial eukaryotes in the AMP 
treatments versus the controls at 7 and 10 days suggest that APM 
stimulated the growth and activity of microbial eukaryotes under 
anoxia. To understand the cytological and physiological mecha-
nisms underpinning the microbial eukaryotic response to APM, we 
investigated the functional genes overexpressed in APM treatments 
versus the controls.

To explore the number and identity of overexpressed genes in the 
anoxic 7- and 10-day APM treatments, we compared the microbial 
eukaryote metatranscriptomes in the presence of APM at 7 and 10 days 
(n  =  5) against the grouped metatranscriptomes of the controls 
(n = 5) in a volcano plot (or overexpression) analysis (Fig. 1B). This 
analysis showed that APM was associated with a greater number 
of significantly (two-sided t test; P  <  0.05) overexpressed genes 
(n = 217) compared to the number of significantly (two-sided t test; 
P < 0.05) overexpressed genes in the controls (n = 2) (Fig. 1B). More 
specifically, the presence of APM stimulated the expression of many 
key genes involved in phagocytosis (Fig. 1B). These overexpressed 
genes included genes encoding Rab guanosine triphosphatases 
(GTPases), SNAP receptor proteins, and vacuolar sorting proteins, 
all involved in phagosome formation (37, 38), as well as genes encod-
ing clathrin, coronin, and formin-like proteins, which are involved in 
cytoskeleton remodeling (38, 39). These results suggest that the added 
APM promoted phagocytosis by protists under anoxia.

To identify the phylogenetic affinities of the microbial eukaryotes 
that exhibited the strongest response in the anoxic APM treatments 
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at 7 and 10 days, we screened the metatranscriptomes of these two 
time points for expressed 18S ribosomal RNA (rRNA) genes (fig. 
S4). This screening resulted in the identification of 18S rRNA de-
rived from 63 microbial eukaryote operational taxonomic units 
[OTUs; sharing 97% identity in 18S rRNA sequences, equivalent to 
species-level designation (40)] with significantly (two-sided t test; 
P  <  0.05; n  =  8) higher relative abundances in the presence of 
APM than in its absence (fig. S5). The closest relatives of the 18S 
rRNA revealed that most lineages with elevated 18S rRNA expres-
sion in the presence of APM belong to ancestrally eukaryovorous 
clades (17) with known Proterozoic (2500 to 539 Ma) origins, in-
cluding the Amoebozoa (8), Cercozoa (8), and Foraminifera (10) 
(Fig. 1C). Overall, these results suggest that the added APM was 
directly phagocytosed by benthic eukaryovorous protists living 
under anoxia.

After confirming that the addition of APM stimulated phagocy-
tosis in our treatments under anoxia, we explored the eukaryotic 
energy metabolism pathways that supported this behavior. Overex-
pression analysis identified multiple core anaerobic energy metabo-
lism genes in eukaryotes (41) that were significantly (two-sided t 
test; P < 0.05) overexpressed with APM at 7 and 10 days (n = 5) 
compared to the controls (n = 5), including genes encoding alcohol 
dehydrogenase, citrate synthase, and phosphoenolpyruvate car-
boxykinase (fig. S6). These overexpressed genes are consistent with 
the fermentation of phagocytosed algal cells by anaerobic protists. 
However, a eukaryote copper-containing nitrite reductase (nirK) 
gene was also significantly (two-sided t test; P < 0.05) overexpressed 
in the APM treatment at 7 and 10 days, suggesting the capacity for 
some of the sampled anaerobic protists to conserve energy via an-
aerobic respiration using nitrite as a terminal electron acceptor. The 
ability of eukaryotes to survive, and even thrive, in anoxic environ-
ments via denitrification, including nirK-mediated nitrite reduc-
tion, has been shown to be a phylogenetically widespread trait than 
previously thought, present in ciliates (42), fungi (43), and foramin-
ifera (24). Our results, therefore, suggest that the phagocytosis of 
algal prey under anoxia is energetically supported by both fermenta-
tion and anaerobic (nitrite) respiration by anaerobic eukaryovores, 
contrary to the view that such predatory behaviors require relatively 
high O2 levels (17, 18).

To assess whether the results of our APM experiments reflect 
the in situ activities of benthic protists living in the BUS, we com-
pared the metatranscriptomes from our APM experiments (n = 27) 
to sediment and water column metatranscriptomes (n  =  13) re-
ported previously from the same sites of the same oceanographic 
region (22, 44). This comparison showed that many of the eukary-
ote genes responsible for phagocytosis and anaerobic energy me-
tabolism overexpressed in the APM treatments versus the controls 
were also expressed in the anoxic and sulfidic sediments of the BUS 
(Fig. 2). Moreover, the general expression of these genes was rela-
tively lower in the oxic water column, with the notable exception of 
genes involved in glycolysis, which anaerobically precedes both res-
piration and fermentation (Fig. 2A). The relatively high expression 
of certain genes involved in phagocytosis—namely actin, myosin, 
and tubulin—in the water column is also expected, as phagocytosis 
demonstrably operates under both oxic and anoxic conditions (19). 
Overall, these gene expression patterns suggest that our anoxic 
APM treatments effectively promoted trophic interactions and an-
aerobic energy metabolisms exhibited by the protists living within 
the anoxic and sulfidic sediments of the BUS.

Fig. 1. The effect of added algal matter on eukaryote gene expression in anoxic 
sediment incubations. (A) The percentage of expressed open reading frames (ORFs) 
across the domains of life as a function of both time and the presence of APM. Asterisks 
denote statistically significant differences (two-sided t test; P values < 0.05; n = 8). 
Error bars represent SD. By 7 and 10 days, O2 was below detection (fig. S1). (B) Signifi-
cant overexpression of eukaryote genes in APM treatments (n =  5) relative to the 
controls (n = 5), with genes involved in phagocytosis labeled and marked in red. The 
vertical dashed line separates expressed genes that either increased or decreased in 
relative abundance with APM relative to the controls, while the horizontal dashed 
line represents the P value cutoff for determining statistical significance (two-sided t 
test; P values < 0.05). (C) Phylogenetic tree of 18S rRNA OTUs significantly (two-sided 
t test: P < 0.05; n = 10; fig. S5) overexpressed in the APM treatments, with bubbles 
proportional to the fold change in 18S rRNA expression between the treatments and 
controls. d, days; GTPases, guanosine triphosphatases.
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Confirmed growth of anaerobic protists with high estimated 
growth efficiencies
The significant rise in protist gene expression with APM under 
anoxia (Fig. 1A) suggests increased activity and growth of anaerobic 
protists under these conditions. However, as metatranscriptomic 
data are only semiquantitative, increased gene expression by pro-
tists in our APM treatments could also be explained by decreased 
gene expression by bacteria and archaea. To confirm whether APM 

quantitatively stimulated the growth of anaerobic protists, we enu-
merated the calcium carbonate tests of benthic foraminifera in four 
different size ranges over the course of the experiment in both 
the treatments and controls (Fig. 3A). In two of the size ranges 
investigated—250 to 330 μm and 330 to 500 μm—we found that APM 
resulted in a higher number of foraminifera tests under anoxia at 7 
and 10 days compared to the controls, especially for the genus 
Bolivina (Fig. 3A). These results demonstrate that the addition of 

Fig. 2. Heatmap of expressed eukaryote genes involved in anaerobic energy metabolism and phagocytosis. (A) Genes involved in anaerobic energy metabolism in 
eukaryotes [collected from (41)] from in situ water and sediment samples from the BUS (left side; n = 27), as well as experimental time points (right; n = 13). (B) Genes 
involved in phagocytosis (22, 37–39, 94) across the same sampled metatranscriptomes. Heatmap coloring corresponds to the relative levels of gene expression (that is, 
percentage of total expressed genes), with darker colors indicating higher relative abundances. Blue and red squares at the bottom of the plot display the presence or 
absence of O2 (above or below 1 μM O2), respectively. NADH, reduced form of nicotinamide adenine dinucleotide; ATPases, adenosine triphosphatases; VAMP, vesicle-
associated membrane protein; WASH, Wiskott–Aldrich syndrome protein and SCAR homologue. 
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Fig. 3. Anaerobic growth and growth efficiencies of benthic foraminifera. (A) Concentration of foraminifera cells (tests) of different genera in the APM treatments and 
controls compared to the in situ state (t0), according to four different size fractions. (B) Phylogenetic tree (PhyML) of foraminifera nirK transcripts, as well as a likely nirK 
expressed by Candidatus Azoamicus ciliaticola, a denitrifying endosymbiont of anaerobic ciliates (23). The panel to the right displays the expression of nirK ORFs in both 
the treatments and controls over time expressed as reads per kilobase mapped (RPKM). Note that the eukaryote nirK is only expressed in the presence of APM at 7 and 
10 days under anoxia. (C) Net growth efficiency (NGE; see Materials and Methods) estimated for benthic foraminifera consuming 13C-labeled APM in the presence and 
absence of O2 and under three sets of assumptions regarding the fractional contribution of foraminifera to 13CO2 production from 13C-labeled APM. Error bars represent 
SE. Dashed lines represent calculated NGEs from (28) and (45). Note that the calculated NGEs for foraminifera growing under anoxia is higher than those calculated for 
fermenting (nonrespiring) protists under anoxia (28). h, hours. d, days.
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APM increased the growth (that is, reproduction) of anaerobic fora-
minifera under anoxia, consistent with the 18S rRNA overexpres-
sion analysis indicating that several foraminifera lineages were 
stimulated by the addition of APM (Fig. 1C). It is well established 
that phagotrophic anaerobic foraminifera are active in anoxic ma-
rine sediments (20–22, 24). These results suggest that the observed 
increase in eukaryote gene expression (Fig. 1A) and total adenylate 
concentrations (fig. S2) in the presence of APM is explained, at least 
in part, by the promoted growth of anaerobic protists by APM.

Given the demonstrable growth of foraminifera in the presence 
of APM, we combined our foraminifera growth rates with 13C-APM 
remineralization rates (see Material and Methods) to estimate the 
efficiency of this growth. Net growth efficiency [NGE = (assimilated 
C)/(assimilated C + dissimilated C)] is theoretically estimated to be 
64 and 14% for aerobic respiration and fermentation, respectively 
(28), and can be broadly estimated using our observed rates of fora-
minifera reproduction and 13C-APM remineralization under differ-
ent O2 concentrations (fig. S7). Specifically, we used the growth and 
remineralization rates from the first 18 hours of the APM treat-
ments when O2 was detectable yet declining (from 124 μM O2 at 
0 hours to 2 to 31 μM O2 at 18 hours), as well as the rates from 
18 hours to 7 and 10 days when O2 was predominantly undetectable 
(starting at ~22 hours) (fig. S1). Moreover, we surveyed three differ-
ent scenarios to constrain the relative contribution of growing fora-
minifera to the observed 13CO2 production (see Materials and 
Methods and Fig. 3C). The scenario that yields estimates closest to 
the predicted values assumes that the contribution of foraminifera 
to 13CO2 production was proportional to the relative abundance of 
foraminifera 18S rRNA (of the total 16S and 18S rRNA) in our 
metatranscriptomes over the course of the experiment (see Materi-
als and Methods). In this scenario, NGE in the presence of detect-
able O2 is estimated to 43.0% (± 5.31)—less than the predicted 64% 
for aerobic growth (Fig. 3C). Meanwhile, the same scenario suggests 
that NGE in the absence of detectable O2 is 24.9% (±0.52) and 
17.7% (±0.83) at 7 and 10 days, respectively—both higher than the 
predicted 14% for fermentative growth.

The lower-than-expected NGE (43% versus 64%) for the first 
18 hours of our APM treatments—if accurate—could potentially be 
explained by the cost of protection against O2 toxicity if the growing 
benthic foraminifera were microaerophiles sensitive to elevated O2 
concentrations (fig. S1). A similarly low aerobic NGE (44.0%) was 
estimated for the microaerophilic ciliate Euplotes sp. when exposed 
to O2 levels exceeding its preferred ~5% of atmospheric saturation 
(where its NGE was 60.5%) (45). At the time of sampling, the O2 
concentration in the water column immediately overlying the sam-
pled sediments was 24.3 μM O2 (8.79% of atmospheric saturation at 
11°C and 35 S) (fig. S8), so the relatively high O2 concentrations 
(124 μM O2 or 44% of atmospheric saturation at 10°C and 35 S) at 
the beginning of our experiments could have exceeded the preferred 
O2 concentrations of the growing benthic foraminifera if they 
were microaerophiles.

With respect to the 7- and 10-day intervals (starting at 18 hours), 
the higher-than-predicted NGEs can potentially be explained by 
aerobic respiration—for example, during the first few hours of 
detectable O2 (fig. S1)—or by anaerobic respiration. Numerous 
benthic foraminifera respire NO3

− in addition to O2 (24), with 
metabolic scaling evidence supporting NO3

− as the preferred 
electron acceptor (21). The complete or partial reduction of NO3

− 
to N2 (denitrification) by benthic foraminifera is accomplished via 

enzymes encoded in their own genomes (rather than in the ge-
nomes of intracellular bacteria) (46). We identified several fora-
minifera nirK genes expressed in the presence of APM, although 
no foraminifera nirK expression was detected in the controls or in 
the in situ water and sediment samples (Figs. 2A and 3B). These 
expressed foraminifera nirK genes branch most closely to members 
of the genus Bolivina (Fig. 3B), consistent with increasing Bolivina 
tests in the presence of APM (Fig. 3A).Together, these results sug-
gest that the addition of APM promoted the growth of NO2

−-
respiring foraminifera (including members of the genus Bolivina), 
potentially explaining the higher-than-expected NGEs under an-
oxia (Fig. 3C), as NO2

− reduction (a form of anaerobic respiration) 
conserves more energy than substrate level phosphorylation and 
fermentation per unit substrate (28).

In addition to foraminifera, we identified nirK expression by 
“Candidatus Azoamicus ciliaticola” (Fig. 3B), a denitrifying bacte-
rial endosymbiont of anaerobic ciliates (23). Similar to the nirK ex-
pression by foraminifera, the nirK expression by “Ca. A. ciliaticola” 
only occurred in the presence of APM (Fig. 3B). Furthermore, the 
APM-associated overexpression of 18S rRNA by three members of 
the class Plagiopylea—the only known class of ciliates known to 
host Ca. A. ciliaticola (23)—further bolsters evidence for this sym-
biosis in our treatments (Fig. 1C). Collectively, these results suggest 
that APM stimulated denitrification in both foraminifera and the 
bacterial endosymbionts of anaerobic ciliates, demonstrating the 
need for improved transcriptome sampling of anaerobic protists and 
their symbionts to resolve the nature and distribution of denitrifica-
tion across the eukaryote tree. Now, within the Foraminifera, deni-
trification is confined to the order Rotaliida, which is estimated to 
have originated by the Permian Period (299 to 252 Ma), hundreds of 
millions of years after the Rise of Algae (24). While increased meta-
transcriptome sampling is needed to test whether eukaryote denitri-
fication extends back to the Precambrian, there is now no available 
evidence for nirK-mediated denitrification in the Foraminifera in 
the Neoproterozoic Era. Nevertheless, our results suggest that the 
NGEs of anaerobically respiring foraminifera are greater than those 
of fermentative protists and that denitrification by phagotrophic 
foraminifera may correspondingly increase the carbon, energy, and 
nutrient flux to eukaryote predators (including animals) in the an-
aerobic benthos of the BUS.

DISCUSSION
Eukaryote predation under anoxia in the Neoproterozoic Era
Our results demonstrate that algal biomass stimulates the growth 
and activity of phagotrophic anaerobic protists living just beneath 
the seafloor of the O2-depleted BUS. By extension, we predict that 
the proposed Rise of Algae (5) would have similarly promoted the 
ecology of phagotrophic lineages living in the benthos of the Neo-
proterozoic Era, before the establishment of modern marine O2 lev-
els (3). Three of the clades with overexpressed 18S rRNA in our 
APM treatments (Fig. 1C) have body fossil records extending back 
to the Neoproterozoic Era: the Amoebozoa (~770 to 742 Ma) (8, 9), 
the Cercozoa (~770 to 742 Ma) (8), and potentially the Foraminifera 
(~716 to 635 Ma) (10, 47). While the remaining clades with overex-
pressed 18S rRNA in the presence of APM (Fig. 1C) apparently lack 
clear Proterozoic body fossils—potentially due to taphonomic bias-
es (48)—numerous molecular clock estimates infer their presence 
by the Neoproterozoic Era (49–51).

D
ow

nloaded from
 https://w

w
w

.science.org on February 20, 2025



Mills et al., Sci. Adv. 11, eadt2147 (2025)     19 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 13

While modern phagotrophic clades likely extend back to the 
Neoproterozoic Era (9, 17, 52), it remains unclear whether the genes 
mediating phagocytosis then were the same genes mediating phago-
cytosis today (given the possibility of gene replacement and loss) 
(53). For our purposes, we used the expression of key genes now 
involved in phagocytosis (Fig. 2B) to infer whether phagocytosis (as 
a process) was occurring in our water, sediment, and incubation 
samples and was therefore permitted by the associated redox condi-
tions (Figs. 1B and 2). In our sediment incubations, APM stimulated 
phagocytosis (Figs. 1B and 2) and promoted phagocytic clades (Figs. 
1C and 3A) under anoxia, suggesting that phagotrophs internalized 
the APM as a carbon and energy source while reproducing. On the 
basis of these results, we propose that exported APM would have 
similarly promoted phagotrophic protists living in anoxic marine 
sediments in the Neoproterozoic, even if different genes were in-
volved in phagocytosis then. However, this interpretation also re-
quires that phagotrophic crown-eukaryotes in the Neoproterozoic 
had the genes necessary for metabolizing anaerobically.

The origins of anaerobic energy metabolism in eukaryotes are 
controversial and unsettled (54, 55). Specifically, while LECA is uni-
versally thought to have respired O2, it is debated whether LECA was 
an obligate or facultative aerobe (56). In the latter scenario, enzymes 
for anaerobic energy metabolism were acquired during eukaryogen-
esis before LECA, either from the alphaproteobacterial ancestor of 
mitochondria via endosymbiosis (41, 54) and/or from other bacterial 
donors via lateral gene transfer (LGT) (55, 57). If LECA—which al-
most certainly emerged before the Neoproterozoic Era (1)—was a 
facultative aerobe, then crown-eukaryote lineages in the Neoprotero-
zoic would have already had enzymes necessary for metabolizing 
anaerobically under anoxia. The alternative (LECA was an obligate 
aerobe) is difficult to reconcile with the low and dynamic marine O2 
concentrations reconstructed for the mid-Proterozoic (56), even if 
eukaryogenesis took place in cyanobacterial mats (58), which are 
ephemeral environments that generally—but not universally (59)—
exhibit diurnal cycles of anoxia (especially under anoxic water col-
umns) (60). Despite uncertainties in the origin of anaerobic energy 
metabolism in eukaryotes, the most parsimonious interpretation is 
that enzymes for anaerobiosis had already been acquired (whether by 
endosymbiosis and vertical inheritance and/or by LGT) by crown-
eukaryotes before the Neoproterozoic (41, 56).

While our model system—the BUS—exhibited bottom-water O2 
concentrations approaching those reconstructed for the Neopro-
terozoic surface ocean at the time of sampling (fig. S8) (3), it is im-
portantly not a “Neoproterozoic ocean analog.” Abiotic features of 
the BUS like seawater temperature, PO4

3− availability, and carbon-
ate chemistry (associated with high organic carbon remineralization 
rates) are all definitively modern and likely uncharacteristic of the 
global Neoproterozoic ocean (61–63). Ecologically, primary pro-
ductivity at the BUS greatly exceeds estimates for the Neoprotero-
zoic—<10% of modern global levels (64)—and is dominated by 
phototrophic clades (namely dinoflagellates and diatoms) that only 
became ecological pervasive in the Mesozoic Era (252 to 66 Ma) 
(65). Our APM was sourced from a culture Chaetoceros socialis (Ma-
terials and Methods), a planktonic diatom representative of primary 
producers from the BUS (66), suggesting that our sediment incuba-
tions captured in situ (rather than artificial) ecological interactions 
in the BUS (Fig. 2). Despite these discrepancies between the BUS 
and the Neoproterozoic ocean, which are unavoidable, our results 
nevertheless demonstrate that anoxia permits the consumption of 

exported APM by phagocytic eukaryote clades present in the 
Neoproterozoic. That said, future studies investigating the benthic 
processing of APM derived from planktonic chlorophytes and rho-
dophytes, as well as planktonic cyanobacteria, would provide addi-
tional constraints necessary for reconstructing the trophic ecology 
of the Neoproterozoic benthos.

The Rise of Algae and the evolution of the microbial loop
The Rise of Algae was originally constrained temporally to ~659 to 
645 Ma in the interval between the Sturtian and Marinoan “snowball 
Earth” glaciations of the Cryogenian Period (720 to 635 Ma) (5). This 
chronology was based primarily on the first appearance of extract-
able stigmastane—regular C29 steranes associated with green algae—
combined with a shift to higher sterane to hopane ratios (5). The 
oldest extractable saturated steranes in the rock record date back to 
~820 to 720 Ma in the Tonian Period (1000 to 720 Ma) [although see 
claims for kerogen-bound steranes ~1400 Ma (67)] and are almost 
exclusively dominated by C27 steranes (cholestane). While these old-
est extractable steranes were initially interpreted as the remains of 
nonphotosynthetic protists (5), they (along with co-occurring aro-
matic steroids) are now interpreted as the probable remains of red 
algae, suggesting an increase in the relative abundance of red algae in 
the Tonian Period before the Sturtian glaciation and the subsequent 
“rise of chlorophytes” (2, 6). In the Ediacaran Period (635 to 539 Ma), 
the high relative abundance of stigmastane among saturated steranes 
suggests that green algae were established as the dominant eukaryote 
primary producers at this time—a pattern extending into the Paleo-
zoic Era (539 to 419 Ma) (2, 6). With respect to the body fossil record, 
the Tonian “rise of rhodophytes” (2) broadly correlates with the old-
est evidence for the Amoebozoa and Cercozoa (~770 to 742 Ma) (8), 
while the Ediacaran establishment of abundant green algae broadly 
correlates with the oldest unequivocal evidence for crown-group 
Metazoa ~570 Ma (16).

Both body fossils and molecular clock estimates suggest that 
crown-Archaeplastida had emerged by the Mesoproterozoic Era 
(1600 to 1000 Ma) (4, 68). As a result, the Rise of Algae is usually 
interpreted as representing an environmentally or ecologically driv-
en shift in the relative abundance of preexisting Archaeplastida lin-
eages (5,  6,  15,  69). How members of the Rhodophyta and then 
Chloroplastida shifted to higher relative abundances in the mid-to-
late Neoproterozoic Era, however, remains unclear. Originally, when 
the Rise of Algae was constrained to the Sturtian-Marinoan inter-
glacial, enhanced phosphorus delivery to a nutrient-poor ocean in 
the wake of the Sturtian glaciation was proposed as the proximate 
environmental driver (5,  15), as cyanobacteria (with their higher 
surface area to volume ratios) generally outcompete larger algae un-
der strong phosphorus limitation (70). During this bloom of elevated 
marine productivity, it was proposed that the preferential grazing 
of bacteria-eating (or bacterivorous) protists on cyanobacteria ac-
tively encouraged the growth of larger algae by limiting cyanobacte-
rial population densities and re-releasing limiting nutrients back 
into the surface ocean (5, 11, 15). This self-sustaining proliferation 
of algae, in turn, promoted the expansion of eukaryovorous protists, 
thereby driving the evolution of increasingly large cell sizes, the 
number of taxa occupying higher trophic levels, and novel predator-
prey interactions (5,  11,  15). The later recognition that red algae 
(6)—and sterol-synthesizing crown-group eukaryotes more gener-
ally (2)—likely increased in global abundance in the Tonian Period 
challenges the idea that postglacial weathering in the Cryogenian 
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Period served as the immediate environmental cause of the Rise of 
Algae (or at least the rise of rhodophytes). Alternate (and compli-
mentary) mechanisms for the Tonian expansion of red algae include 
increasing marine oxygen (71) and nitrate (72) availability, as well as 
an increase in the effectiveness of bacterivory (73), perhaps ex-
plained by the refinement or acquisition of phagocytosis more 
broadly across the eukaryote tree (7, 39, 53). Alternatively, crown-
Archaeplastida may have already been abundant in the Mesopro-
terozoic ocean, with preservational artifacts explaining the apparent 
pre-Tonian absence of extractable steranes (67, 68, 74). Regardless 
of the exact timing and trigger(s) for the initial proliferation of ma-
rine Archaeplastida, the export of algal cells to the Proterozoic sea-
floor would have likely permitted the growth and activity of benthic 
eukaryovorous protists living under anoxia, as demonstrated here.

Increased oxygen and nutrient availability and the associated ex-
pansion of planktonic algae in the Neoproterozoic ocean are predict-
ed to have augmented the export of surface-derived APM to marine 
sediments (5,  15). This exported APM is thought to have been a 
critical and direct food source to the earliest suspension-feeding ben-
thic metazoans (5, 15), which potentially entered the body fossil re-
cord as early as ~571 to 560 Ma (e.g., Thectardis from the “Avalon” 
assemblage) (75, 76) and the lipid biomarker record by ~635 Ma (i.e., 
24-isopropylcholestanes interpreted as the remains of demosponges) 
(12). However, our results here demonstrate that the efficient export 
of APM to marine sediments would have similarly stimulated the 
growth and activity of benthic anaerobic protists, which would have 
rerouted carbon, energy, and nutrient fluxes to burgeoning animal 
ecosystems during the mid-to-late Neoproterozoic Era (Fig. 4). An-
aerobic protists living just beneath the sediment-water interface, or 

in the anoxic layers of benthic microbial mats, could have been pro-
cessed by Ediacaran animals like Kimberella, which grazed on the 
surfaces of microbial mats (77), or Dickinsonia, which consumed ex-
ternally digested mat surfaces via its lower epithelium (78). Alterna-
tively, if these Ediacaran feeding modes were too spatially decoupled 
from anaerobic protists—which presumably lived just below the up-
permost oxic layers of microbial mats and marine sediments—abundant 
benthic anaerobic protists potentially established the interstitial 
carbon and nutrient reservoirs necessary for the eventual evolution 
of metazoan meiofauna closer to the Ediacaran-Cambrian boundary 
(79). Furthermore, while our experiments were primarily conducted 
under anoxia, we predict that exported APM would have similarly 
promoted the growth and activity of aerobic, epibenthic phagotrophs 
more probably accessible to Ediacaran surface grazers. Overall, the 
APM-stimulated growth of anaerobic phagotrophs in the Neopro-
terozoic benthos would have established key linkages between the 
benthic microbial loop and nascent animal food chains (Fig. 4).

Overall, the Neoproterozoic Rise of Algae—when marine eukary-
ote primary producers began increasing in global abundance ~820 to 
635 Ma—is predicted to have promoted the growth and ecological 
expansion of eukaryovorous protists (5, 15), which confidently en-
tered the body fossil record around this time (8, 9). So far, the preda-
tion of phagotrophic protists on marine algae and other microbial 
eukaryotes has largely been thought to have been exclusive, or nearly 
exclusive, to the Neoproterozoic marine water column (17,  18), 
where dissolved oxygen concentrations were predominantly “subox-
ic” or “severely hypoxic” by modern oceanographic standards (<8% 
of present atmospheric saturation, T = 11°C, S = 35) (3). We demon-
strate, however, that the input of algal cells to sediments collected at 
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DOC
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protozoa
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protozoa

Metazoa
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Fig. 4. The evolution of benthic food webs from the mid- to late-Proterozoic Eon. (A) Simplified (nonexhaustive) schematic of the microbial loop before the primary 
acquisition of plastids yet after the origin of phagotrophy (the eukaryote feeding mode in which microbial prey are internalized via phagocytosis). Marine surface waters 
in equilibrium with the atmosphere at this time likely had O2 concentrations corresponding to 1 to 10% of modern atmospheric saturation and were therefore severely 
hypoxic (4.8 to 22 μM O2) by modern oceanographic standards (3). The earliest phagotrophs were probably (bacterivorous) protozoa that phagocytosed bacteria (and 
archaea) from both the water column and benthos, before the origin of eukaryote-on-eukaryote predation (eukaryovory) (95). (B) Simplified schematic of the microbial 
loop toward the end of the Proterozoic Eon, after the permanent establishment of abundant eukaryote primary producers. By this time, the O2 content of shallow marine 
environments was likely increasing but was still “hypoxic” (22 to 63 μM O2) by modern standards (3). The bold arrows indicate the consumption of exported APM by ben-
thic eukaryovorous protozoa (as demonstrated by this study), followed by the consumption of these protozoa by the earliest benthic animals (metazoans). By the end-
Proterozoic, metazoans likely consumed dissolved organic carbon (DOC) via osmotrophy (75, 96), mat-forming bacteria and associated protozoa via both surface grazing 
(77) and external digestion (78), planktonic microbes via suspension feeding (76), and benthic microbes via infaunal deposit feeding (76). Schematic inspired by figure 
1 from (25).
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the sediment-water interface of a modern oxygen-depleted upwell-
ing zone (with bottom water oxygen levels ~9% of present atmo-
spheric saturation, T  =  11°C, S  =  35) stimulates the growth and 
activity of anaerobic phagotrophs under anoxia. Specifically, we ob-
served the overexpression of key genes involved in both phagocytosis 
and anaerobic energy metabolism in metatranscriptomes collected 
from anoxic sediment incubations with added 13C-labeled algal cells. 
We additionally observed the growth (reproduction) of benthic fora-
minifera under anoxia with higher-than-expected net growth effi-
ciencies, potentially explained by the expression of a eukaryote nitrite 
reduction pathway. Together, our results suggest that the export of 
algal-derived particulate matter to the seafloor during the Rise of 
Algae would have stimulated the growth and activity of benthic 
phagotrophs living under anoxia. This promotion of eukaryote bio-
mass in the Neoproterozoic benthos would have redirected carbon, 
energy, and nutrients away from bacteria and archaea and toward 
newly evolving metazoan trophic levels, facilitating the evolution of 
modern food webs.

MATERIALS AND METHODS
Sampling and APM experimental setup
During F/S Meteor Expedition “EreBUS,” multicoring was used to 
obtain a sediment core on the Namibian continental shelf (18.0 S, 
11.3 E) from a water depth of 125 m, as described previously (22). 
This coring yielded a 30-cm-long core (with an intact sediment-
water interface) that was immediately placed in a 4°C cold room. 
Within 24 hours of retrieval, sediments from the core top (the up-
permost 5 mm) were collected and incubated in duplicate for 18 hours, 
7 days, and 10 days with either 13C-labeled APM or no added 
APM as a control. Specifically, 2 g of core top sediment was added to 
20-ml glass flasks, which were then filled with bottom-water seawa-
ter (S = 35; collected from the multicorer), leaving no headspace. The 
flasks were then crimp-sealed gas-tight using gray butyl rubber stop-
pers and were incubated horizontally in the dark at 10°C. Each flask 
was equipped with two O2 sensor spots (PreSens, Regensburg) situ-
ated both above and below the sediment. A Fibox was used to con-
tinuously measure O2 on both spots throughout the incubations, as 
described previously (22). At each time point, duplicate flasks were 
frozen at −20°C in plastic 50-ml Falcon tubes (since glass flasks can 
crack upon thawing before RNA extraction). By freezing the crimp-
sealed glass flasks immediately at each time point, the flasks did 
not need to be reopened for sampling, which would have exposed 
the anoxic incubations to O2 during intermediate sampling points. 
Therefore, all APM and control incubations remained anoxic after 
approximately 20 hours until being frozen at either 7 or 10 days.

APM was produced using a culture of the planktonic diatom 
C. socialis (Norwegian Culture Collection strain K1676) grown us-
ing L1 growth medium (80) at 22°C for 7 days while exposed to 
natural day-night cycles. The culture was grown with 2 mM 99% 
13C-labeled sodium bicarbonate, which the diatoms used as a car-
bon source. After 7 days, the cultures exhibited turbidity and were 
filtered through a 0.2-μm filter to remove any low molecular weight 
organic matter and to retain algal cells. The algal particulate phase 
was then removed from the filter surface using a sterile spatula and 
was stored at 4°C until being added to the incubations. The percent 
13C enrichment of the APM was determined previously to be >50% 
(22). The APM was added at a final concentration of 200 μg 13C-
labeled APM per gram sediment. This concentration corresponds to 

approximately 1 to 3% of the in situ sedimentary organic matter 
content (22). Since sinking C. socialis biomass is a major contributor 
to the organic carbon content of Namibian shelf sediments (31), the 
added APM serves as an appropriate proxy for tracking the preda-
tion of exported algae present in BUS surface waters by eukaryovo-
rous protists living in the underlying sediments.

Total adenylate measurements
Total adenylate (ATP + ADP + AMP) was measured as a proxy for 
total biomass, as described previously (36). Briefly, 0.5 g of sample 
was mixed with 1 ml of sterile MilliQ water, incubated at 99°C for 
10 min, and centrifuged for 2 min at 13,000 rpm. The total adenylate 
of the supernatant was measured using a luminometer with the A3 
assay according to the manufacturer’s instructions (A3 Lucipac, 
Kikkoman). Relative light units were converted to nanomolar total 
adenylate, as described previously (36).

RNA extraction and metatranscriptome library preparation
RNA extraction followed the same protocol as previously described 
(22, 44). To reduce DNA contamination, all RNA samples were ex-
tracted in a high efficiency particulate air (HEPA)-filtered laminar 
flow hood dedicated only for RNA work (no DNA allowed inside) 
that also contains dedicated RNA pipettors used exclusively inside 
the hood with RNA samples. The pipettors were also autoclaved to 
remove contaminating RNA before every extraction. All surfaces 
were treated with RNAse-Zap before extractions and exposed to ul-
traviolet light for 30 min before and after each extraction.

RNA was extracted from duplicate incubations for each treatment, 
at each time point, serving as biological replicates. For the 7-day 
control samples, insufficient RNA was extracted for metatranscrip-
tome library prep, and therefore the RNA from the duplicate incuba-
tions was pooled to create a single metatranscriptome. For the 18-hour 
and 10-day time points, technical replicates were performed from one 
of the biological replicates resulting in three total replicates (two bio-
logical replicates + one technical replicate), for controls and APM 
treatments, respectively.

The extracted RNA was used for deoxyribonuclease treatment, 
synthesis of cDNA, and metatranscriptome library construction, us-
ing the Trio RNA-Seq kit protocol (NuGEN Technologies) and 
procedures, as described previously (22,  44). Metatranscriptome 
libraries were sequenced using paired-end 300 high-output kits on 
the Illumina MiniSeq. Metatranscriptome libraries were sequenced 
to an average depth of 7.1 million (SD = 1.3 million) as paired-end 
reads that were obtained after Illumina sequencing, which could be 
assembled de novo into an average of 17,367 (SD = 8263) contigs 
per library. Quality control, de novo assembly, and open reading 
frame (ORF) searches were performed as described previously (44).

Metatranscriptome annotation
Transcripts from the metatranscriptomes that encoded ORFs were 
searched for similarity using BLASTp against an aggregate database 
(“MetaProt”) (22) containing predicted proteins from all protist, fun-
gal, bacterial, and archaeal genomes and metagenome-assembled 
genomes (MAGs) in the Joint Genome Institute (JGI) and National 
Center for Biotechnology Information (NCBI) databases using double 
index alignment of next-generation sequencing data (DIAMOND) 
(81). This database included all ORFs from the >700 transcriptomes 
of microbial eukaryotes from the Marine Microbial Eukaryote 
Transcriptome Sequencing Project (MMETSP) (82). The custom 
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MetaProt database that we used for this study has been published previ-
ously (22, 44) and is available as a single 32-GB amino acid FASTA file 
on the Ludwig Maximilian University (LMU) Open Data website (doi.
org/10.5282/ubm/data.183). For functional annotations of the genes in 
the MetaProt database, we used the existing annotations provided by 
the respective databases (NCBI, JGI, and RefSeq). In the cases when no 
functional annotation was provided, such as in the case of the MMETSP 
dataset, we annotated the data via BLASTp against SwissProt. We as-
signed ORFs as being derived from either protists, bacteria, archaea, or 
fungi, based on a minimum bit score of 50, minimum amino acid simi-
larity of 60, and an alignment length of 15 residues. We assigned ORFs 
as being derived from one of these four major groups if they met two 
criteria: (i) significant similarity above this threshold to a predicted pro-
tein from a previously sequenced transcriptome or genome from this 
group; and (ii) the top ORF was the best BLAST hit in the MetaProt 
database. Protist expressed ORFs in the metatranscriptomes were as-
signed to general categories of cellular function, via BLASTp searches 
against the Eukaryotic database of Orthologous Genes (KOG) (83). 
Contamination in the metatranscriptomes was determined from se-
quencing lab blanks and consistently consisted of human- and soil-
associated bacteria such as Streptococcus, Acinetobacter, Staphylococcus, 
Rhizobium, Ralstonia, and Burkholderia. All ORFs deriving from a 
known contaminant organism, including those known as common kit 
contaminants (84), were removed before analysis.

18S rRNA annotation and analysis in metatranscriptomes
Metatranscriptomes were searched for 18S rRNA using SqueezeMeta 
(85), as described previously (44), which resulted in 5521 putative 18S 
rRNA contigs with an average length of 309 (SD = 97) bp. Putative 
18S rRNA contigs identified with SqueezeMeta were searched for sig-
nificant similarity to high-quality full-length 18S rRNA gene OTU 
sequences (clustered at 97% identity) in the Silva database version 138 
(86). Those 18S rRNA contigs from SqueezeMeta that did not have a 
top hit to a named protist in Silva were further searched against the 
protist 18S rRNA gene databases PR2 (87) and EukRef (88). After this 
curation, 815 assembled contigs could be reliably identified as protist 
18S rRNA sequences. Because the protist 18S rRNA contigs obtained 
were relatively short, they could potentially be different regions of the 
18S rRNA from the same protist taxon, particularly if multiple short 
fragments all have the same 18S rRNA gene sequence as the most 
identical hit in the databases. Therefore, for those 18S rRNA contigs 
that had the same top hit with BLASTn, they were assumed to derive 
from the same (or highly similar) taxa, and their relative abundance 
was summed across samples. OTUs were defined using this reference-
based approach, where 18S rRNA contigs (and their relative abun-
dances) were grouped according to their closest relatives in the 
respective databases. In other words, 18S rRNA contigs that had top 
hits to different database sequences were considered different OTUs. 
This approach is reasonable, because the database used to compare 
against consisted only of preclustered OTU sequences that are all 3% 
different from one another (86). The relative abundance of the 18S 
rRNA was calculated as reads per kilobase mapped (RPKM) values 
provided in OTU table format from SqueezeMeta which allowed for 
statistical analyses of taxon overexpression in the APM treatments 
and visualization with volcano plots (see below).

Phylogenetic analysis
The full-length 18S rRNA genes from the closest relatives of meta-
transcriptome partial 18S rRNAs were aligned using multiple sequence 

comparison by log‐expectation (MUSCLE) (89) in SeaView (90), fol-
lowed by phylogenetic analysis with PhyML (91). Potential eukary-
otic nirK ORFs were identified by first annotating all ORFs that had 
a top hit to a protist transcriptome or genome in our MetaProt data-
base (see above). All potential protist ORFs were then searched via 
BLASTp against the KOG (83), which we amended with all eukary-
ote nirK sequences that we could obtain and verify from public data-
bases. This included fungal, ciliate, and foraminifera nirK sequences 
that have been published in recent genomic and transcriptomic 
studies (24, 46). The database also included the nirK of the recently 
discovered “Candidatus Azoamicus ciliaticola,” a denitrifying endo-
symbiont of anaerobic ciliates belonging to the class Plagiopylea (23). 
Those ORFs having significant similarity to a eukaryote nirK were 
aligned using MUSCLE (89) in SeaView (90). Phylogenetic analysis 
of the resulting amino acid alignments of the predicted NirK proteins 
was conducted with PhyML (91) with BLOSUM62 as the evolution-
ary model and 100 bootstrap replicates.

Normalizing gene expression
The relative abundance of ORFs in metatranscriptomes was normal-
ized to the percent of total ORFs and then log-transformed to ac-
count for variation in technical variability previously observed with 
this method (22, 44). For volcano plot or overexpression analyses 
(e.g., Fig. 1B), we grouped the protist ORFs in metatranscriptomes 
from the 7- and 10-day incubations from the APM treatments 
(n = 5) and the 18-hour, 7-day, and 10-day controls (n = 3). The 
grouping of 7- and 10-day samples was based on the fact that the 7- 
and 10-day incubations were anoxic and shared similar expression 
profiles in principal components analysis (fig. S3). Using these 
groupings, normalized ORF expression values were averaged across 
the grouped control and APM replicates, respectively. Then, the ex-
pression ratio of APM:control was used to determine the fold change 
for over- or underexpression. To calculate a ratio for ORFs that did 
not have any detection in either the control or APM treatments, the 
detection limit value of 0.1 was added to all averages (because a zero 
ratio cannot be used to calculate an average). In this manner, ORFs 
with a fold change of >1 have overexpression in the APM treatment, 
and ORFs with a fold change of <1 have underexpression with 
APM. Statistical significance of ORF fold change in expression be-
tween controls and APM treatments was determined by a two-sided 
t test (P value < 0.05). Volcano plots were used to visualize the rela-
tionship between over- and underexpression by plotting the P value 
of an ORF against its corresponding fold change. The same proce-
dure was used to determine over- and underexpression of 18S rRNA 
by specific protist taxa that resulted in the identification of 63 protist 
OTUs that were significantly (two-sided t test; P value < 0.05) en-
riched in relative abundance in the presence of APM and anoxia 
(Fig. 1C).

Measuring remineralized 13C from 13C-labeled APM
To quantify the remineralization of the added 13C-labeled APM, we 
determined the relative amount of 13CO2 produced using gas chro-
matography–mass spectrometry (GC-MS). Specifically, 0.2 g of in-
cubation material was added to 20-ml crimp-sealed glass flasks and 
heated to 60°C for 5 min in a headspace sampler. An autosampler 
was used to sample 1 ml of headspace gas, which was then injected 
into to a gas chromatograph with a quadrupole mass spectrometer 
as the detector (GCMS-QP2020 NX, Shimadzu) using N2 as the 
carrier gas. The GC-MS setup is calibrated for trace gas analysis (H2, 
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CO, CO2, and CH4) by means of a preseparation column [U-Bond, 
0.32 mm inner diameter (ID), 10-μm Film, 30 m] to separate larger 
molecules and a second column (Carboxen-1010 Plot, 0.32 mm ID, 
15-μm Film, 30 m) for separating trace gasses. The elution time for 
CO2 in this particular setup (6.1 min) was determined by compari-
son to a CO2 standard (99.999% Linde Gas). The percentage of 
remineralized carbon from the labeled APM was calculated by com-
paring 13C-labeled CO2 [mass/charge ratio (m/z) = 45] relative to 
unlabeled CO2 (m/z = 44) via integration of peak areas in the GC-
QMS trace corresponding to either m/z = 45 or m/z = 44.

Size separation and counting of foraminifera
To count benthic foraminifera, 1 g of incubation slurry was sieved 
through a plastic serial filtration tower containing four filter mesh-
es with the following sizes (in order): 500, 330, 250, and 160 μm. 
The sample was added to the top filter mesh (500 μm) and then 
washed 10 times with 500  ml of sterile MilliQ water with gentle 
shaking to spread the sample evenly on the mesh surface and to al-
low smaller particles to move through the mesh. After washing, the 
four different filter meshes were removed from the tower and dried 
on paper towels overnight. The dried contents of each mesh were 
then transferred to a sterile plastic petri dish, and foraminifera were 
identified and counted using a dissection microscope. We acknowl-
edge that our enumeration is only able to identify foraminifera tests 
that are larger than 160 μm, and therefore, it is possible that some 
smaller foraminifera tests escaped our quantification. Therefore, 
our results should be viewed as an underestimate of the total fora-
minifera biomass.

Calculating net growth efficiencies of anaerobic foraminifera 
in the presence of APM
Fenchel and Finlay (28) define NGE as the fraction of carbon that is 
assimilated out of the total carbon that is assimilated and dissimi-
lated during growth [NGE = (assimilated C)/(assimilated C + dis-
similated C)]. Therefore, the NGE of the foraminifera that grew in 
our APM treatments can be estimated using our observed foramin-
ifera growth and 13C remineralization rates. Specifically, we solved 
for NGE (in terms of biovolume) using the following equation, 
where μ is the foraminifera growth rate constant, Vforam is foramin-
ifera biovolume, U is the measured 13CO2 production rate, and 
VAMP is the C. socialis biovolume

Foraminifera growth rate constants were estimated using the 
linear regression of the logarithm of foraminifera test counts dur-
ing different time intervals of growth (e.g., 18 hours to 7 days). 
Foraminifera biovolume was calculated on the basis of test mor-
phology using equations from de Freitas et al. (92). The rate of con-
sumption (U) is defined here as bulk respiration rate, namely the 
moles of 13C remineralized as 13CO2. The average volume of the 
prey cells was estimated using the average cell size and carbon con-
tent of C. socialis (93).

The total amount of remineralized 13C-APM is the sum of all 
respiration in our APM treatments and most likely includes not only 
foraminifera but also bacteria, archaea, fungi, and other heterotro-
phic protists that used the 13C-APM during the incubations. There-
fore, we constrained U using three different sets of assumptions 

(going from least to most likely): (i) 100% of the measured 13CO2 
was produced by foraminifera; (ii) 1% of the measured 13CO2 was 
produced by foraminifera; and (iii) the amount 13CO2 produced by 
13C-APM–remineralizing foraminifera in our treatments was pro-
portional to the relative abundance of foraminifera 18S rRNA (of 
the total 18S and 16S rRNA) in metatranscriptomes from the same 
time points.

Last, our NGE calculations were grouped into oxic and anoxic 
categories, based on the presence (during the first 18 hours) or ab-
sence (at the 7- and 10-day time points) of O2 in the water fraction 
during the APM incubations. We then compared our estimated 
NGEs from both categories to the predicted NGEs for aerobic and 
anaerobic (fermentative) protists (Fig. 3C).
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