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Summary

A metatranscriptome study targeting the protistan

community was conducted off the coast of Southern

California, at the San Pedro Ocean Time-series sta-

tion at the surface, 150 m (oxycline), and 890 m to link

putative metabolic patterns to distinct protistan line-

ages. Comparison of relative transcript abundances

revealed depth-related shifts in the nutritional modes

of key taxonomic groups. Eukaryotic gene expres-

sion in the sunlit surface environment was

dominated by phototrophs, such as diatoms and

chlorophytes, and high abundances of transcripts

associated with synthesis pathways (e.g., photosyn-

thesis, carbon fixation, fatty acid synthesis). Sub-

euphotic depths (150 and 890 m) exhibited strong

contributions from dinoflagellates and ciliates, and

were characterized by transcripts relating to diges-

tion or intracellular nutrient recycling (e.g.,

breakdown of fatty acids and V-type ATPases). These

transcriptional patterns underlie the distinct nutri-

tional modes of ecologically important protistan

lineages that drive marine food webs, and provide a

framework to investigate trophic dynamics across

diverse protistan communities.

Introduction

Natural assemblages of microbial eukaryotes are domi-

nated by a huge diversity of protistan species. Protists

fulfill multiple roles in marine food webs due to their diverse

morphologies, behaviours and metabolic capabilities (De

Vargas et al., 2015; Worden et al., 2015). Understanding

their nutritional strategies, including phototrophy, heterotro-

phy and mixotrophy, is essential for characterizing their

ecological interactions, responses to environmental condi-

tions and for modelling the emergent properties of these

communities. Recent global surveys of protistan diversity

based on molecular approaches have uncovered higher

species richness at all depths of the water column (De Var-

gas et al., 2015; Pernice et al., 2016). Understanding the

in situ functional roles of these species is necessary to

assess their roles in marine biogeochemical cycles.

Transcriptomic analyses have augmented traditional

physiological studies of protists by identifying the core

genes and pathways that serve as a way to determine if an

organism is reliant on a primarily autotrophic or heterotro-

phic mode of nutrition (Koid et al., 2014; Liu et al., 2016;

Beisser et al., 2017). Primarily photoautotrophic modes of

nutrition in phytoplankton are generally characterized by

higher expression of genes related to photosynthetic

machinery and the downstream fixation and intracellular

partitioning of carbon in the cell (Smith et al., 2012).

Further, transcript-based studies have revealed informa-

tion on the metabolic adaptations of phytoplankton to

specific environmental conditions, such as light or nutrient

availability (e.g., Moustafa et al., 2010; Beszteri et al.,

2012; Dyhrman et al., 2012; Frischkorn et al., 2014; Liu

et al., 2015a; Harke et al., 2017).

Compared with phototrophy, the metabolic pathways for

phagotrophic ingestion of prey are not as well documented,

but recent work on mixed nutrition in protists (combined

phototrophy and heterotrophy; mixotrophy) has identified

genes enriched in organisms dependent on prey ingestion.

These studies have included investigations of organelle

sequestration (e.g., Johnson et al., 2007; Johnson, 2015;

Lasek-Nesselquist et al., 2015), endosymbioses (Balzano

et al., 2015) and phytoflagellate mixotrophy (Liu et al.,

2015b, 2016; Lie et al., 2017; 2018). For instance, inc-

reased expression of genes associated with the catabolic
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breakdown of compounds or vacuolar activity in mixotro-

phic species provided putative target genes for a

heterotrophic physiology (Liu et al., 2016). Beisser et al.

(2017) found heterotrophic strains of chrysophyte species

to have reduced expression of genes integral for carbon

fixation and photosynthetic machinery and increased

expression of genes involved in the breakdown and

adsorption of ingested organic material.

Metatranscriptomic surveys of natural communities of

microbial eukaryotes have recently become feasible with

advances in sequencing capability and improved reference

databases, and are rapidly becoming a tool for probing the

‘black box’ of environmental microbial ecology. This

approach has enabled the identification of shifts in meta-

bolic potential of multiple taxonomic groups simultaneously

with respect to environmental forcing factors (e.g., coastal

vs. oligotrophic conditions, light or salinity gradients; Alex-

ander et al., 2015a; Aylward et al., 2015; Dupont et al.,

2015; Pearson et al., 2015; Grossmann et al., 2016; Zielin-

ski et al., 2016).

To date, in situ protistan-specific metatranscriptomic sur-

veys have largely focused on communities within the

euphotic zone (Marchetti et al., 2012; Alexander et al.,

2015a,b; Dupont et al., 2015; Carradec et al., 2018).

Efforts to characterize subsurface protistan diversity have

demonstrated the important contribution that these species

make in sub-euphotic, low-oxygen microbial food webs

(Stoeck et al., 2014; Edgcomb, 2016; Pernice et al., 2016).

Previous work has found evidence for transcriptionally

active unicellular eukaryotes (mainly fungi) in deep hyper-

saline anoxic basins based on the presence of actin and

tubulin transcripts (Edgcomb et al., 2016) and other sub-

surface environments (Orsi et al., 2013). However, details

of the metabolic potential of protistan species at water

column depths below the euphotic zone still remain poorly

understood, warranting further exploration.

Gene expression profiles in and below the euphotic

zone at the San Pedro Ocean Time-series (SPOT) station

were used to examine the distribution of ecologically signif-

icant nutritional modes in five taxonomic groups:

dinoflagellates, ciliates, haptophytes, diatoms and chloro-

phytes. The surface environment was characterized by

synthesis-related pathways such as photosynthesis and

downstream fixation of carbon, while below the euphotic

zone, at 150 and 890 m, there were higher abundances of

transcripts associated with lysosomes, and vacuolar type

ATPases, and the breakdown of fatty acids. Depth-related

differences in transcript abundance (based on several rep-

licates) allowed us to form molecular-level descriptions of

in situ nutritional strategies among dominant taxonomic

groups, which included evidence for anaerobic metabolism

among ciliates at 150 and 890 m, and adaptation to pro-

longed darkness in diatoms and chlorophytes. Exploring

the physiological traits of dominant protists throughout the

water column allowed us to infer depth-specific roles of

protistan-mediated production and turnover of carbon.

Results

Environmental parameters and cell counts

Water temperatures at the SPOT station (Fig. 1A) in May

were 17.18C at the surface, 9.68C at 150 m and 5.28C at

890 m (Fig. 1B). Chlorophyll a fluorescence was 0.03 mg/L

at the surface, decreasing to un-detectable (< 0.01 mg/L) at

� 80 m (Fig. 1B). Oxygen levels at the surface were

4.95 ml/L, relatively hypoxic at 150 m (1.98 ml/L) and nearly

anoxic at 890 m (0.15 ml/L; Fig. 1B, Supporting Information

Table S4). All nutrient concentrations (mM) were low at the

Fig. 1. A. Map of San Pedro
Ocean Time-series (SPOT)
station, located � 20 km from
Los Angeles in the San Pedro
Channel (338 330 N, 1188 240

W). Samples were collected
from the surface (5 m), 150 m,
and 890 m in late May. B.
Vertical profile based on CTD
cast data, including temperature
(8C), chlorophyll a fluorescence
(mg/L), oxygen (ml/L) and
salinity (ppt). Dotted horizontal
lines indicate sampling depths.
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surface, consistent with the oligotrophic nature of the site,

relative to values at 150 and 890 m (Supporting Information

Table S4).

Microscopic cell counts of all microbial groups decreased

from the surface to 150 and 890 m (Supporting Information

Table S4). Microplankton (20–200 mm), pigmented (photo-

trophic and mixotrophic) and heterotrophic nanoplankton

(2.0–20 mm) and picophytoplankton (0.2–2.0 mm), including

picoeukaryotes, Synechococcus, Prochlorococcus, were

highest at the surface (Supporting Information Table S4),

and representative of spring-time abundances for these

assemblages (Caron et al., 2017).

Annotation

Assemblies from each depth yielded a total of 7.8 million

contigs, generating 5.4 million putative protein sequences

(Supporting Information Table S5). Contigs were clustered

into � 3.9 million unique ortholog groups (4.2 million total;

Supporting Information Table S5). 40.5% of the contigs

were assigned taxonomic identities (excluding ‘NA from

database’ and ‘Multiple hits’) and 25% of the contigs were

assigned KEGG identities.

Taxonomic composition

Taxonomic assignments of transcripts revealed the top

groups that contributed to metabolic potential (Fig. 2, Sup-

porting Information Table S6). The total number of

transcripts successfully assigned taxonomy was highest

from the surface community (62%), nearly double the per-

centage at 150 or 890 m (36% and 35% respectively; Fig.

2, Supporting Information Table S6). Major taxonomic

groups that made up> 2% of transcript counts per million

(CPM) across all depths were: dinoflagellates (17%), cili-

ates (4.5%), haptophytes (3.7%), diatoms (2.6%) and

chlorophytes (5.3%) (Fig. 2, Supporting Information Table

S6). The surface was mainly comprised of dinoflagellate,

haptophyte and chlorophyte transcripts (> 9% each; Fig.

2, Supporting Information Table S6). Below the euphotic

zone (150 and 890 m), the majority of protistan transcripts

were dinoflagellates (16%–24%; Fig. 2, Supporting Infor-

mation Table S6). The relative abundance of ciliate

transcripts at 150 m (6.9%) was more than twice the per-

centage found at the surface or 890 m (3.1% and 2.5%

respectively; Fig. 2, Supporting Information Table S6).

Taxonomic groups that made up less than 2% of the com-

munity were collapsed into the ‘Other eukaryote’ category

but are summarized in Supporting Information Table S6.

The majority of rRNA reads (5.8% total sequence

reads; Supporting Information Table S5) were found to be

protistan (28%–50%; Supporting Information Fig. S1A).

Metagenomic Illumina tag (miTag, as defined by Logares

et al., 2014) results at the class-level and with more than

500 count were reported in Supporting Information Fig. S2

(also see Supporting Information Table S7), and the distri-

bution of miTags at each depth was shown in Supporting

Information Fig. S3. However, we refrain from over inter-

preting the results, as sequence lengths shorter than 400

bps provide less accurate assessments of protistan diver-

sity (Hu et al., 2015).

Ortholog groups

More than 1 million ortholog groups were unique to each

sampling depth (Fig. 3). Of the contigs making up these

ortholog groups, 13%–19% had KEGG identities (Fig. 3B).

Clustering revealed a higher number of shared ortholog

groups between 150 and 890 m relative to other compari-

sons (>120 000 ortholog groups; Fig. 3B). More than half

of the ortholog groups shared among all depths were given

functional assignments (right-most bar: 62.9%; Fig. 3B),

which mainly belonged to the KEGG Class 2 category,

Fig. 2. Average (across replicates) relative abundance of transcript counts per million (CPM). Contigs were assigned a taxonomic identity
based on a custom database (see section on ‘Experimental procedures’). Contigs that hit more than one reference with no consensus among
the references were labelled ‘Multiple hits’. When no reference was hit, the contig was labelled ‘NA from database’. There were more total hits
(excluding ‘NA from database’ and ‘Multiple hits’) to the reference database in the surface sample (62%), relative to 150 m (36%) and 890 m
(35%). The ‘Other eukaryotes’ category was comprised of taxonomic groups that made up less than 2% of the total composition of contigs; a
full summary of ‘Other eukaryote’ can be found in Supporting Information Table S6.
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‘Genetic information processing’ (Supporting Information

Fig. S4).

Metabolic potential of the whole community

with respect to depth

Community-wide gene expression of targeted pathways at

the surface was distinct from that observed from the two

depths below the euphotic zone (Fig. 4). Photosynthesis,

carbon fixation (Calvin cycle, glycolysis and gluconeogene-

sis), pyruvate dehydrogenase (PDH) and fatty acid

biosynthesis related transcripts were significantly more

abundant at the surface relative to deeper depths (Fig. 4,

upper portion of ternary plot; Supporting Information Table

S8; p< 0.05). Transcripts associated with fatty acid break-

down, TCA and glyoxylate cycles and vacuolar-type (V-

type) ATPases had similar abundances at all three depths

(centre of plot; Fig. 4). Pyruvate-ferredoxin oxidoreductase

(por), lysosome-associated genes and chitinase genes

were significantly more abundant at 150 and/or 890 m rela-

tive to the surface (Fig. 4, lower portion of ternary plot;

Supporting Information Table S8; p<0.05).

Taxon-specific trends in metabolic potential

Ordination analysis of transcripts with KEGG annotations

shared among taxonomic groups revealed that samples

clustered by taxonomic group and depth. Dinoflagellates

and ciliates clustered regardless of depth, while hapto-

phytes, diatoms and chlorophytes separated by depth (Fig.

5). Haptophytes, diatoms and chlorophytes at the surface

clustered away from all 150 and 890 m samples (Fig. 5).

The 150 and 890 m samples from haptophytes, diatoms

and chlorophytes more closely clustered with dinoflagel-

lates (Fig. 5).

In order to examine depth-specific shifts in expressed

genes by taxon, transcript counts were separated by taxo-

nomic group and re-normalized in edgeR (see section on

‘Experimental procedures’). Functions with similar tran-

script abundances at each depth, indicative of unchanging

metabolism, were positioned centrally in each ternary plot

(Fig. 6). The majority of dinoflagellate transcripts were sim-

ilar in abundance at all depths (Fig. 6A, centre of plot), with

exceptions including nitrate/nitrite uptake (NRT), which

was significantly higher among dinoflagellates at the sur-

face and 890 m relative to 150 m, and photosynthesis-

related genes expressed at the surface (Fig. 6A, Support-

ing Information Table S9; p< 0.05). Ciliate relative

transcript abundance was highest at 150 m (Figs. 2A and

6B). Below the euphotic zone, ciliate transcripts that were

significantly more abundant relative to the surface included

fatty acid metabolism, chitinase, TCA and glyoxylate

cycles, por, lysosome and V-type ATPases (Fig. 6B, Sup-

porting Information Table S9; p< 0.05).

Distinct patterns of gene expression were observed

between the surface and sub-euphotic zone samples for

haptophytes. Haptophyte species at the surface had signif-

icantly higher abundances of photosynthesis, NRT, Calvin

cycle, glycolysis, gluconeogenesis and PDH transcripts

(Fig. 6C, Supporting Information Table S9; p< 0.05).

Fig. 3. Distribution of ortholog groups among depths sampled. A. There were a total of 3.9 million ortholog groups found at the surface, 150
and 890 m (top to bottom). B. Bar plots show the total number of shared or unique ortholog groups across the three depths. Depths included
in a set are represented by filled dots in the matrix below each bar. Most ortholog clusters were unique to a single depth (three left-most bars),
although 36 656 orthologous groups were common across depths (right most bar). The number of ortholog groups that contain at least one
contig with an annotated KEGG identity are represented by light grey (also given as percentages). Plot generated using ‘UpSetR’ R package
Conway et al. (2017).
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Below the euphotic zone, dominant haptophyte transcripts

consisted of higher abundances of urea cycle (p< 0.05),

lysosome (p< 0.05), chitinase (p< 0.05), glyoxylate cycle

and glutamate synthase/glutamine oxoglutarate amino-

transferase pathway (GS/GOGAT) associated transcripts

(Fig. 6C, Supporting Information Table S9).

Diatom and chlorophyte species at the surface had sig-

nificantly more abundant transcripts associated with

photosynthesis, Calvin cycle, glycolysis and gluconeogen-

esis (Fig. 6D,E, Supporting Information Table S9;

p<0.05). Numbers of diatom and chlorophyte reads were

low at 150 and 890 m (Fig. 2, pie charts in Fig. 6D,E),

where metabolisms were characterized by V-type

ATPases, chitinase, lysosome, TCA cycle and glyoxylate

cycle related genes (Fig. 6D,E).

Discussion

A metatranscriptome study was conducted from a vertical

depth profile at the San Pedro Ocean Time-series (SPOT)

station in order to gain a better understanding of the eco-

logical activities of marine protists throughout the water

column. This community-wide view of gene expression

compared the sunlit surface versus sub-euphotic zone

depths to highlight the metabolic flexibility or adaptations of

protistan lineages to alternate nutritional strategies. High

relative abundances of transcripts associated with core

carbon fixation pathways and fatty acid synthesis indicated

an overwhelming contribution of phytoplankton at the sur-

face, with strong contributions by dinoflagellates,

haptophytes, diatoms and chlorophytes (Figs. 2 and 4).

Transcripts associated with the breakdown of organic car-

bon compounds and intracellular nutrient cycling

dominated at 150 and 890 m, particularly among

Fig. 4. Ternary plot of relative transcript abundance in counts per million (CPM) with respect to depth for key metabolic pathways (colours).
Circle placement is representative of relative transcript abundance among the three depths (one depth per axis, clockwise with increasing
abundance) and circle size is proportional to the total CPM for the three depths. A full list of genes and pathways is in Supporting Information
Table S3. Related statistical analyses presented in Supporting Information Table S7. Plot generated using ggtern R package, Hamilton (2016).
Abbreviations: AMT, ammonium transporter (K03320); NRT, nitrate/nitrite transporter (K02575); GS/GOGAT, glutamate synthase/glutamine
oxoglutarate aminotransferase pathway; PDH, pyruvate dehydrogenase subunits alpha (K00161) and beta (K00162); por, pyruvate-ferredoxin/
flavodoxin oxidoreductase (K03737).

Fig. 5. Ordination analysis (constrained correspondence analysis
[CCA]) plot shows the placement of major taxonomic groups at
each depth based on normalized transcript counts per million
(CPM). Contigs included in this analysis had common KEGG
identities among all five taxonomic groups (n 5 1603). Transcript
CPM was normalized by sample to the total number of transcripts
belonging to each taxonomic group (colours). Shapes depict depth
at the SPOT station: squares – surface, circles – 150 m and
triangles – 890 m. Replicate samples are shown as the same
symbol and colour; there were 6 replicates from the surface, 3 from
150 m, and 4 from 890 m (Supporting Information Table S1). The
x- and y-axes demonstrate the percent variance explained by the
data.

Depth-related protistan metatranscriptomes 5

VC 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00–00© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 2865–2879

Depth-related protistan metatranscriptomes 2869



dinoflagellates and ciliates. Lysosome-associated

enzymes are involved in many cellular processes, includ-

ing the internal breakdown and recycling of biomolecules

(Eskelinen and Saftig, 2009; Settembre et al., 2013), while

V-type ATPases play a role in digestive processes by low-

ering the pH in phagosomes (Finbow and Harrison, 1997).

Distinct transcriptional profiles with respect to depth dem-

onstrated the variable roles protists contribute to elemental

cycling throughout the water column at the SPOT station.

Generally, taxonomic composition and transcriptional

profiles from 150 to 890 m for the whole community were

more similar to one another relative to the euphotic zone;

the only significant difference between the two sub-

euphotic zone depths was an abundance of transcripts

associated with chitinase and lysosome activity (Figs. 3

and 4, Supporting Information Table S8; p<0.05). These

observations are in concordance with previous work at the

SPOT station, where the composition of euphotic and sub-

euphotic zone communities were distinct and there was a

relative increase in metabolic activity at the oxycline (Hu

et al., 2016).

Depth-specific differences among taxonomic groups

The ordination analysis (Fig. 5) and ternary plot (Fig. 6)

illustrated taxon-specific transcriptional patterns likely

Fig. 6. Ternary plots of the relative transcript abundance in counts per million (CPM) with respect to depth for key metabolic pathways
(colours, listed in Supporting Information Table S3) found in each taxonomic group: (A) dinoflagellates, (B) ciliates, (C) haptophytes, (D)
diatoms and (E) chlorophytes. Relative CPM was normalized to taxonomic group and depth, white and black pie charts represent the relative
abundance of taxa at each depth (Fig. 2). Circle placement is representative of transcript abundance relative to the three depths (one depth
per axis, clockwise with increasing abundance) and circle size is proportional to the total CPM. A full list of genes and pathways is in
Supporting Information Table S3. Related statistical analyses presented in Supporting Information Table S8. Abbreviations: AMT, ammonium
transporter (K03320); NRT, nitrate/nitrite transporter (K02575); GS/GOGAT, glutamate synthase/glutamine oxoglutarate aminotransferase
pathway; PDH, pyruvate dehydrogenase subunits alpha (K00161) and beta (K00162); por, pyruvate-ferredoxin/flavodoxin oxidoreductase
(K03737).
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indicative of differences in species composition within

major taxonomic groups, physiological acclimatization

among the same species, or a result of evolutionary adap-

tation within a lineage at each depth. In addition to

verifying high reproducibility among replicates, the ordina-

tion analysis appeared to divide some groups by different

nutritional strategies exhibited at different depths in the

water column. That is, primarily phototrophic taxa (chloro-

phytes, haptophytes and diatoms) at the surface clustered

away from samples collected at sub-euphotic depths, and

from phagotrophic-capable taxonomic groups (Fig. 5, posi-

tions on x-axis). This discrimination was similar to that

observed in culture-based transcriptome studies, where

gene expression profiles of species clustered by nutritional

mode (MMETSP transcriptomes; Koid et al., 2014; chryso-

phytes; Beisser et al., 2017). The distribution of miTags

with respect to depth among most taxonomic groups pro-

vided some evidence that closely related species were

found throughout the water column (Supporting Informa-

tion Fig. S2), as there were many miTags shared among

all depths.

In contrast to well-known pathways associated with pho-

tosynthesis, there is little known about the pathways that

govern phagotrophy in protists. Yet, heterotrophic protists

are important consumers of microbial prey, and contribute

significantly to food web function and nutrient remineraliza-

tion (Strom et al., 1997; Sherr and Sherr, 2002).

Additionally, phagotrophy among phytoplankton (mixotro-

phy) is a widespread and ecologically important strategy

for those species, and may increase the transport of car-

bon to higher trophic levels of plankton communities

(Worden et al., 2015; Ward and Follows, 2016).

Dinoflagellate genes made up a significant portion of the

transcripts observed in our dataset (Fig. 2), and much of

their expression (Fig. 6A) and class-level taxonomic com-

position (miTag results, Supporting Information Fig. S2A)

was similar at each depth. In part this may reflect the large

transcript pools or post-transcriptional gene regulation

found among dinoflagellates (Hackett et al., 2004; Mous-

tafa et al., 2010; Morey et al., 2011). However, those

pathways that were significantly differentially expressed

indicated a primarily phototrophic assemblage of dinofla-

gellates in the photic zone (photosynthesis-related

transcripts in Fig. 6A), while pathways that may be associ-

ated with heterotrophic nutrition were observed at 150 and

890 m (fatty acid breakdown associated transcripts; Fig.

6A). These results are consistent with a wide range of

nutritional modes exhibited by dinoflagellates (Hackett

et al., 2004; Jeong et al., 2010).

Interestingly, dinoflagellate assemblages at different

depths appeared to employ different metabolic strategies

with respect to nitrogen transport or transformation (NRT,

AMT and nitrate reduction). Nitrogen-related transcripts

and pathways were significantly increased at the surface

and 890 m at the SPOT station, where the availability of

inorganic nitrogen was lowest and highest respectively

(Fig. 6A, Supporting Information Table S4). Phototrophic

dinoflagellate species at the surface were likely scavenging

inorganic nitrogen (upregulation of NRT in Fig. 6A), as was

observed in Karenia brevis under N-starved conditions

(Morey et al., 2011), whereas, heterotrophic dinoflagellate

species found at 890 m were unlikely to be actively taking

up inorganic nitrogen. We speculate that high abundances

of nitrogen metabolism transcripts at 890 m reflected

repartitioning of intracellular nitrogen (Dagenais-Belle-

feuille and Morse, 2013) or the release of nitrogen

acquired from ingested prey. This is notable because it

implies flexibility in the nitrogen metabolism strategies in

sub-euphotic zone dinoflagellates. However, additional

work to characterize these taxa are required as dinoflagel-

late transcripts detected at sub-euphotic zone depths may

have included species (or life stages) for which we do not

have appropriate reference databases (Supporting Infor-

mation Fig. S2A, ‘Uncertain’ and ‘uncultured’), including

parasitic species (e.g., syndiniales; Guillou et al., 2008) or

encysted life stages (McMinn and Martin, 2013).

Sources of labile organic matter that support higher pro-

tistan phagotrophy at oxyclines (and other transition

zones), might partially explain high ciliate diversity and

activity observed at subsurface depths in this and previous

studies (Stock et al., 2009; Pachiadaki et al., 2016). Ciliate

gene expression provided evidence of elevated activity at

the oxycline and also illustrated that core ciliate metabo-

lisms did not vary greatly with depth (clustering of red

symbols in Fig. 5). Ciliate reads were highest at 150 m

(Fig. 2), in agreement with previous work at the SPOT sta-

tion that indicated higher relative activity at the oxycline

(Hu et al., 2016). Transcripts associated with fatty acid

breakdown were significantly increased at 150 m relative

to other depths (Fig. 6B, Supporting Information Table S9;

p< 0.05). Class-level taxonomic distribution based on

miTag results showed little variation by depth; ciliates

below the euphotic zone were mainly dominated by Chor-

eotrichia and Oligohymenophora (Supporting Information

Fig. S2B), which include species previously found at oxic/

anoxic boundaries and anoxic environments (Fenchel and

Finlay, 1995; Edgcomb et al., 2011a). Further, compared

with other taxonomic groups, there was a higher number

of unique ciliate miTags detected at 150 and 890 m (Sup-

porting Information Fig. S3C); the presence of surprisingly

diverse and active populations of ciliates below the eupho-

tic zone warrants further study.

Ciliates in low oxygen environments may adopt anaero-

bic metabolisms using a modified mitochondrial organelle

(hydrogenosome), in which pyruvate (from glycolysis) is

fermented into acetyl coenzyme-A (acetyl-CoA), acetate,

and hydrogen to generate energy (M€uller, 1988; Fenchel

and Finlay, 1995). Pyruvate:ferredoxin oxidoreductase
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(por) transcripts, responsible for the initial breakdown of

pyruvate into acetyl-CoA and CO2 (Fenchel and Finlay,

1995), were higher at 150 m relative to the surface, and

significantly higher at 890 m, where oxygen was lowest,

compared with the surface (0.15 ml/L; Fig. 6B and Sup-

porting Information Tables S4 and S9; p<0.05). The

presence of this gene indicated that some species may

have adopted an anaerobic metabolism at those depths. In

agreement with the frequency of microaerophilic and

anaerobic ciliates in the nearby oxygen-deplete Santa Bar-

bara Basin (Bernhard et al., 2000; Beinart et al., 2018) and

other low-oxygen environments (Orsi et al., 2012), some

ciliates at 150 and 890 m may possess ectosymbiotic

(Fenchel et al., 1977) or endosymbiotic bacteria and

archaea to support an anaerobic metabolism (Edgcomb

et al., 2011b; Nowack and Grossman, 2012). Specifically,

methanogens or sulfate reducing or oxidizing bacteria

associated with ciliates may serve to deplete the end prod-

ucts from the fermentation of pyruvate; however, molecular

characterizations of the interactions between protistan

hosts and symbionts at anoxic or low-oxygen depths in the

water column remain largely uncharacterized (Stoeck

et al., 2014; Edgcomb, 2016).

Haptophytes at the surface had higher transcript abun-

dances associated with nitrogen uptake, consistent with a

nitrogen-limited environment (Fig. 6C, Supporting Informa-

tion Tables S4 and S9; p< 0.05). Prymnesium parvum,

Isochrysis galbana and Emiliania huxleyi, have been

shown to significantly upregulate nitrate transporters under

N-deplete conditions (Dyhrman et al., 2006; Liu et al.,

2015a). Conversely, decreased expression of nitrogen

uptake genes by P. parvum was observed when prey were

abundant (Liu et al., 2015b), and a natural population of

haptophytes exhibited decreased expression of nitrogen

transporters when nitrogen deficiency was alleviated by

supplementation with nutrient-rich water (Alexander et al.,

2015b). Combined, these results are consistent with the

use of NRT as a putative biomarker for N-stressed hapto-

phyte populations, where decreased abundances of NRT

may reflect an alternate N acquisition strategy among hap-

tophytes, such as phagotrophy.

Haptophyte transcriptional patterns were similar to other

phototrophic groups at the surface, but clustered with dino-

flagellates in the ordination analysis for samples collected

below the euphotic zone (Fig. 5), perhaps reflecting the

mixotrophic capabilities of many of these species (Liu

et al., 2009; Cuvelier et al., 2010). Haptophytes from deep

samples in this study had high relative transcript abundan-

ces in pathways related to fatty acid breakdown and the

glyoxylate cycle relative to the surface, similar to the

response of P. parvum in the presence of prey (Fig. 6C;

Liu et al., 2015b). Taken together, these data provide evi-

dence of the cellular breakdown of fatty acids (likely from

consumed prey) to produce acetyl-CoA, which enters the

glyoxylate cycle. Transcripts related to the urea cycle also

increased in abundance among haptophytes at 150 and

890 m, suggesting that the urea cycle may play an impor-

tant role in how haptophytes process nitrogen below the

euphotic zone, where phagotrophy is potentially occurring.

While there is molecular evidence for urea metabolism in

haptophytes (culture-based studies), integrating in situ bio-

geochemical measurements of urea uptake and utilization

are required to fully understand intracellular regulation (or

re-distribution) of different nitrogen pools among hapto-

phytes, and their role in the urea cycle (Solomon et al.,

2010). Our results imply that phylogenetically related hap-

tophytes (mainly Prymnesiales; Supporting Information

Figs. S2C and S3D) occupy different depths in the water

column. Additionally, while the data suggest a predomi-

nantly phagotrophic metabolism, sinking haptophytes may

reallocate intracellular carbon compounds as a stress

response to sub-euphotic zone conditions.

Diatoms and chlorophytes

High abundances of diatoms and chlorophytes in the

euphotic zone (Fig. 2) and high expression of phototrophy

and carbon fixation-related genes at the surface (Figs. 4

and 6D,E, Supporting Information Table S9; p< 0.05) was

anticipated, and our study confirmed a primarily phototro-

phic lifestyle for these taxa in the euphotic zone. Diatoms

and picoeukaryotic prasinophytes such as Ostreococcus

are common inhabitants of coastal waters of the eastern

Pacific Ocean where they contribute significantly to pri-

mary production (Countway and Caron, 2006; Worden,

2006; Aylward et al., 2015). MiTag results confirmed the

presence of important coastal diatoms such as Pseudo-

nitzschia, and the chlorophytes Micromonas and Ostreo-

coccus (Supporting Information Fig. S2D,E). Their

presence in dark ocean environments is typically over-

looked, and generally attributed to deep vertical mixing,

active sinking of cells or association with sinking particles

(Jochem, 1999; Agusti et al., 2015). Although found at

very low abundances, the presence of transcripts and

unique miTags (Supporting Information Fig. S3E,F) from

these species below the euphotic zone indicated that

some diatoms and chlorophytes may have the capability to

alter their physiology to survive at 150 and 890 m, at least

for some limited time.

Phytoplankton metabolism below the euphotic zone is

not well understood, but several studies have examined

the ability of diatoms to survive periods of prolonged dark-

ness (e.g., up to 10 months; Smayda and Mitchell-Innes,

1974; Peters and Thomas, 1996; Nymark et al., 2013).

Subsurface diatoms and chlorophytes transcribed

photosynthesis-related genes, but at lower levels than at

the surface (Fig. 6D, photosynthesis transcripts; Fig. 6E,

photosynthesis, Calvin cycle, glycolysis-associated
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transcripts); similar to Phaeodactylum tricornutum exposed

to darkness for 48 h (Nymark et al., 2013). Continued tran-

scription of photosynthesis-related genes may be a

mechanism for these phytoplankton to retain the ability to

perform photosynthesis immediately when light becomes

available (Peters and Thomas, 1996; Nymark et al., 2013).

This conjecture is supported by evidence that even though

transcription of chloroplast-encoded genes may continue

in phytoplankton, the transcripts may not be translated into

protein without sunlight, thus maintaining responsiveness

while minimizing energy expenditure (Lee and Herrin,

2002).

Diatoms and chlorophytes below the euphotic zone

demonstrated a possible reliance on intracellular lipids for

energy acquisition (high abundances of fatty acid, glyoxy-

clate cycle, V-type ATPases and lysosome transcripts; Fig.

6D,E). Previous studies have reported increased lipid

accumulation in phytoplankton under sub-optimal condi-

tions, including polar darkness (McKnight et al., 2000;

McMinn and Martin, 2013), silicon-deficiency (Roessler,

1988) or low temperature and N-limitation (Mock and

Kroon, 2002), consistent with the transcriptional patterns

reported here.

The abundance of transcripts associated with chitinase

production was higher below the euphotic zone in both dia-

toms and chlorophytes (Fig. 6D,E). Increased chitinase in

diatoms has been linked to altering cellular structure in

order to reduce sinking (by increasing drag), decreasing

susceptibility to fungal infection or entering a resting state

(Round et al., 1990; Mulisch, 1993). Additionally, transcrip-

tional signatures of diatoms and chlorophytes at 150 and

890 m may be indicative of resting cysts, as many taxa are

known to enter a dormant cell cycle (cyst) in response to

unfavourable environmental conditions (McMinn and Mar-

tin, 2013). However, the transcriptional signatures

associated with encysted cells or resting spores among

diatom and chlorophyte species in dark ocean environ-

ments are not well characterized.

Improving future metatranscriptome analyses

Community composition at each depth in this study, as

determined from the metatranscriptomes, was in agree-

ment with previous tag-sequencing surveys of protistan

diversity at the SPOT station, confirming and expanding

our current knowledge of in situ protistan ecological roles

at this coastal site. However, a high percentage of tran-

scripts and miTags still could not be annotated or

sufficiently assigned taxonomy, especially for samples col-

lected at sub-euphotic depths (Fig. 2). While there was

some evidence of taxa such as excavates, rhizaria and the

stramenopile group known as MArine STramenopiles

(MAST) in the results, transcripts from these taxa were not

well-represented in our dataset (compare Fig. 2 and

Supporting Information Fig. S1, Supporting Information

Tables S6 and S7), presumably due to the lack of refer-

ence data for those species. One explanation for this is the

use of a prefilter (see section on ‘Experimental proce-

dures’), which would have excluded rhizaria larger than 80

mm; however, using the same collection procedures, an

earlier study found rhizaria to be a potentially significant

grazer below the euphotic zone at the SPOT station (Hu

et al., 2016). Further, rhizaria are thought to be an impor-

tant group throughout the world’s oceans (De Vargas

et al., 2015; Biard et al., 2016; Guidi et al., 2016). We

therefore anticipated a significant contribution of these spe-

cies to our metatranscriptome survey, but < 2% of the

community metatranscriptome was identified as cerco-

zoan, radiolarian or foraminiferan (Supporting Information

Table S6). These findings indicate that available rhizarian

reference transcriptomes (28/844 in our custom database,

Supporting Information Table S2) were phylogenetically

distant from those found in the water column at the SPOT

station (Del Campo et al., 2014). Increasing the number of

available reference transcriptomes and genomes for poorly

represented groups (e.g., rhizaria or MAST) and increas-

ing sequence read lengths should dramatically improve the

amount of information that can be derived from metatran-

scriptomic studies of microbial eukaryotes. Efforts to

enhance genetic databases for uncultured eukaryotes are

well underway (Mangot et al., 2017; Carradec et al., 2018)

Further, we chose to keep taxonomic assignments uni-

form for all protistan lineages (e.g., same taxonomic level

for all major groups); therefore we refrained from describ-

ing the protistan community to the class or genus level

based on transcript or miTag results. Some protistan line-

ages are currently underrepresented in transcriptome

databases (see previous section), therefore the alignment

of short reads (125 bps in this study) to assembled contigs

does not offer the phylogenetic resolution required to accu-

rately assign all protistan lineages to the species level.

This attests to the need for improved protistan taxonomic

assignment criteria and strategies for metatranscriptome

data analyses. We also acknowledge that sample handling

procedures may have an impact on gene expression

(Pachiadaki et al., 2016). To combat these two factors, we

included a high number of replicates, carried out quick and

careful sampling procedures, and focused our study on

abundant taxa (>2%, see section on ‘Experiment

procedures’).

Summary

This study contributes a rich amount of gene expression

data underpinning the ecological activities of marine pro-

tists throughout the water column at a coastal study site.

Metatranscriptomic approaches are a way forward to

uncover the metabolic activities of ecologically significant

Depth-related protistan metatranscriptomes 9
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microorganisms which we otherwise have no other way of

accessing. Recent global surveys of marine diversity have

revealed the presence and ecological impact of protists to

be more significant than previously thought (De Vargas

et al., 2015), highlighting a pressing need to develop tools

and techniques to investigate in situ trophic strategies in

diverse microbial communities. Identifying the mechanistic

drivers of these trophic modes will help to better parame-

terize food web models in the coastal zone and other

planktonic ecosystems.

Experimental procedures

Sample collection and handling

Seawater was collected from the San Pedro Ocean Time-

series (SPOT) station off the coast of Southern California near

the surface (5 m), 150 and 890 m, in late May 2015 (Fig. 1A;

Supporting Information Table S1). Briefly, seawater was pre-

filtered (80 mm) into 20 L carboys to minimize the presence of

multicellular eukaryotes. Replicate samples (ranging in vol-

ume from 1.5-3.5 L, Supporting Information Table S1) from

each depth were filtered onto sterile GF/F filters (nominal pore

size 0.7 mm, Whatman, International Ltd. Florham Park, NJ).

While we cannot avoid some impact that sample handling

(i.e., bringing samples to the surface) may have had on our

results, filters were immediately placed in 1.5 mL of lysis buffer

and flash frozen in liquid nitrogen in<40 min and away from

light to minimize RNA degradation (see Supporting Informa-

tion Table S1). Detailed protocols for field collection and

preservation of samples can be found at protocols.io (dx.doi.

org/10.17504/protocols.io.hisb4ee) and in Supporting Informa-

tion. Temperature, chlorophyll a fluorescence, oxygen and

salinity at the SPOT station were obtained during each CTD

cast (Sea-bird Electronics, Inc., Bellevue, WA). Samples for

inorganic nutrients and cell counts were also taken (Support-

ing Information).

Molecular sample processing and quality control

Total RNA was extracted from each filter using a DNA/RNA

AllPrep kit (Qiagen, Valencia, CA, #80204) with an in-line

genomic DNA removal step (RNase-free DNase reagents,

Qiagen #79254) (dx.doi.org/10.17504/protocols.io.hk3b4yn).

Extracted RNA was quality checked and low biomass samples

were pooled. Six replicates were processed and sequenced

from the surface, while pairs of filters were pooled for either

150 or 890 m, yielding 3 and 4 replicates respectively (Sup-

porting Information Table S1). RNA concentrations were

normalized before library preparation (Supporting Informa-

tion). ERCC spike-in was added before sequence library

preparation with Kapa’s Stranded mRNA library preparation

kit using poly-A tail selection beads to select for eukaryotic

mRNA (Kapa Biosystems, Inc., Wilmington, MA, #KK8420).

HiSeq High Output 125 bp PE sequencing was performed at

UPC Genome Core at University of Southern California, Los

Angeles, CA (BioProject: PRJNA391503).

Sequence adapters, low quality (phred score< 10, from 50

and 30 ends, and within a 25 bp sliding window) or short

sequences (< 50 bps), and sequences containing more than

50 consecutive As or Ts were removed using Trimmomatic v.

0.32 (Bolger et al., 2014). All quality trimmed sequences were

aligned to ERCC sequences using ‘align_and_estimate_abun-

dance.pl’ in the Trinity v. 2.1.1 (Grabherr et al., 2011) package.

Reads that were aligned to ERCC sequences were removed

using a custom PERL script (available: https://github.com/

shu251/SPOT_metatranscriptome).

miTag analysis

The rRNA and mRNA reads were separated using Sort-

MeRNA v. 2.0 (Kopylova et al., 2012). Forward rRNA reads

were further quality checked (Q>16) in QIIME (Caporaso

et al., 2010) and taxonomic identities were assigned to each

read using uclust (Edgar, 2010); each read had to have at

least 97% similarity to the SILVA database v.128 (Quast et al.,

2012). Metagenomic Illumina tags, or miTags, are defined as

rRNA reads that serve as an alternative to amplicon sequen-

ces for diversity analyses (Logares et al., 2014).

Assembly and protein prediction

mRNA sequences were assembled using MEGAHIT v. 1.0.3

(Li et al., 2015) with default parameters. Redundancy among

assembled contigs was reduced using CD-HIT at 98% similar-

ity (Li et al., 2001). Estimated transcript abundances based on

paired end reads were determined using Salmon v. 0.8.2 with

quasi mapping strategy (kmer size 5 31; Patro et al., 2017).

Coding sequences for each contig were predicted using

GeneMarkS-T v. 5.1, which specifically predicts coding

regions in eukaryotic transcripts (Tang et al., 2015).

GeneMarkS-T should predict one coding sequence per contig,

but in rare cases (< 0.001%) more than one coding sequence

was predicted. In those cases, the longest coding sequence

was used. Predicted protein sequences (> 300 bps) were

clustered to produce orthologous groups with 75% identity cut-

off using uclust v. 1.2.22 (Edgar, 2010). Contigs without

predicted coding sequences were not analyzed.

Annotation

Contigs were assigned taxonomic identities using BLASTX (e-

value cutoff: 1e-5) and then MegaBLAST (e-value cutoff: 1e-

5) to customized protein and cDNA reference databases,

respectively, which included data from the Marine Microbial

Eukaryote Transcriptome Sequencing Project and other publi-

cally available protistan genomes and transcriptomes

(Supporting Information Table S2 and Supporting Informa-

tion). First, contigs were aligned to the custom protein

database using a faster BLASTX search provided by DIA-

MOND (Buchfink et al., 2015) with the sensitive alignment

mode, an e-value cutoff of 1e-5, and an identity cutoff of 40%.

The best hit and all hits with bit scores within 90% of the best

score were considered. A taxonomic identity was assigned to

a contig if all extracted hits were from the same taxonomic

group (Supporting Information Table S2). If no consensus

could be reached among all top hits from the BLASTX results,

the contig was assigned to ‘Multiple hits’. Second, to increase

the number of contigs with taxonomic assignments, any con-

tigs that fell into the ‘Multiple hits’ category or did not hit any
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reference in the protein database (‘NA from database’) were

searched against the custom cDNA database using Mega-

BLAST (Camacho et al., 2009) with the same cutoffs. We

elected to use nucleotide sequences for taxonomic assign-

ments in order to evade missing taxonomy information from

shorter or missing predicted protein sequences. We found

that taxonomic assignment using this approach was reason-

ably accurate (> 90%) at the phylum or class level, but

unreliable at genus or species level for every protistan lineage.

While assignment to the class or genus level may be accurate

among well-represented taxa in the database, we chose to

assign taxonomy uniformly across all lineages, thus taxonomic

assignment was restricted to phylum/class levels (see Sup-

porting Information Table S2 for taxonomic grouping).

KEGG annotation of putative protein sequences (GeneMark

S-T) was performed using GhostKOALA (Kanehisa et al.,

2016). Protein annotations for each contig included KEGG

module information when available. Pathways and genes were

chosen to represent the core biogeochemical functions rele-

vant to known metabolisms (Supporting Information Table

S3). Genes that appeared in multiple KEGG modules, and

subsequent pathways, were counted multiple times after nor-

malization steps (Supporting Information Table S3).

Data synthesis and statistical analyses

Transcript counts were normalized across libraries (replicates)

using the trimmed mean normalization method in ‘edgeR’

(Lund et al., 2012) to generate transcript counts per million

(CPM) for all downstream analyses. To evaluate differences at

the pathway level, analysis of variance statistical tests

(ANOVA) were performed on normalized data using replicates

from each depth. ANOVAs were followed by Tukey’s Honestly

Significantly Different test to obtain p-values for pairwise com-

parisons among depths. Library normalization with ‘edgeR’

and ANOVA statistical tests were performed twice, once with

the whole community (all transcripts) and a second time for

each individual taxonomic group (i.e., dinoflagellates, ciliates,

haptophytes, diatoms and chlorophytes). The mean CPM of

the replicates for a given depth was used to visualize depth-

specific differences in gene expression, unless specified in the

figure legend. Transcripts with KEGG identities in all five taxo-

nomic groups were used for ordination analysis. All figures

were generated in R using the vegan, UpSetR, ggplot and

ggtern packages (Wickham, 2009; R Core Team, 2014; Hamil-

ton, 2016; Conway et al., 2017).

Access to data

All sequences are publicly available with accession numbers

SAMN07269826-SAMN07269838, in the Short Read Archive

(Supporting Information Table S1). Processed data is avail-

able at zenodo (DOI: 10.5281/zenodo.1202041) and all

source code is available https://github.com/shu251/SPOT_

metatranscriptome.
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Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Bar plots representing metagenomic Illumina tags

(miTags) relative abundance at each depth at the (A)

domain level and (B) major protistan taxonomic group. Fol-

lowing taxonomy assignment (uclust at 97% identity against

the PR2 database, see section on ‘Experimental proce-

dures’ for more details), miTags were subsampled to select

the five main taxonomic groups that were the focus of this

study. ‘Other eukaryotes’ are comprised of taxonomic

groups that made up less than 10% of the total composition

of miTags. Relative miTag abundances for dinoflagellates,

ciliates, haptophytes, diatoms and chlorophytes were gener-

ally similar to mRNA-derived diversity (Fig. 2, Supporting

Information Tables S6 and S7), and to that previously

observed at the SPOT station (Hu et al., 2016). MArine

STramenopiles (MAST), syndiniales, excavates and rhizaria

were represented in the miTag results (> 10% miTags, Sup-

porting Information Table S7), but these same groups made

up fewer than 2% of the mRNA-derived results (compare to

Fig. 2, Supporting Information Tables S6 and S7).
Fig. S2. Bar plots representing metagenomic Illumina tags

(miTags) relative abundance at the class level for (A) dino-

flagellates, (B) ciliates, (C) haptophytes, (D) diatoms and

(E) chlorophytes. Following taxonomy assignment (uclust at

97% identity against the PR2 database, see section on

‘Experimental procedures’ for more details), miTags were

subsampled to select the five main taxonomic groups that

were the focus of this study. miTags with more than 500

hits were selected and summed based on the approxi-

mately class level. Class level designations labelled as

‘Uncertain’ represent miTags assigned to only the phylum

level (e.g., Haptophyte, diatom, etc.), meaning no additional

taxonomic information was available. ‘Uncultured eukaryote’

14 S. K. Hu et al.

VC 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00–00© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 2865–2879

2878 S. K. Hu et al.



and ‘Ambiguous_taxa’ designations also denote assign-
ments where no further details were available from the PR2

database. In this study, miTag results are mainly repre-
sented at the approximately phylum level, as short read
alignments (� 125 bps) for taxonomy assignment are con-
sidered less accurate than, for instance, longer hypervari-
able regions of the 18S rRNA gene (e.g., V4, � 400 bps).

Full list of miTag results are reported in Supporting Informa-
tion Table S7.
Fig. S3. Distribution of miTags among (A) all hits, (B) dino-
flagellates, (C) ciliates, (D) haptophytes, (E) diatoms and
(F) chlorophytes. Bar plots show the total number of shared

or unique miTags among depths, depths included are repre-
sented by filled dots in the matrix below each barplot. Num-
bers represent the total number of miTags in each category.
Most miTags were shared among all depths (left-most

bars), except for chlorophytes where the highest abundance
of miTags was unique to the surface. Plot generated using
‘UpSetR’ R package Conway et al. (2017).
Fig. S4. KEGG module assignments for ortholog groups
found to be present at all depths (surface, 150 and 890 m,

n 5 36 656). See main text Fig. 3.
Fig. S5. Distribution of ortholog groups among the five tar-
geted taxonomic groups. Bar plots show the total number of
shared or unique ortholog groups among depths, depths
included are represented by filled dots in the matrix below

each barplot. Numbers represent the total number of ortho-
log clusters in each category. Most ortholog clusters were
unique to a single taxonomic group (five left-most barplots).
Ortholog groups associated with dinoflagellates over-
whelmed sampling efforts. Very few ortholog groups were

shared among all taxonomic group (n 5 196, right-most bar-
plot). Plot generated using ‘UpSetR’ R package Conway
et al. (2017).
Table S1. Collection information for all samples, including:
time of collection, location, depth, number of replicates, vol-

ume filtered, sampling time and sample pooling information
for library preparation.
Table S2. List of contributing transcriptomes and genomes
for custom database. Level 1, 2 and 3 correspond to man-

ual taxonomic designation used in this analysis. Level 2

used in main analysis. See Supporting Information for more
information on how the custom database was generated.

Table S3. List of gene names and KEGG IDs (K0_number)
for labelled targeted metabolic pathways and genes in main
text. Associated labels are based on KEGG modules.
Table S4. Summary of environmental variables and results
from microscopy counts for each depth at the SPOT station.

Detailed explanation of cell types for microplankton counted
can be found in Supporting Information and methods.
Table S5. Summary of reads throughout sample process-
ing, including total number of reads post trimming and qual-
ity checking, assembled contigs, predicted protein

sequences and clustered ortholog groups.
Table S6. Transcript counts per million (CPM, based on the
mean across replicates, n) and relative abundance (%) of
taxonomic groups found at each depth. Percentage of the

total is in the right-most columns. The first column details
the taxonomic grouping referred to in the main text. Taxo-
nomic groups that made up more than 2% of the commu-
nity are highlighted in yellow and discussed further in main
text.

Table S7. Total counts and percentages of miTag results at
each depth (see section on ‘Experimental procedures’). Top
table summarizes the top taxonomic groups also repre-
sented in Supporting Information Fig. S1. The bottom table
lists the taxonomic groups from Levels 1 to 3, which origi-

nate from the SILVA database. MiTag results needed to
make up a large percentage of the population (> 10%) to
be represented in Supporting Information Fig. S1.
Table S8. Results from Tukey HSD post hoc test (following
ANOVA) to look for significant differences among whole

pathways based on transcript abundances (CPM) among
replicates (Fig. 4 in main text). Significant values are
bolded, p<0.05.
Table S9. Results from Tukey HSD post hoc test (following
ANOVA) to look for significant differences among whole

pathways for individual taxonomic groups based on tran-
script abundances (CPM) among replicates (Fig. 6 in main
text). Raw transcript counts were subset for each taxonomic
group and normalized before this analysis. Significant val-

ues are bolded, p<0.05.
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