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Supporting Information Text 

 

Extended Materials and Methods 
 
Field sampling along CalCOFI line 67 
Field surveys were conducted along the California Cooperative Oceanographic Fisheries Initiative 
(CalCOFI) line 67, stretching from the central Californian coast southwestwards into the Pacific 
Ocean (1). Cruises aboard the RV Western Flyer were performed in the fall of 2009, 2011, 2012, 
2013, 2015 and 2016. Sample metadata are summarized in dataset S1. Water was collected in 
10L Niskin bottles attached to a conductivity-temperature-depth (CTD) rosette sampler (Sea-Bird 
Electronics).  
Concentrations of chlorophyll a, as well as the nutrients nitrate, nitrite, ammonium, phosphate, and 
silicate were determined as previously described (2). Phytoplankton cellular abundances were 
enumerated via flow cytometry as previously described (3). For this, samples were fixed with a final 
concentration of 0.25% glutaraldehyde, incubated at room temperature for 20 min, and flash frozen 
in liquid nitrogen prior to storage at -80°C. Analysis was performed on a BD Influx flow cytometer 
equipped with a 488 nm laser at a flow rate of 25 µL min-1. Phytoplankton populations were 
identified based on their forward angle light scatter, chlorophyll-a autofluorescence (i.e., 
fluorescence detected in the 692/40 nm bandpass filter) and phycoerythrin autofluorescence for 
Synechococcus (detected in the 572/27 nm bandpass filter).  
For community profiling of microbial eukaryotes based on amplicon sequencing of the 18S rRNA 
gene, 1L water samples were filtered onto Supor membrane filters (PALL, 0.2 µm pore size, 47 mm 
diameter). Filters were stored at -80°C prior to DNA extraction using the DNeasy plant kit (Qiagen) 
with the addition of a bead-beating step (4). 
 
 
RNA-stable isotope probing experiment 
 
Preparation of isotope labeled Prochlorococcus 
Prochlorococcus MED4 was grown axenically in Pro99 medium (5) in an artificial seawater (ASW) 
base and incubated at 21°C and 100 µmol photons m-2 s-1 under a 14h:10h light-dark cycle. 
Axenicity was confirmed prior to the experiment by filtering a culture aliquot onto a polycarbonate 
filter (0.2 µm pore size, 25 mm diameter), staining with DAPI, and observation by epifluorescence 
microscopy. Additionally, a culture aliquot was transferred into a bacterial test medium, incubated 
in darkness, and checked for visually observable turbidity after 14 days. The stock culture was split 
into two aliquots, one for growth on stable isotope (13C-bicarbonate and 15N-ammonium) containing 
medium and one for growth under control conditions with the respective light isotopes (12C-
bicarbonate and 14N-ammonium). Both media were prepared from the same batch of artificial 
seawater without the addition of bicarbonate. Sterile filtered bicarbonate and ammonium chloride 
stock solutions consisting of light or heavy isotopes depending on treatment were added after 
autoclaving. Stock cultures were split into two volumes of 50 mL, centrifuged at 8000 g for 10 min 
and resuspended in either stable-isotope or control medium. Cultures were maintained in their 
respective medium for 4 days, and immediately prior to their use in the experiment, cells were 
washed three times by gravity filtration over Supor membrane filters (PALL, 0.2 µm pore size, 47 
mm diameter) and resuspension in ASW. 
 
Experimental incubations and sampling 
An RNA stable isotope probing (RNA-SIP) experiment was performed at station 67-80 on 15th 
September 2015, in which the planktonic microbial community was amended with 13C and 15N-
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labeled Prochlorococcus as prey to track predation on Prochlorococcus by protistan predators. 
Water for experimental incubations was collected from 5 m depth and prefiltered through a 70 µm 
mesh to remove larger predators. Experimental treatments were performed in triplicate and 
included (i) a stable-isotope prey addition treatment with 13C and 15N-labeled Prochlorococcus 
added to a final abundance of 5.8 x 105 cells mL-1, (ii) a prey-addition control with the unlabeled 
Prochlorococcus cells added to natural seawater as above, (iii) a prey only control with 
Prochlorococcus added to cell-free (0.2 µm filtered) seawater in order to test for potential mortality 
of Prochlorococcus due to other reasons than grazing, and finally two additional control treatments 
to confirm grazing mortality of natural Prochlorococcus populations, which consist of (iv) a dilution 
treatment with 20% natural seawater diluted with 80% cell-free seawater (0.2 µm filtered) and (v) 
undiluted natural seawater. Each treatment was performed in biological triplicate, except the prey 
only control, which was performed in duplicate. Incubations were performed in 4 L polycarbonate 
bottles placed in an on-deck incubator shielded to in-situ light conditions with neutral density foil 
(LEE) and kept at in-situ temperature maintained by a continuous flow-through of seawater. 
Incubations were started after sunset and lasted 24 h.  
Flow cytometry samples were taken from each incubation bottle at the start and end of the 
experiment, fixed with 0.25% glutaraldehyde, incubated for 20 min in the dark, flash-frozen, and 
stored at -80°C until analysis as described above. Net and gross growth rates of natural 
Prochlorococcus populations, as well as their grazing mortality, were quantified from the two-step 
dilution treatments (6), and confirmed gross growth rates of Prochlorococcus to be balanced by 
similar rates of mortality due to grazing (gross growth rate of 0.25±0.03 (SE) d-1 and grazing 
mortality of 0.21±0.04 (SE) d-1). Furthermore, the added Prochlorococcus survived under the 
experimental conditions with zero net growth in the whole, unfiltered seawater and a growth rate of 
0.19 d-1 in filtered seawater. 
Samples for quantification of 13C in dissolved inorganic carbon (DIC) were taken to control for 
potential remineralization, which could lead to indirect routes of label incorporation by non-
predatory protists. To this end, water samples were filtered through 0.2 µm pore size syringe-top 
filters and stored at 4 °C in crimp-sealed glass vials prior to analysis at the Stable Isotope Facility 
at the University of California, Davis. While a slight 13C-enrichment was measurable after 24 h of 
incubation in the treatment with isotope-labeled Prochlorococcus (δ13CVPDB of 4.88±0.10 (SE) ‰) 
relative to the natural community at the start of the experiment (δ13CVPDB of 1.59±0.09 (SE) ‰), 
these values correspond to 1.125 and 1.129 % of 13C in the DIC pool, respectively, and thus are 
insufficient to cause the much larger isotope ratio required for separation of labeled RNA in the 
density gradient centrifugation.  
Nucleic acid samples were taken from the bulk 70 µm pre-filtered seawater during set-up of the 
experiment and from each bottle individually after incubation. 1 L samples were filtered onto Supor 
membrane filters (PALL, 0.2 µm pore size, 47 mm diameter) and stored at -80°C. 
 
RNA extraction, fractionation, and cDNA-synthesis 
RNA was extracted using the TotallyRNA kit (Life Technologies, Grand Island, NY, USA). Cell lysis 
was achieved by transferring the filters with 1 mL of lysis buffer into 2 mL screw cap tubes pre-filled 
with ~200 μL of a 1:1 mixture by volume of 0.1 mm and 0.5 mm diameter autoclaved glass beads 
(Biospec Products, Bartlesville, OK, USA). After two minutes of bead beating, filters and lysis buffer 
were transferred into a 15 mL screw cap tube containing an additional 4 mL lysis buffer. Samples 
were vortexed for 1 min, and centrifuged for 3 min at 10,000g and 4°C. The lysate was transferred 
to a new 15 mL tube and extraction proceeded according to the manufacturer’s guidelines. DNA 
was digested using the TurboDNA-free kit (Life Technologies) following the manufacturer’s 
instructions. RNA integrity was evaluated on a Bioanalyzer (Agilent, Santa Clara, CA, USA) and 
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quantity was determined on a Qubit fluorometer (Life Technologies). RNA yield ranged from 0.8 to 
1.4 µg. 
RNA fractionation was performed as described earlier (7). Briefly, depending on RNA-yield per 
sample, between 0.8 and 1.1 µg of RNA were separated in a CsTFA gradient using 5.2 mL 
polyallomer tubes and centrifugation in an Optima XE-90 ultracentrifuge (Becton-Dickinson) 
equipped with a VTi90 rotor at 20°C and 45000 rpm for 64 h. Density gradients were fractionated 
into 20 fractions of 255 µL that were collected from below by piercing a hole into the bottom of the 
tube and displacing the gradient solution by water from above using a needle and syringe pump 
(KD Scientific, LEGATO 185) operated at a flow rate of 4 µL s-1. Densities were determined for 
each fraction using 50 µL of sample for measurement on a digital refractometer (Reichert, AR200). 
In the remaining sample, RNA was precipitated by adding two volumes of ice-cold isopropanol, 
incubating at -20°C for at least 2 h, and centrifuging at 14,000 g and 4°C for 20 min. Pellets were 
washed in another 150 µL of isopropanol, centrifuged again at 14,000 g and 4°C for 5 min, dried 
after removal of the supernatant and resuspended in 10 µL water. RNA concentrations were then 
quantified on a Qubit fluorometer with the high sensitivity RNA kit using 3 µL of each RNA-fraction.  
Synthesis of cDNA was performed using 6 µL of each RNA-fraction as template with the Super 
Script III First-Strand Synthesis SuperMix (Invitrogen) and random hexamer priming following 
manufacturer guidelines. Resulting cDNA was quantified using the Qubit ssDNA kit with negative 
control cDNA synthesis-reactions as blanks.  
 
PCR-amplification, sequencing, and sequence analysis 
PCR-reactions targeting the V9 hypervariable region of the 18S rRNA gene were performed using 
the Illumina-adapted versions of primers 1389f and 1510r (8). 50 µL reaction volume contained up 
to 5 ng of the template depending on cDNA-synthesis yield, 0.2 µM of each primer, 0.3 mM dNTPs, 
1.6 mM MgSO4, and 0.2 µL High Fidelity Platinum Taq (Invitrogen). Thermocycling consisted of 
95°C for 2 min, 32 cycles of 94°C for 15 s, 56°C for 30 s, and 68°C for 60 s, followed by a final 
elongation step at 68°C for 7 min.  
After paired-end (PE) library sequencing (300bp) on an Illumina MiSeq instrument (Illumina, San 
Diego, CA, USA) sequences were demultiplexed and assigned to corresponding samples using 
CASAVA (Illumina). Low-quality sequence ends were trimmed at Phred quality (Q) of 25 using a 
10 bp running window using Sickle 1.33 (9). Paired-end reads were merged using USEARCH 
v.9.0.2132 (10) when reads had a ≥ 40 bp overlap with maximum 5% mismatch. The merged reads 
were then filtered to remove reads with maximum error rate > 0.001. Only sequences with exact 
matches to both primers were kept and primer sequences were trimmed using Cutadapt (11) v.1.13. 
Sequences were analyzed as amplicon sequence variants (ASVs) based on USEARCH-UNOISE 
(12), and taxonomy was assigned using classify-sklearn (13) by searching against both the Protist 
Ribosomal Reference database v.4.9.2 (14) and SILVA SSU rRNA (15) databases (versions 4.9.2 
and 132, respectively). Assignments were checked for consensus for the SIP-positive taxa. 
Conflicting assignments were found for six ASVs assigned as Chytridiomycota by PR2, but as 
Palpitomonas by SILVA. Using these ASVs as queries in a BLAST search against the NCBI 
database resulted in hits of 82-85% identity that included mainly cryptophytes and katablepharids, 
and occasionally other taxa such as cercozoa, telonemids and prasinophytes, but never chytrids or 
other opisthokonts. This does not support an assignment as Chytridiomycota, but is consistent with 
a relation to Palpitomonas as a basal cryptist lineage (16).   
 
Statistical analysis of isotope incorporation 
For determining isotope incorporation, multiple window high-resolution stable isotope probing (MW-
HR-SIP) has been performed as described earlier (17), but accounting for the biological replication 
in our experiment. To test for the enrichment of sequences in the heavy fractions of the stable-
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isotope treatment relative to the control treatment, six density windows were defined across 15 of 
the buoyant density fractions, one ‘light’ control window (1.745-1.760 g mL-1) containing the peak 
of unlabeled RNA found in the control treatment, and five ‘heavy’ windows spanning higher buoyant 
densities (1.76-1.79 g mL-1) that overlapped with each other, but not with the control window. Only 
ASVs that were present in at least 50% of the fractions were included in the analysis. Isotope 
enrichment was then tested using DESeq2 (18) with a model containing buoyant window, replicate 
(to perform paired tests between control and treatment replicate gradients formed in the same 
centrifuge run), and treatment (control versus stable isotope addition) as factors. Additionally, an 
interaction term between buoyant window and treatment was included to allow testing for 
enrichment in the heavy windows of the isotope treatment in particular. An ASV was defined as 
incorporating stable isotopes, if significantly enriched (log2 fold change > 0.5, and one-sided Wald 
test with p < 0.05) in at least two of the heavy buoyant density windows of the isotope treatment 
relative to the respective windows in the control treatment (and after correction for potential 
differences among treatments in the ’light’ control window).  
 
Protistan community composition along the CalCOFI line 67 transect 
 
PCR and Illumina sequencing 
For community analysis the V4 hypervariable region of the 18S rRNA gene was amplified from 
whole community DNA samples using the Illumina-adapted TAReuk454FWD1 and TAReukREV3 
primers (19). PCR reactions contained 10 ng of template DNA and 1X 5 Prime HotMasterMix 
(Quanta Biosciences, Beverly, MA, United States) as well as 0.4 mg mL-1 BSA (NEB) and 0.4 μM 
of each primer. PCR reactions were amplified using the following protocol: 94 °C for 3 min; and 30 
cycles at 94 °C for 45 s, 50 °C for 60 s and 72 °C for 90 s; with a final extension at 72 °C for 10 
min. Triplicate reactions per sample were pooled. Paired-end (PE) library sequencing (PE 2 x 
300bp) was performed on an Illumina MiSeq instrument (Illumina, San Diego, CA, USA). 
  Sequences were demultiplexed, quality trimmed, and analyzed as described above. 
However, after trimming of primer sequences, singleton sequences were excluded and the 
remaining sequences were de novo clustered at 99% similarity by UPARSE (20). This step was 
necessary, because samples from six years of field sampling had been sequenced on several 
sequencing runs, and the ASV-level discrimination as performed for RNA-SIP samples appeared 
to be impacted by the specific run in which a sample had been sequenced. Furthermore, 99% OTU 
clustering of the longer and more variable V4 region still provides taxonomic resolution comparable 
to that of the V9 amplicons. The most abundant sequence of each operational taxonomic unit (OTU) 
was picked for classification using classify-sklearn (13) by searching against the Protist Ribosomal 
Reference database v.4.9.2 (14). 
 
Classification of protistan nutritional modes  
To analyze the community composition of presumably predatory protists, only sequences from 
unicellular eukaryotes were retained, removing all sequences assigned to metazoans, 
streptophytes, multicellular algal lineages, or sequences assigned at a taxonomic level insufficient 
to distinguish between unicellular and multicellular lineages. Next, OTUs were classified by their 
nutrition based on their taxonomic assignment, similar as done before (21). First, we distinguished 
between plastidic protists containing their own photosynthetic plastids and non-plastidic, 
heterotrophic protists. Already this first step is prone to error, as some groups such as 
dinoflagellates and chrysophytes contain photosynthetic and unpigmented heterotrophic species 
that are closely related to each other, and this distinction is thus impossible to confidently make 
based on a relatively rough taxonomic assignment of environmental sequences. Because the 
classification becomes even more complicated, if considering mixotrophic protists (combining a 
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photosynthetic with a predatory nutrition) for which the predatory potential is difficult to prove, we 
did not attempt to distinguish plastid containing protists further into purely photosynthetic and 
mixotrophic ones. Among non-plastidic protists, we then further distinguished between acquired 
phototrophs that harbor photosynthetic endosymbionts or kleptoplastids, parasitic protists, and 
free-living heterotrophic protists. For the free-living heterotrophic protists, a predatory lifestyle was 
assumed in the absence of more specific information, such as known osmo- or saprotrophic 
lifestyles.  
This resulted in the majority of amplicons belonging to protists classified as either plastidic or 
parasitic (see Dataset S1), with plastidic protists being relatively more important in coastal waters 
(62.5 ± 10.9 % of amplicons close to shore compared to 9.4 ± 0.4 %  and 7.8 ± 1.1 % in the mixed 
layer and DCM at the outermost station 67-155), and parasitic taxa having higher relative amplicon 
abundance in oligotrophic offshore waters (60.3 ± 3.7 % of amplicons in the mixed layer of station 
67-135, versus 19.6 ± 8.5 % close to shore). Predatory heterotrophic protists constituted a more 
stable percentage of total amplicon abundance (9.6-19.2 % in the mixed layer and 8.7-13.3 % in 
the DCM) with only small percentages of acquired phototrophs (0.2-6.9%)  and osmo- or 
saprotrophs (0.05-0.44%). Additionally, some non-plastidic protists (2.1-12.7% of amplicons) could 
not be assigned to any more specific nutritional mode based on their taxonomic assignment, while 
for others (4.9-13.4% of amplicons) the assigned taxonomic level was too coarse to even infer the 
presence or absence of a plastid. These latter were not assigned any nutritional mode (NA). 
 Following the classification into nutritional modes, the taxonomic composition of predatory 
heterotrophic protists was analyzed further as representing potential predators of Prochlorococcus. 
This excludes mixotrophic predators which are increasingly recognized as important bacterivores 
and in some cases also feed on Prochlorococcus (22, 23). As mentioned above, reliable 
identification of mixotrophic taxa still relies on cultured isolates (23), and inferring a mixotrophic 
lifestyle from environmental sequences is thus difficult. 
 
Statistical analysis of community composition 
For multivariate analysis of the entire protistan community, or the subset of only the predatory 
heterotrophic population, data were first filtered to retain only taxa with a relative abundance of at 
least 0.05% and presence in at least 10% of the samples before dividing the dataset based on the 
nutritional categorization. For the subset of predatory heterotrophs, principal component analysis 
was performed using Aitchison distance (Euclidian distance after centered log-ratio transformation) 
as recommended in (24) using the R-packages phyloseq (25) and vegan (26). Environmental 
variables were log-transformed if non-normally distributed and fitted to the ordination using the 
‘envfit’ function in vegan. A preliminary analysis showed nitrate and ammonium concentrations to 
be closely aligned and salinity to be non-significant. We therefore excluded salinity from the final 
analysis and combined nitrate, nitrite and ammonium into the single variable dissolved inorganic 
nitrogen (DIN). The variables temperature, chlorophyll a, silicate, phosphate, DIN, as well as the 
ratios of DIN to silicate, and DIN to dissolved inorganic phosphorus (DIP) were then fitted to the 
ordination. Finally, differences in community composition between stations and between the 
surface mixed layer versus DCM were tested by PERMANOVA in vegan. 
 
Distribution patterns of Prochlorococcus predators 
In order to analyze the distribution of predators identified as feeding on Prochlorococcus in the 
RNA-SIP experiment across the CalCOFI-line 67 transect, we had to connect the 18S-V9 ASVs 
used to identify predators in the SIP-experiment to the 18S-V4 OTUs used in the field survey. For 
this we selected only those taxonomic groups for which all 18S-V9 ASVs assigned to the respective 
group were identified as actively feeding based in the SIP experiment. We then selected all 18S-
V4 OTUs from the survey dataset that were assigned to the same taxonomic group and had been 
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detected in the SIP-experimental community to represent these SIP-positive predators. Because 
MAST-3 contained 22 SIP-positive ASVs, but all of them fell into subclades that also contained 
SIP-negative ASVs, we performed an additional step by blasting both 18S-V4 and 18S-V9 
sequences against the NCBI database. This resulted in one additional 18S-V4 OTU (OTU310, 
MAST-3I) that could be linked to the SIP-positive 18S-V9 ASV 381, based on hits (100%ID for V9 
and 99.5%ID for V4) to the same sequence. Finally, to further assess the distribution of these 
predators their centered log-ratio transformed and z-scored amplicon abundances across the 
transect (averaged over sampling years) were clustered by hierarchical clustering based on 
Euclidian distance and Ward linkage. Significance of the resulting clusters was tested using the 
statistical Significance for Hierarchical Clustering (SHC) approach implemented in the R-package 
SigClust2 (27). 
 
 

Dataset S1 (separate file). Data from the field survey cruises contain A) metadata and 
environmental parameters measured for each sample, B) the full 18S V4 rDNA amplicon dataset 
with reads per OTU and sample, taxonomic assignments, nutritional categorization, and V4 
sequences, and C) relative amplicon abundances of different nutritional types along the survey 
transect (synthesized from B). 

Dataset S2 (separate file). Data from the RNA-SIP experiment contain A) metadata from the 
buoyant density gradient fractions including treatment, replicate, fractions number and density; B) 
the 18S V9 rRNA amplicon dataset with reads per ASV and fraction, taxonomic assignments, and 
V9 sequences; C) statistical results (log2 fold change and adjusted p-value) for each comparison 
of reads retrieved per ASV in the buoyant density windows 2 to 6 relative to the control window 1.   
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