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Choanoflagellates alongside diverse uncultured predatory 
protists consume the abundant open- ocean cyanobacterium 
Prochlorococcus
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Prochlorococcus is a key member of open- ocean primary producer communities. Despite its 
importance, little is known about the predators that consume this cyanobacterium and make 
its biomass available to higher trophic levels. We identify potential predators along a gradient 
wherein Prochlorococcus abundance increased from near detection limits (coastal California) 
to >200,000 cells mL−1 (subtropical North Pacific Gyre). A replicated RNA- Stable Isotope 
Probing experiment involving the in situ community, and labeled Prochlorococcus as prey, 
revealed choanoflagellates as the most active predators of Prochlorococcus, alongside a radi-
olarian, chrysophytes, dictyochophytes, and specific MAST lineages. These predators were 
not appropriately highlighted in multiyear conventional 18S rRNA gene amplicon surveys 
where dinoflagellates and other taxa had highest relative amplicon abundances across the 
gradient. In identifying direct consumers of Prochlorococcus, we reveal food- web linkages 
of individual protistan taxa and resolve routes of carbon transfer from the base of marine 
food webs.

microbial food webs | trophic transfer | heterotrophic nanoflagellates |  
choanoflagellates | picocyanobacteria

Marine primary production roughly equals that of terrestrial ecosystems but differs in being 
performed by unicellular phytoplankton with high turnover rates (1). Globally, about 
two- thirds of marine primary production is thought to be rapidly consumed by predatory 
protists (2), which hence play critical roles in regulating phytoplankton and carbon flux (3). 
Abundances of Prochlorococcus, the dominant open- ocean phytoplankter, are controlled 
through tight coupling between growth and mortality (4, 5). However, the key predators 
consuming Prochlorococcus remain largely unknown. Knowledge regarding specific interactions 
and ecological roles of heterotrophic predatory protists has been hindered by their diversity 
(3, 6), cultivation difficulties (7), and sparsity of in situ studies at ecologically and evolution-
arily relevant taxonomic levels (8–10). Thus, roles of predatory protists are often excluded or 
highly simplified in ecosystem models, which is problematic given the importance of trophic 
transfer from abundant primary producers, like Prochlorococcus, and how it may transition 
in future oceans. Here, we use culture independent methods to examine predatory protists 
in the Pacific Ocean and expose specific lineages that actively consume Prochlorococcus.

Results and Discussion

Multiple years of sampling from coastal California into oligotrophic waters of the North 
Pacific Subtropical Gyre (NPSG) established the progressive development of nutrient- poor 
surface waters, a deep chlorophyll maximum (DCM), and transitions in picophytoplank-
ton cell abundances (Fig. 1 A–D and Dataset S1). As observed previously (4), Prochlorococcus 
becomes numerically dominant offshore, while its abundance decreases shoreward as the 
cyanobacterium Synechococcus and eukaryotic picophytoplankton increase. Prochlorococcus 
reached 2 × 105 cells mL−1 at the western- most stations, comparable to maxima in the 
NPSG and North Atlantic Subtropical Gyre (11–13).

To characterize predators actively consuming Prochlorococcus, we performed an in situ 
experiment using RNA- stable isotope probing (RNA- SIP), involving amendment of natural 
communities with 13C/15N- labeled Prochlorococcus cells and, separately, controls with unla-
beled (12C/14N) cells, each in biological triplicate, followed by 18S- V9 rRNA amplicon 
analyses. The 227 protistan predators (ASV- level discrimination, Dataset S2) captured feeding 
on Prochlorococcus collectively caused grazing mortality to balance Prochlorococcus growth and 
included uncultivated stramenopiles, such as MArine STramenopiles (MAST)- 1, - 4 and - 7 
already known to consume cyanobacteria (8, 9), chrysophytes, some dictyochophytes, and a 
few prymnesiophytes (Fig. 1E). The latter three groups may include predatory mixotrophs 
(if they retain plastids), a functional group increasingly recognized as Prochlorococcus consumers 
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(10, 14), although when and where they feed is less clear. Here, we 
ascertain that they were actively feeding but cannot predict their 
capability to photosynthesize, due to the limitations of sequences for 
making this delineation without characterized isolates. Strong enrich-
ment in heavy density gradient fractions indicated high predation 
on Prochlorococcus by several predators (Fig. 1F); however, for those 
with lower enrichment, it remains unclear whether they consumed 
less Prochlorococcus or utilized other unlabeled prey organisms that 
diluted the isotopic signal gained from consumed Prochlorococcus 
cells.

The RNA- SIP approach to tracking prey into predators also iden-
tified a number of protists not known to consume Prochlorococcus 
or phytoplankton in general. These included ASVs related to the 
deep- branching cryptistan predator Palpitomonas (6), the cercozoan 
Minorisa, the uncultivated Radiolarian lineage RAD- B (15), and 
uncultivated MAST- 10, MAST- 11, as well as MAST- 3. Strikingly, 
every choanoflagellate detected had consumed Prochlorococcus. This 
was surprising because choanoflagellates are rarely mentioned in 
current surveys on this realm of the oceanic food web, despite being 
recognized bacterivores in coastal habitats. This is partially because 
many studies have focused on their surface- attached feeding mech-
anisms or developmental biology (16, 17) and because choanoflag-
ellates do not stand out in relative amplicon abundance surveys (18). 
Yet three decades ago, precision microscopy in several pelagic envi-
ronments demonstrated that loricate choanoflagellates comprised 
25 to 30% of all heterotrophic nanoflagellates (HNF), as termed in 
the earlier marine literature that investigated microbial predation by 
microscopy (17). Additionally, Synechococcus was noted in choano-
flagellate food vacuoles (nonquantitative data). Here, the choano-
flagellates consuming Prochlorococcus were primarily from the 
Stephanoecidae family. These loricate choanoflagellates were thought 
to be coastal; however, recently, small oceanic forms have been 
reported throughout warm oceans, connecting well with our results 
(19). Historically, as taxonomic insights improved through molecular 
analyses, contributions of MAST to HNF were emphasized (7). We 
posit Stephanoecidae choanoflagellates comprise an important por-
tion of the active HNF community, but that prior sampling 

procedures disrupted their lorica, the structure used for identification 
(17, 19).

To assess the distribution of Prochlorococcus predators across the 
environmental gradient, we examined protistan communities using 
18S- V4 rRNA gene profiling. Predatory heterotrophic protists con-
tributed a relatively consistent fraction of the total 18S rRNA gene 
amplicon abundances, varying between 10 to 20% in the surface 
mixed layer (SML) and 9 to 14% in the DCM (where present), but 
were compositionally different across the transect (Fig. 2A and 
Dataset S1). Because nutritional modes vary even between closely 
related taxa, likely mixotrophic predators were excluded as they could 
not be accurately distinguished from purely photosynthetic species 
if uncultured. Alveolates and stramenopiles showed high relative 
amplicon abundances, followed by telonemids and katablepharids, 
while choanoflagellates appeared relatively rare (Fig. 2B). Within 
stramenopiles, MAST- 3 showed highest relative amplicon abun-
dance, especially in offshore surface waters, while MAST- 4 appeared 
more active and abundant based on the RNA- SIP experiment, but 
not based on survey relative abundances. An important caveat is that 
relative amplicon abundance trends do not reflect organismal abun-
dances, given 18S rRNA gene copy number variations between taxa. 
Overall, most active predators identified by RNA- SIP did not stand 
out in transect relative amplicon compositional patterns; thus, the 
survey patterns did not appropriately highlight the protists actively 
feeding on Prochlorococcus that were responsible for trophic transfer 
of its carbon.

We next focused on the distribution of only those taxa identified 
as actively feeding by RNA- SIP. Hierarchical clustering of predator 
distributions showed that most choanoflagellates had highest relative 
amplicon abundances in nutrient- poor offshore stations (Fig. 2C). 
Other predators clustering here were mixotrophic Pedinellales (dic-
tyochophytes), which perhaps represent a more oligotrophic coun-
terpart to the Florenciellales dictyochophytes (14). Florenciellales 
isolates from near Hawaii consume Prochlorococcus and are present 
in mesotrophic waters, but at, e.g., BATS, are only seen during more 
nutrient- rich winter periods (13). Coastal stations and the DCM 
had relatively more stramenopile predators, including MAST- 4 and 
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Fig.  1. Phytoplankton prey 
communities from the coast to 
open ocean and predatory protists 
feeding on Prochlorococcus. (A) 
Stations sampled and overall  
Pacific region (Inset). (B) Chlorophyll  
a concentrations (2009 only for 
simplicity) show the development 
of a DCM offshore. (C and D) 
Mean cell abundances (±SD) of 
Prochlorococcus, Synechococcus, 
and eukaryotic picophytoplankton 
in the (C) Surface Mixed Layer 
(SML) and (D) DCM (if present), 
generally from 6- y annual 
sampling. Transect mid- region 
data are variable due to inter-
annual shifts (13). (E) Relative 
contributions of protistan groups 
identified as feeding (maroon) 
and those not feeding on 
Prochlorococcus (gray) to total 18S- 
V9 rRNA amplicons in the RNA- SIP 
experiment at 67- 80. Note: log 
scale. (F) Relative enrichment in 
amplicon abundance in heavy 
fractions of the density gradient 
due to isotope incorporation 
in 13C/15N- labeled treatments 
compared to the same fractions 
from the controls (12C/14N). Shown 
is the average enrichment across 
all five heavy density windows per 
ASV (see also Dataset S2).

http://www.pnas.org/lookup/doi/10.1073/pnas.2302388120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302388120#supplementary-materials


PNAS  2023  Vol. 120  No. 27  e2302388120 https://doi.org/10.1073/pnas.2302388120   3 of 3

- 7. These stations have low Prochlorococcus abundances but have other 
small phytoplankton (Fig. 1 C and D) and bacteria (13), suggesting 
consumption of a broad prey spectrum alongside Prochlorococcus.

In conclusion, we expose predatory protists actively feeding on 
Prochlorococcus, most of which do not appear of marked importance 
based on conventional amplicon surveys. Moreover, loricate choano-
flagellates, Pedinellales dictyochophytes, MAST- 3, - 10 and - 11, and 
radiolarian lineage Rad- B have never been observed to feed on 
Prochlorococcus. The diversity of predators identified experimentally 
herein likely represent just a subset of the predators that Prochlorococcus 
might face in the ocean. These divergent eukaryotes utilize varied 
ecological strategies and distinct feeding mechanisms and are likely 
controlled by different factors, driving disparate predator–prey 
dynamics, and potential coevolution of predator and prey. Further 
disentanglement of ecological differentiation should be possible with 
named predators. This will be essential for predicting trophic control 
of primary producers and resolving the multiple alternative routes 
through food webs along which Prochlorococcus biomass might sus-
tain higher trophic levels.

Materials and Methods

During six fall (September to October) cruises along line 67 (4), samples were 
collected for nutrient, chlorophyll, flow cytometry, and 18S- V4 rRNA gene 

analyses, alongside temperature and salinity data. After taxonomic assign-
ment, amplicons were partitioned based on putative nutritional strategies, 
specifically photosynthetic (i.e., plastid- bearing), parasitic, or heterotrophic 
predatory (SI  Appendix). RNA- SIP was performed in 2015, by addition of 
13C/15N- labeled Prochlorococcus MED4 [HLI ecotype present in the Pacific 
(11)] to biological triplicates of the natural community at station 67- 80; trip-
licated controls used unlabeled MED4. Predators incorporating isotopes from 
Prochlorococcus were identified by density gradient centrifugation, followed 
by further analysis of 15 density fractions per sample via cDNA- synthesis  
and 18S- V9 rRNA gene sequencing. Grazing mortality was quantified by 
a two- step dilution assay. See SI  Appendix for further details. Transect  
cruise and RNA- SIP experiment data are available in Datasets S1 and S2, 
respectively.

Data, Materials, and Software Availability. Amplicons have been deposited 
in Sequence Read Archive (SRA) under bioproject PRJNA972531. All other data 
are included in the article and/or supporting information.

ACKNOWLEDGMENTS. We thank the R/V Western Flyer Captains and 
Crew, the Worden and Chavez labs. Funding came from Monterey Bay 
Aquarium Research Institute, Gordon and Betty Moore Foundation Grant 
3788 (to A.Z.W.), and EC’s FP7 Marie Skłodowska- Curie grant 626182 
(to S.W.). V.J. was funded partially by BIOS- SCOPE (Simons Foundation 
International).

1. C. B. Field, M. J. Behrenfeld, J. T. Randerson, P. Falkowski, Primary production of the biosphere: 
Integrating terrestrial and oceanic components. Science 281, 237–240 (1998).

2. D. K. Steinberg, M. R. Landry, Zooplankton and the ocean carbon cycle. Ann. Rev. Mar. Sci. 9, 
413–444 (2017).

3. A. Z. Worden et al., Rethinking the marine carbon cycle: Factoring in the multifarious lifestyles of 
microbes. Science 347, 1257594 (2015).

4. F. Ribalet et al., Light- driven synchrony of Prochlorococcus growth and mortality in the subtropical 
Pacific gyre. Proc. Natl. Acad. Sci. U.S.A. 112, 8008–8012 (2015).

5. C. L. Follet et al., Trophic interactions with heterotrophic bacteria limit the range of Prochlorococcus. 
Proc. Natl. Acad. Sci. U.S.A. 119, e2110993118 (2022).

6. D. V. Tikhonenkov et al., Microbial predators form a new supergroup of eukaryotes. Nature 612, 
714–719 (2022).

7. P. J. Keeling et al., The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): 
Illuminating the functional diversity of eukaryotic life in the oceans through transcriptome 
sequencing. PLoS Biol. 12, e1001889 (2014).

8. Y. C. Lin et al., Distribution patterns and phylogeny of Marine Stramenopiles in the north Pacific 
Ocean. Appl. Environm. Microbiol. 78, 3387–3399 (2012).

9. J. Frias- Lopes, A. Thompson, J. Waldbauer, S. W. Chisholm, Use of stable isotope- labelled cells 
to identify active grazers of picocyanobacterial in ocean surface waters. Environ. Microbiol. 11, 
515–525 (2009).

10. M. Hartmann, M. V. Zubkov, D. J. Scanlan, C. Lepère, In situ interactions between photosynthetic 
picoeukaryotes and bacterioplankton in the Atlantic Ocean: Evidence for mixotrophy. Environ. 
Microbiol. 5, 835–840 (2013).

11. R. R. Malmstrom et al., Temporal dynamics of Prochlorococcus ecotypes in the Atlantic and Pacific 
oceans. ISME J. 4, 1252–1264 (2010).

12. D. M. Karl, M. J. Church, Microbial oceanography and the Hawaii Ocean Time series programme. 
Nat. Rev. Microbiol. 12, 699–713 (2014).

13. C. J. Choi et al., Seasonal and geographical transitions in eukaryotic phytoplankton community 
structure in the Atlantic and Pacific Oceans. Front. Microbiol. 11, 542372 (2020).

14. Q. Li, K. F. Edwards, C. R. Schvarcz, G. F. Steward, Broad phylogenetic and functional diversity among 
mixotrophic consumers of Prochlorococcus. ISME J. 16, 1557–1569 (2022).

15. T. Biard, Diversity and ecology of Radiolaria in modern oceans. Environ. Microbiol. 24, 2179–2200 
(2022).

16. T. Brunet et al., Light- regulated collective contractility in a multicellular choanoflagellate. Science 
366, 326–334 (2019).

17. K. R. Buck, F. P. Chavez, H. A. Thomsen, Choanoflagellates of the central California waters—
Abundance and distribution. Ophelia 33, 179–186 (1991).

18. C. De Vargas et al., Eukaryotic plankton diversity in the sunlit ocean. Science 348, 1261605 (2015).
19. H. A. Thomsen, J. B. Østergaard, Loricate choanoflagellates (Acanthoecida) from warm water seas. III. 

Acanthocorbis Hara and Takahashi and Stephanoeca Ellis. Europ. J. Protistol. 69, 52–69 (2019).

C

amplicon abundance 
(clr-transf. & z-scored) 

−4 −2 0 2

* significant cluster (p<0.001)

B

Stramenopiles
Alveolates
Rhizaria

Choanoflagellates
Telonemids 
Katablepharids 

others 

Station:

R
el

. a
m

pl
ic

on
 fr

eq
ue

nc
y

0.0

0.2

0.4

0.6

0.8

1.0

SM
L

D
C

M

155 135 115 90 80 70 60 M2/M1

SM
L

D
C

M

SM
L

D
C

M

SM
L

D
C

M

SM
L

D
C

M

SM
L

D
C

M

SM
L

SM
L

D
C

M
 n

ot
 p

re
se

nt

−4

−2

0

2

−2 −1 0 1 2
PC1 [24.8 %]

PC
2 

[1
4.

2 
%

]

DIN:SiO4
DIN PO4

DIN:DIP
Chla SiO4

T

SML DCM;

A

Legend C
A
B

Symbol colors indicate stations according to Fig. 1A
Ac

an
th

o.
   

   
   

23
61

St
ep

ha
no

. D
   

  8
20

C
hr

ys
op

h.
 G

   
  6

56

C
hr

ys
op

h.
 C

   
18

38

D
ic

ty
oc

ho
ph

.  
  3

98

R
AD

-B
1 

  
   

   
  4

61

C
hr

ys
op

h.
 I 

   
   

63
7

St
ep

ha
no

. D
   

21
59

C
hr

ys
op

h.
 C

   
12

89

C
ho

an
of

l. 
cl

.3
 1

54
2

St
ep

ha
no

. D
   

41
88

M
AS

T-
10

   
   

   
   

87

C
ho

an
of

l. 
cl

.3
 6

34
1

C
hr

ys
op

h.
   

   
   

82
5

C
hr

ys
op

h.
 I 

   
   

45
5

M
AS

T-
1C

   
   

   
  7

1
M

AS
T-

1D
   

   
   

  5
6

St
ep

ha
no

. I
   

 2
17

4

C
hr

ys
op

h.
 I 

   
   

70
9

M
AS

T-
1D

   
   

 1
88

9

C
hr

ys
op

h.
 I 

   
  9

43
C

hr
ys

op
h.

 G
   

  6
71

M
on

os
ig

id
. B

  1
49

2
C

hr
ys

op
h.

 H
   

  4
30

C
hr

ys
op

h.
 H

   
57

98

D
ic

ty
oc

ho
ph

.  
  5

18
D

ic
ty

oc
ho

ph
.  

  6
04

St
ep

ha
no

. D
   

  9
75

St
ep

ha
no

. H
   

14
55

St
ep

ha
no

. D
   

  7
94

St
ep

ha
no

. E
   

  6
69

C
hr

ys
op

h.
 H

   
  4

57

M
AS

T-
1A

   
   

   
85

0
M

AS
T-

11
   

   
   

77
9

M
AS

T-
7E

   
   

 2
89

4

M
AS

T-
4D

   
   

 4
28

1

M
AS

T-
7B

   
   

   
10

3

M
AS

T-
1B

   
   

   
  4

5
M

AS
T-

4E
   

   
   

20
9

M
AS

T-
7 

 
   

   
  3

08

C
hr

ys
op

h.
   

   
 1

45
0

C
hr

ys
op

h.
 H

   
   

 4
3

C
hr

ys
op

h.
 G

   
  5

73

M
AS

T-
11

   
   

  9
16

2

M
AS

T-
1C

   
   

   
  2

6

C
er

co
zo

a 
   

   
18

76

C
ho

an
of

l. 
   

   
 1

27
4

C
hr

ys
op

h.
 C

   
63

91

R
AD

-B
4 

  
   

   
  2

40

C
hr

ys
op

h.
 C

   
   

 4
6

M
AS

T-
4C

   
   

 1
11

6

C
hr

ys
op

h.
 H

   
  6

47

C
hr

ys
op

h.
 I 

   
   

32
3

155
135
115
90
80
70

DCM

155
135
115
90
80
70
60
M1

SML

*
**

M
AS

T-
3I

   
   

   
  3

10

* **

Fig.  2. Predatory protist 
distribution patterns. (A) 
Ordination of predatory heter-
otrophic protist communities 
by principal component anal-
ysis, overlain with vectors of 
environmental parameters. 
Coastal and open- ocean hab-
itats differed in community 
composition (PERMANOVA: F6 
= 4.61, P = 0.001), as did the 
SML and DCM (PERMANOVA: 
F1 = 4.86, P = 0.001). (B) Relative 
abundance contributions of 
all protists putatively fun-
ctioning as heterotrophic 
predators collapsed to broad 
groups, based on 18S- V4 
amplicon analyses. (C) Habitat 
distributions of RNA- SIP- 
identified Prochlorococcus 
predators from the open- 
ocean shoreward. Shown are 

18S- V4 amplicon abundances averaged across years with Aitchison distance and Ward- linkage based hierarchical clustering of ASVs. Information following 
taxon names indicates membership in known phylogenetic clades followed by amplicon identifiers (Dataset S1). All dictyochophytes were Pedinellales.
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