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Supplementary Discussion

Controls on the biogeography of Prochlorococcus
Temperature is the widely accepted parameter that controls Prochlorococcus distributions'!
13,1590 with nutrient limitation*!%34°! and mixed layer depth!#*2

Temperature related distribution of Prochlorococcus is well known both for the North Pacific

implicated as well.

Ocean®** and globally!!!2141570 Extensive distribution data for Prochlorococcus from
thousands of field observations from previous field campaigns, as well as our data for the
2015 and 2016 cruises, suggest that Prochlorococcus would have been expected to inhabit
waters in the transition zone in 2017 at abundances near 10° cells ml™' at temperatures in the
range of 15-18 °C 1121415303390 Here we use the terminology of a decline in
Prochlorococcus in relation to their expected distribution at these temperatures and do not
intend to imply a time scale. To account for the seasonal migration of the transition zone and
to provide a geographic point of reference, we compare Prochlorococcus abundances on the
different cruises to the location of the chlorophyll front.

Biotic and abiotic controls on Synechococcus’ distribution

Synechococcus populations decreased at warmer temperatures in June 2017 compared to the
2015 and 2016 transects (Fig. 2b). However, the shift in the 2017 decline occurred with a ~2
°C difference relative to the previous years, whereas the shift observed for the 2017
Prochlorococcus decline had a ~5 °C difference. The northernmost decline in Synechococcus
corresponded to the region where picoeukaryotes reached ~2x10* cells'ml! in all three
cruises (Extended Data Fig. 2), suggesting that competition with picoeukaryotes may
contribute to the Synechococcus decline and the spatial succession between these two
phytoplankton groups. Although none of the environmental parameters measured correlated
with the decline in Synechococcus in 2017, factors such as mixed layer depth or as of yet
unknown abiotic conditions may also be important in the decline in Synechococcus. 1t is
important to note that temperature is a less significant driver of the overall distribution range
of the Synechococcus genus than for the Prochlorococcus genus'»1246% at least at the
temperature ranges relevant for this region.

Single-virus and single-cell infection quantification of the dominant cyanophage
lineages

The polony method uses highly degenerate primers and probes to capture diverse viruses
from the major cyanophage lineages quantified in this study. These primers and probes were
designed using both cyanophage isolates and environmental sequences and capture
environmental virus genotypes across the diversity of the cyanophage lineages examined3’-%.
We previously verified that that these primers and probes match cyanophage sequences from



metagenomic datasets in silico®®. Specifically, polony primers and probes were compared to
the diversity of cyanophages in 44 metagenomic samples collected in the North Pacific
Subtropical Gyre in July 20154 and found that 93% of cyanophage reads would be detected
when allowing for 2 mismatches®®. Previous studies have shown that primers with up to 2-4
mismatches can be tolerated in PCR assays without detrimental effects®**. Additionally, we
empirically tested the sensitivity of mismatches to probe hybridization and found that up to 3
mismatches can be tolerated in the polony assay. Notably, the relative cyanophage
community composition in the metagenomes was similar to that found using single-virus
quantification with the polony method.

Here, we further investigated the suitability of our primers and probes for capturing
cyanophage diversity across the transects in the North Pacific Ocean traversed in this study.
Viral metagenomes (n=68) were collected in parallel with polony samples across the 2016,
2017, and 2019 transects. We used a phylogenetic-based approach to classify assembled
sequences (Supplementary datasets 2-7) that represent the dominant viruses in the water at
the time of sampling, as described previously*’. The polony assay was able to capture 99%
(1233/1238), 93% (296/317), and 96% (368/385) of T4-like cyanophage sequences with <2
mismatches to the forward primer, reverse primer, and probe sequences, respectively.
Similarly, the polony assay was able to capture 98% (391/397), 95% (160/167), and 98%
(276/283) of T7-like cyanophage sequences with <2 mismatches to the forward primer,
reverse primer, and probe sequences, respectively. These calculations are conservative
estimates of the cyanophage diversity captured as they do not consider sequencing error that
may underlie some of the observed sequence variability in the metagenomes. Thus, our
primers and probes may actually detect more than 93% of the sequence variants. No
assemblies were detected for TIM5-like cyanophages, likely due to their low abundance.

Our polony methods are aimed at quantifying the dominant cyanophage groups in the oceans.
T4-like and T7-like cyanophages are the dominant cyanophages in metagenomic datasets
from global expeditions such as the Tara Oceans Expedition®? as well as specifically from
surface waters in the North Pacific Subtropical Gyre**#2. Other phage lineages known to
infect picocyanobacteria are expected to contribute little to cyanobacterial mortality. For
example, the cyanosiphoviruses are a minor component of the cyanophage community
(<10%) in the surface ocean’%*? 44,95-98

discovered over the last decade, including the TIM5-like cyanophages*. Furthermore, the

as are other non-T4-like or T7-like cyanophages

handful of infected picocyanobacteria detected from the sequencing of hundreds of single cell
genomes of Prochlorococcus and Synechococcus were infected by T4-like and T7-like
cyanophages, including the cells collected across the transects on the 2016 cruise*'. We
cannot definitively rule out the contribution of these non-T4-like or T7-like cyanophage or
yet to be discovered virus types as important contributors to mortality at this time using our
targeted approaches. However, based on the above independent lines of evidence, these other
cyanophages are likely to be rare relative to the T4-like and T7-like cyanophages.



Estimating infection and mortality from iPolony measurements

Infection values were calculated and mortality was estimated from instantaneous
measurements of infection in the environment. This was done for each of the cyanophage
lineages infecting a particular host genus (e.g. T4-like cyanophages that infect
Prochlorococcus). Cyanophages in the environmental likely exhibit a range of latent periods.
Since it is not possible to measure latent periods in situ, we used the latent periods
determined from cyanophage infections carried out under laboratory conditions (n=24, Table
S3)%%-78, Average values were used as we expect them to reflect the diversity of latent periods
of cyanophages in the environment.

The calculation of percent infection from iPolony data uses the relative proportion of the
latent period, divided into three bins representing the periods prior to, during, and after phage
genome replication which have different detection efficiencies due to differences in the copy
number of phage genomes inside the cell®. Testing the sensitivity of this calculation to the
variability in the length of time allocated to each bin changed infection values reported in this
manuscript by an average of 0.0006% for T4-like cyanophages when bins were lengthened or
shortened by one standard deviation. Thus, this variability appears to have a minimal impact
on our percent infection values. The main source of uncertainty is derived from differential
detection across the latent period, which results in a 2-fold maximal difference in values if
infections in environmental populations were highly synchronized, either prior to or after
phage genome replication®®. These bounds of uncertainty in infection values are shown by the
error bars in Extended Data Fig. 5 and Extended Data Fig. 6.

Estimating mortality depends on the number of infection cycles cyanophages are expected to
complete in one day. The latent period averages used for the T4-like and T7-like
cyanophages are closer to the longer end of the distribution suggesting our mortality
estimates are likely to be conservative. If cyanophage communities were composed of a few
dominant genotypes whose latent periods were significantly different from the average, this
would affect our mortality estimates. Determining the suitability of these averages for our
estimates awaits the ability of the field to estimate cyanophage latent periods in field settings.

Expected shifts in picocyanobacterial diversity along environmental gradients
Picocyanobacterial community composition is expected to undergo changes in the vicinity of
the transition zone. While, the high light (HL) II Prochlorococcus ecotype dominates in the
subtropics!?1339:33 "the HLI ecotype is expected to become the most abundant
Prochlorococcus ecotype due to higher growth rates at the temperature range of 16-18 °C
found in the transition zone!>!3%, There may also be changes in Prochlorococcus diversity
within an ecotype, such as the enrichment of Prochlorococcus HL1.2 ecotypes during
summer months*°. Synechococcus clades are likely to undergo similar reorganizations in their
community structure in the transition zone. The oligotrophic specialist Synechococcus clades
IT and IIT are expected to be succeeded by the cold-water adapted clades I and/or IV at ~15
°C based on previous findings for the Pacific and Atlantic Oceans®’. Additionally, the low
iron adapted clade CRD1 has been previously observed to thrive in the North Pacific inter-

gyre transition zone region®3.



Virus-mediated organic matter production

In the subtropical gyre, low levels of infection of Prochlorococcus contributed to an average
0f 9.0+6.7 umol C-m=>-d!, 1.24£0.94 umol N-m=3-d"! and 0.04+0.04 umol P-m3-d"! released
by viral lysis. Assuming a lysed cell is quickly converted into dissolved organic matter’® and
that a lysed picocyanobacterium has a C:N:P stoichiometry similar to that of growing cells
(see Methods), viral lysis of picocyanobacteria would account for ~13%, ~4% and ~2% of
the production of daily dissolved organic carbon (DOC), organic nitrogen, and organic
phosphorus, respectively, based on previously measured organic matter production rates in
the North Pacific Subtropical Gyre and other subtropical gyres®!*3. As infection levels and
relative contribution of Synechococcus increased in the transition zone, organic matter
production was estimated, on average, to be up to 20-fold greater than the subtropics,
reaching between 23-174 pmol C-m=3-d"! (46442 umol C-m-d! average).



Table S1. Comparison between predictive models for cyanophage abundances

Predicted variable Model RMSE
Total cyanophages Prochlorococcus x Temperature 0.94
Synechococcus x Temperature 0.55
Chlorophyll x Temperature 0.50
Pro:Syn ratio x Temperature 0.40
Total cyanobacteria X Temperature 1.2
T4-like cyanophages Prochlorococcus x Temperature 1.4
Synechococcus x Temperature 0.66
Chlorophyll x Temperature 1.0
Pro:Syn ratio x Temperature 0.79
Total cyanobacteria X Temperature 1.6
T7-like cyanophages Prochlorococcus x Temperature 1.9
Synechococcus x Temperature 1.1
Chlorophyll x Temperature 1.5
Pro:Syn ratio x Temperature 1.2

Total cyanobacteria X Temperature 2.2




Table S2. Primers and probes used in polony methods*7-8

Target . . Concentration | Thermal cycling
Target phages gene Name Sequence Modification (uM) conditions*
534Rd TGNWRYTCRTCRTGNAYRAA | 5°-Acrydite 20 %4 °Cthf°f 5m,
en
50 cycles of
T7-like cyanophages [ DPOL (5)3 08 ior jg 5
341Fd-15-NNN | NNNCCNAAYYTNGSNCAR 15 oL 325
72 °C for 2 m
then
72 °C for 6 m
CPS1.2 ATHTTYTAYATHGAYGTNGG | 5-Acrydite 10 94 °Cthf°f Sm,
en
50 cycles of
94 °C for 45 s,
Primers | T4-like cyanophages | g20 35-50 °C by 0.3
CPS8.2 ARTAYTTNCCNRYRWANGG 10 °C steps for 45 s,
72 °C for 2 m
then
72 °C for 6 m
DPOL | Dpol2 2F YWYGCNTAYAAYGARATG 5°-Acrydite 20 94 °(ihf°r 5 m,
en
50 cycles of
TIMS5-like 94 °C for 45 s,
cyanophages Dpol2R CCANGCRTTNGCNWSNGG 10 50 °C for 45’5,
72 °C for 2 m
then
72 °C for 6 m
Clade A T7-like 405AF(d+3i) TAYTGYYTIATITAYGGIGG 5-Cy3 1.2
cyanophages
Clade B T7-like 94 °C for 6 m,
cyanophages (w/o DPOL | 405BF(d+3i) TAYGCITTYYTITAYGGIGC 5’-Cy5 0.45 then
Tip42 subclade) 42 °C for 30 m
Tip42 subclade T7- 405BF(d+3i)tip42 | TAYTGITTYYTITAYGGIGG 5°-Cy5 0.15
like cyanophages
T4-like cyanophages
and some non-cyano
Probes T4-like 20 cyano env | RTCRTAYTGDATRTGITC 5-Cy5 0.6 04°C for 6
environmental orom,
sequences g20 then
42 °C for 30 m
Some non-cyano T4-
like environmental g20 env GCRAARTRICCRTCYTK 5’-Cy3 1.2
sequences
. TIMS-C(d+2i) GAYTGIATRCACCAITTRTT 5’-Cy5 0.6 94 °C for 6 m, |
TIMS-like DPOL then
| cyanophages TIMS5-V(d-+2i) GAYTGRATIiACCCAITTRTT 5°-Cy5 0.6 42 °C for 30 m |

*Note that thermal cycling for iPolony reactions (infected cell assays) was initiated with 94
°C for 15 m then 25 °C for 15 m prior to the conditions listed above.



Table S3. Infection dynamics for cyanophages infecting marine picocyanobacteria

. Virus production  References
. Latent period (h) i »
Virus group Host (viruses cell)*
(n)
(n)

T4-like Synechococcus 8.9 4.5 (7) 42+12(3) 22,66,99-103
T4-like Prochlorococcus 8.8 £1.1 (5) 12+0(2) 22,103-106

103 L
T7-like clade A Synechococcus 3.3+ 3.3 (5) 97 £15(5) » (Maidanik et

al., unpubl. data)
T7-like clade A Prochlorococcus n/a' n/a’

103 L
T7-like clade B Synechococcus 7.0+£2.3(5) 55+29(5) > (Maidanik et

al., unpubl. data)

107,108 H :
T7-like clade B Prochlorococcus 8.6 + 1.1 (5) 53+ 18 (2) s (Maidanik et

al., unpubl. data)

* Virus production is measured by three different approaches, measuring either infective
viruses, total particles, or free and packaged genomic DNA.
T There are no published latent periods and burst sizes of T7-like clade A cyanophages on

Prochlorococcus. For use in mortality estimates, we assumed they had similar average latent

periods to Synechococcus infecting T7-like clade A cyanophages. We also assumed that the

average burst size was 1.9-fold higher than Prochlorococcus-infecting T7-like clade B

cyanophage based on the fold difference observed between Synechococcus infecting T7-like
clade A and B cyanophages.



Table S4. Model parameter values

Parameter Total cyanophages T7-like cyanophages T4-like cyanophages

ag 0.2 -10.3 3.5
aj 0.88 1.5 0.61
az -5.47 -9.98 -3.54

a3 0.36 0.64 0.23
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Fig. S1. Predicted cyanophage abundances in the North Pacific Ocean. The regression model was trained
on samples collected along the 2015, 2016 and 2019 transects. (a, b) March 2015, (¢, d) April 2016, and (e,
f) April 2019. Total cyanophages (a, ¢, e) and the T7-like:T4-like cyanophage ratio (b, d, f). The hotspot
peak corresponds to yellow regions in (a, ¢, €) and red regions in (b, d, f).
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Fig. S2. Representative cytograms and gating of open ocean microbial communities. Picocyanobacteria
are detected and gated based on size (forward scatter) and their natural autofluorescent pigments.
Hierarchical gating was employed to first discriminate yellow-green beads added as an internal standard (a),
then Synechococcus based on the orange fluorescence of phycoerythrin (b), and finally Prochlorococcus
based on size, chlorophyll fluorescence and the lack of orange fluorescence (c). Optical properties
(fluorescence and scatter) are measured in arbitrary units (a.u.).
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Fig. S3. Changes in physiochemical water column properties with temperature in the North Pacific
Ocean. Particulate carbon (a), mixed layer depth (b), nitrate + nitrate concentrations (¢), and phosphate
concentrations (d) from the March 2015 (purple), April 2016 (blue), and June 2017 (orange) transects.
Shaded regions indicate the hotspot and arrows indicate the chlorophyll front position.
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Fig. S4. Cyanophage community composition plotted against latitude across the North Pacific Gyres.
March 2015 (a), April 2016 (b), and June 2017 (c¢) transects. Insets show T7-like clade A and TIMS5-like
cyanophage abundances on a zoomed scale. Note that all vertical axes, including insets, are plotted with
units of 103 viruses'ml!. The dashed lines and shaded regions show the position of the chlorophyll front and
the virus hotspot, respectively. See Extended Data Fig. 4 for confidence intervals and out-and-back
reproducibility.
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