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The cyanobacterium Prochlorococcus is the dominant phototroph in surface waters of
the vast oligotrophic oceans, the foundation of marine food webs, and an important
component of global biogeochemical cycles. The prominence of Prochlorococcus
across the environmental gradients of the open ocean is attributed to its extensive
genetic diversity and flexible chlorophyll physiology, enabling light capture over a wide
range of intensities. What remains unknown is the balance between temporal dynamics
of genetic diversity and chlorophyll physiology in the ability of Prochlorococcus to
respond to a variety of short (approximately 1 day) and longer (months to year)
changes in the environment. Previous field research established depth-dependent
Prochlorococcus single cell chlorophyll distributions in the North Pacific Subtropical
Gyre. Here, we examined whether the shifts in chlorophyll distributions correspond
to changes in Prochlorococcus genetic diversity (i.e., ecotype-level community
structure) or photoacclimation of stable communities over short time intervals.
We report that community structure was relatively stable despite abrupt shifts in
Prochlorococcus chlorophyll physiology, due to unexpected physiological plasticity of
high-light adapted Prochlorococcus ecotypes. Through comparison with seasonal-
scale changes, our data suggest that variability on daily scales triggers shifts in
Prochlorococcus photoacclimation, while seasonal-scale dynamics trigger shifts in
community structure. Together, these data highlight the importance of incorporating
the process of photoacclimation and chlorophyll dynamics into interpretations of
phytoplankton population dynamics from chlorophyll data as well as the importance
of daily-scale variability to Prochlorococcus ecology.

Keywords: microbial oceanography, cyanobacteria, chlorophyll, photoacclimation, Prochlorococcus

INTRODUCTION

The picocyanobacterium Prochlorococcus is the  numerically dominant photosynthetic
microorganism in the Earth’s subtropical ocean gyres and by extension the most abundant
photosynthetic cell on Earth (Biller et al., 2015). Prochlorococcus is a key component in the transfer
of carbon and energy through open ocean food webs (Flombaum et al., 2013; Biller et al., 2015).
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The abundance and global distribution of Prochlorococcus is
attributed to its affinity for warm oligotrophic waters, genetic
diversity that spans at least 12 distinct lineages (termed ecotypes),
and physiological plasticity (photoacclimation) that permits the
tuning of chlorophyll concentrations to light availability across
the euphotic zone (Moore et al., 1998; Moore and Chisholm,
1999; Hess et al., 2001; Coleman and Chisholm, 2007; Biller et al.,
2015).

The 12 Prochlorococcus ecotypes have been separated broadly
into high light (HL) ecotypes and low light (LL) ecotypes
based on their 16S-23S intergenic transcribed (ITS) region
sequence similarity (Rocap et al.,, 2002, 2003) and laboratory-
based photophysiological characteristics (Moore et al., 1998;
Moore and Chisholm, 1999). In culture, while both HL and
LL ecotypes can photoacclimate over a wide range of light
intensities, HL ecotypes have lower chlorophyll b/a, ratios and
are inhibited at very low light intensities where LL ecotypes
thrive (Moore and Chisholm, 1999). The HL/LL dichotomy is
supported by more recent data on genome content from cultured
isolates (Rocap et al.,, 2003; Kettler et al., 2007; Biller et al,
2014), environmental sequences (Larkin et al., 2016), single cell
genomes (Malmstrom et al., 2013; Kashtan et al,, 2014), and
the distribution of HL and LL ecotypes over depth (West and
Scanlan, 1999; Ahlgren et al., 2006; Johnson et al., 2006; Zinser
et al,, 2007; Malmstrom et al., 2010). HL ecotypes eMED4 (HLI)
and eMIT9312 (HLII) nearly always dominate the surface mixed
layer, while eSS120 (LLII/III) and eMIT9313 (LLIV) become
more abundant below the thermocline. LL ecotype eNATL is
also most abundant below the thermocline, but persists in the
surface mixed layer after deep mixing unlike other LL ecotypes
(Malmstrom et al., 2010). Distinct ecotypes contain different
sets of functional genes (Rocap et al., 2003; Kettler et al., 2007;
Biller et al., 2014; Kashtan et al., 2014), interact uniquely with
other microorganisms (Sullivan et al., 2003; Sher et al., 2011),
and adjust differently to changes in light availability (Moore and
Chisholm, 1999; Malmstrom et al., 2010). Therefore, shifts in
ecotype community structure could impact the contributions of
the Prochlorococcus “federation” to biogeochemical cycling (Biller
etal., 2015).

The physiological plasticity of Prochlorococcus is evident
in the culture experiments discussed above and also in the
patterns of chlorophyll concentration per cell (ie., single
cell chlorophyll distributions) observed in natural assemblages
of Prochlorococcus in the ocean. Natural Prochlorococcus
populations increase chlorophyll concentration per cell toward
the base of the euphotic zone. In some cases, below the
thermocline distinct Prochlorococcus populations with high
(“bright”) and low (“dim”) chlorophyll concentrations per
cell co-exist, called a “double population” or “bimodal”
population (Campbell and Vaulot, 1993; Dusenberry et al,
2000). However, more often, a gradual transition between
“dim” and “bright” populations occurs with depth (Campbell
and Vaulot, 1993; Dusenberry et al, 2000). The dim and
bright populations are reminiscent of the HL/LL ecotype
dichotomy but their genetic identity has not been directly
linked to their in situ chlorophyll physiology, despite the
many studies of Prochlorococcus ecotype distribution mentioned

above. The relationships between Prochlorococcus chlorophyll
concentration in situ, ecotype community structure, and
productivity remain unknown but is critical for measuring and
modeling Prochlorococcus contributions to global cycles under
different oceanic scenarios (Follows et al., 2007; Lange et al., 2018;
Morozov and Tang, 2018).

Here, we analyzed Prochlorococcus ecotype abundance
alongside previously reported data on single cell chlorophyll
distributions during a 2-week time-course at Station ALOHA
that spanned the destratification and restratification of the
water column (van den Engh et al, 2017). During this
period, a burst in wind speed triggered destratification of
the water column down to 128 m. Easing winds in the
second half of the time-course allowed the restratification
of the water column over a 6-7 day period. Dynamic shifts
in Prochlorococcus single cell chlorophyll distributions were
observed over depth and across daily time-scales in response
to the changes in stratification. After deep mixing, there
were more bimodal Prochlorococcus populations at the top of
the thermocline, consistent with previous studies (Campbell
and Vaulot, 1993; Dusenberry et al, 2000). We examined
Prochlorococcus ecotype community structure in the samples
from this time course and found that the shifts in single cell
chlorophyll distributions could not be fully explained by shifts
in ecotype community structure. Rather, photoacclimation
by Prochlorococcus was the main contributor toward shifts in
chlorophyll distribution. Thus, we hypothesize that shifts in
community structure would require longer periods of altered
oceanographic conditions. These observations have important
implications for the interpretation of chlorophyll as a proxy for
phytoplankton abundance in the open ocean and highlight the
importance of sub-seasonal oceanic variability to Prochlorococcus
ecology.

MATERIALS AND METHODS

Cruise Information and Sampling

Samples were collected in the North Pacific Subtropical Gyre
(NPSG) between March 11-25, 2014 onboard the R/V Kilo
Moana, at Station ALOHA (22°45'N, 158°00'W) (Karl and Lukas,
1996), cruise number KM1409, using an Eulerian approach.
Seawater samples were collected by 12L Niskin® bottles mounted
on a rosette. 15 high-resolution depth profiles of temperature,
salinity, dissolved oxygen, and bulk fluorescence were obtained
by profiling with a CTD package (Sea-Bird SBE 911Plus) (see
van den Engh et al, 2017, Figure 3). During the cruise, 15
depth profiles were sampled for flow cytometry at approximately
5 m intervals. In this study we report on the abundance of
four Prochlorococcus ecotypes across five high-resolution depth
profiles sampled during this period between the surface and
200 m. In order to obtain a high-resolution ecotype profile at 5-
m intervals from the surface to 200 m, two of these casts were
performed back to back (cast 57 and cast 58, March 23rd), and
data from these two profiles are combined in the figures and
analysis we present. Wind speed at Station ALOHA was obtained
from the Woods Hole Oceanographic Institution Hawaii Ocean
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Time-series Site (WHOTS) buoy for the period of interest'.
Mixed layer depth was calculated as a 0.125 kg/m? offset from the
density at 1 decibar. Cruise data for KM 1409 (a.k.a. HOE BOE I)
is available on the Center for Microbial Oceanography: Research
and Education website’. To compare the 2-week time-course to
seasonal patterns, a database of monthly Prochlorococcus ecotype
abundance and flow cytometry measurements from Station
ALOHA (Malmstrom et al., 2010) was analyzed for the same
parameters as the 2014 expedition.

Nutrient Analysis

Nutrient analysis, which included the sum of nitrite
(NO;7) plus nitrate (NO3~) (N+N), phosphate (P), and
silica (Si), was performed on land using a Bran+Luebbe
Autoanalyzer III. NO, ™ 4 NO3 ™ was also determined using the
chemiluminescence method for samples collected from 0-175 m
as this method has an improved detection limit of 1 nmol L~}
(Dore and Karl, 1996).

Quantitative PCR (qPCR)

Quantitative PCR for four discrete Prochlorococcus ecotypes
(eMED4, eMIT9312, eNATL, and eSS120) was carried out
with previously established primers (Zinser et al., 2007), with
procedural modifications to enable high-throughput processing
while at sea. Modifications included using whole seawater diluted
10-fold in sterile nuclease-free water as the template in qPCRs,
rather than lysed cells (Zinser et al., 2007). With the 10-fold
dilution and 25 pl qPCR volumes, effectively, 1 pl aliquots of
each discrete seawater sample were assayed in triplicate for each
ecotype. Initial tests with less diluted seawater (i.e., 1:1 and 1:5)
resulted in inhibition of qPCR, while higher dilutions limited
the sensitivity to detect less abundant ecotypes. Standards were
prepared from linearized plasmids. Linearized plasmid standards
and were normalized to qPCR standards used in previous studies,
which were generated from known quantities of cultured cells
of each ecotype to ensure accuracy and robust comparison to
existing studies with the same assays (Johnson et al., 2006; Zinser
et al., 2007; Malmstrom et al., 2010). As reported in Zinser et al.
(2006), the theoretical limit of detection for the assays is 0.65 cells
mL~!. Samples where QPCR amplification was not detected were
eliminated from analysis. Depth integrated abundances for each
ecotype were calculated down to 150 m, keeping in mind the
caveats of large error presence at some depths.

Flow Cytometry and Cell Sorting of
Prochlorococcus Bimodal Populations

Flow cytometry was performed to enumerate cells and quantify
single-cell chlorophyll distributions in Prochlorococcus as
previously described (van den Engh et al., 2017). Briefly, a BD
Influx flow cytometer equipped with a small particle detector
was used shipboard to count and analyze unpreserved seawater
samples. Data collection was triggered on forward light scatter
(FSC). Red fluorescence was used as a proxy for chlorophyll
concentration.

Uhttp://www.soest.hawaii.edu/whots/
Zhttp://hahana.soest.hawaii.edu/hoeboe/data/data.html

Toward identifying the ecotypes of Prochlorococcus in
bimodal populations, two populations of Prochlorococcus were
distinguished based on red fluorescence (i.e., chlorophyll) and
forward scatter signals. Distinction and naming of the two
populations followed previous work where the Prochlorococcus
bimodal populations were observed (Campbell and Vaulot,
1993; Binder et al., 1996; van den Engh et al, 2017).
“Bright” Prochlorococcus contained relatively high chlorophyll
fluorescence forward scatter. “Dim” Prochlorococcus were defined
as cells with relatively low chlorophyll fluorescence and forward
scatter. Supplementary Figure S1 shows how “bright” and “dim”
cells were distinguished along a representative depth profile. We
compared the abundance and depth distribution of “bright” and
“dim” Prochlorococcus to HL and LL ecotype abundances in the
2-week time-series.

A similar comparison between the depth distribution of
“bright” Prochlorococcus and LL ecotypes was completed for a
1-year period (2007-2008) from data previously published as
a 5-year monthly time-series at Station ALOHA (Malmstrom
et al,, 2010). For the 5-year dataset, different gains were used for
different flow cytometry samples, so gates were drawn on data
normalized to spiked-in fluorescent 1 wm diameter beads. Depth
profiles including samples without spiked-in beads were excluded
from the analysis. Thus, we examined four depth profiles from
this period (Supplementary Figure S7).

Flow cytometry cell sorting coupled to sequence analysis was
used to identify the Prochlorococcus ecotype composition of each
population of a Prochlorococcus bimodal population. Because all
flow cytometry during the 2-week Station ALOHA time-series
was performed shipboard without preservation and samples were
not archived, a bimodal population was obtained in March 2017
from a region approximately 808 nautical miles Northeast of
Station ALOHA (30° 29.94' N, 145° 37.10' W) on cruise number
SKQ201703s on board the R/V Sikuliaq from 85 m depth within
the top of the thermocline. The double populations in this sample
appear identical to double populations observed at Station
ALOHA (Campbell and Vaulot, 1993; van den Engh et al., 2017).
For cell sorting, we used established protocols to ensure sterility
and minimize possible free DNA contamination of cell sorts
(Rodrigue et al., 2009). Prochlorococcus populations were sorted
based on their forward light scatter (FSC) and red fluorescence
(i.e., chlorophyll) properties. Bright and dim populations were
identified for sorting (see above), with stringent sort gates drawn
around each population to avoid overlap. From each population,
10,000 cells were sorted into separate 1.5 mL microfuge tubes,
using the “1.0 Drop Single” sort mode, followed by storage at
—80°C until use in whole genome amplification (see below).
Alongside cell sorts, 1 um polystyrene beads (Polysciences) were
spiked into the seawater sample and sorted identically to the cells
as a negative control for use in whole genome amplification.

Whole Genome Amplification of Sorted

Cells

Multiple displacement amplification (MDA) was used to amplify
whole genomes of sorted cells from the Prochlorococcus bright
and dim populations in the single sample described above. MDA
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FIGURE 1 | (A) Water column properties at Station ALOHA in response to a peak in wind speed (black) and deepening of the mixed layer (red). (B) Prochlorococcus
abundance over the 2-week time-course. Depth profiles with accompanying ecotype abundance data (Figure 2) are marked with asterisks. All depth profiles have
accompanying single cell chlorophyll distribution data presented in van den Engh et al. (2017).

cells per mL

was used instead of PCR applied directly to the sorted cells
to make sure we obtained adequate material for downstream
sequencing of the target populations, even though PCR applied
directly to sorted cells could have yielded enough material
for sequencing. MDA was carried out using the RepliG Mini
kit (Qiagen), following manufacture’s protocols, with a 10-
hour linear amplification step. For each sorted population
(dim and bright) and the bead controls, MDAs were carried
out in three replicate reactions. Template for each MDA was
approximately 1,500 cells or beads in approximately 3 pl volume.
MDA product was diluted 100-fold with nuclease-free water,
quantified by Qubit (Thermo Fisher Scientific), and analyzed
by gel electrophoresis to assess quality and size distribution
of fragments prior to PCR amplification of cyanobacterial ITS
regions.

Barcoded ITS PCR and Sequencing

Diluted MDA product (5 ng) was used in triplicate PCRs
with primers targeting the cyanobacterial 16S-23S intergenic
transcribed (ITS) region. Primers 1247f (Rocap et al., 2002)
and ITS-ar (Lavin et al., 2008) were linked to Illumina adaptor
sequences and unique barcodes and index sequences following
a similar strategy as used for 16S rRNA amplicon sequencing
described in Parada et al. (2016) and Ahlgren et al. (unpublished).
MDA from the negative control bead sorts routinely yielded
no detectable PCR product so were not sequenced, giving us

confidence that sequences recovered from cell sorts were derived
directly from cells and not from “free DNA” in seawater co-
sorting with the target cells. Barcoded PCR products were
purified with Axygen™ AxyPrep Mag™ PCR Clean-up Kits
(Axygen Scientific), quantified by Qubit and qPCR targeting
Mlumina adaptors (Kapa Biosystems), then pooled to create the
multiplexed sample library for sequencing. Sequencing was by
Mlumina MiSeq (2 x 250 bp paired end reads), though only
reverse reads were used for calling operational taxonomic units
(OTUs). QIIME (Caporaso et al., 2010) was used to quality filter
sequence reads and call OTUs de novo. A representative sequence
from each OTU was identified to the ecotype level using BLASTn
(Altschul et al., 1990) with a database of cyanobacterial ITS
sequences from cultured isolates.

RESULTS

Shifts in Water Column Properties Due to
Wind-Driven Mixing

During a 2-week period at Station ALOHA we observed the
destratification and restratification of surface waters (Figure 1).
At the beginning of the time-course an increase in wind speed
drove the destratification of a previously stratified water column,
deepened the mixed layer, entrained water from the previously
stratified thermocline into the new deep mixed layer (Ferron
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FIGURE 2 | Ecotype abundance of Prochlorococcus over depth profiles across a 2-week period at Station ALOHA (A-E). Oceanographic context and
Prochlorococcus abundance for profiles is marked in Figure 1B. Peak wind speeds and deepest mixing occurred on March 16th (B) and eased through the
remaining time course. Density profiles for each cast are show by the black trace in each plot.

109 101 102 103 10% 105
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et al,, 2015), and cooled sea surface temperature. Restratification
of the water column and shoaling of the mixed layer occurred
during a 1-week period following peak wind speeds (Figure 1A).
Detailed analysis of the oceanographic context of the sampling
period has been described previously in two studies (Ferron et al.,
2015; van den Engh et al.,, 2017). The depth of the mixed layer
ranged from 61 to 128 m during the 2-week period, which is
comparable to seasonal shifts in the mixed layer depth at Station
ALOHA over a 5-year period (Supplementary Figure S2).
Prochlorococcus concentration decreased approximately 2-fold in
the surface mixed layer following the deepest mixing (Figure 1B),
leading to a similar decrease in depth-integrated abundance over
the time-course (Supplementary Figure S3). Concentrations
of phosphorus, silica, and N+N were measured at six time-
points for several depths within the mixed layer and thermocline
(Supplementary Figure S4). We observed depletion of Si and P
in the surface mixed layer following deep mixing, whereas a shift
N+N concentration was not detected.

Variation in Prochlorococcus Ecotype

Composition

To measure shifts in Prochlorococcus community structure in
response to 2 weeks of daily-scale oceanographic variability, we
analyzed five high-resolution depth profiles for four dominant
Prochlorococcus ecotypes by qPCR, including the HL ecotypes
eMED4 and eMIT9312 and the LL ecotypes eNATL and eSS120
(Figure 2).

Despite the dramatic shifts in the depth of the surface mixed
layer (Figure 1A) HL ecotype eMIT9312 always outnumbered
eMED4 in the surface mixed layer (Figure 2) and in depth
integrated abundance (Supplementary Figure S5), consistent
with seasonal dynamics of HL ecotypes at Station ALOHA
(Malmstrom et al., 2010). In contrast, the relative abundance of
LL ecotypes was dynamic over the 2-week time-course in multiple
ways (Figure 2 and Supplementary Figure S5). After deep
mixing (March 20th and March 21st), both LL ecotypes eSS120
and eNATL became more abundant in the surface mixed layer,
coinciding with the entrainment of water from the previously
stratified thermocline into the surface mixed layer due to the
strengthened wind (Ferron et al.,, 2015). However, at all time
points, LL ecotype abundance remained orders of magnitude
less than HL ecotype abundance in the surface mixed layer.
LL ecotype abundance in the surface mixed layer returned
to levels below detection limit by the end of the time-course
(March 23rd) when the water column became restratified. In
addition, there were multiple shifts in the relative dominance
of eNATL or eSS120 in the surface mixed layer. Prior to the
onset of deep mixing, eNATL and eSS120 were present at or
near detection limit in the surface mixed layer (March 14th
and 16th). As the water column became destratified, the LL
ecotypes increased in abundance in the surface mixed layer,
with eSS120 dominating the LL ecotypes (March 20th). One day
later (March 21st) (or approximately 10 km away because this
is a Eulerian sampling scheme) eNATL dominated LL ecotypes
in the surface mixed layer. Short-term shifts in eNATL and
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(black symbols) and “bright” (high chl. Pro.) Prochlorococcus cells as measured by flow cytometry (gray symbols) and defined in Supplementary Figure S1. The
relationship between these independent measurements on the same subpopulations of Prochlorococcus cells is indicated by the correlation values (R%) shown in
each plot. Peak wind speeds and deepest mixing occurred on March 16th (B) and eased through the remaining time course. Similar patterns were observed over a
year time-course at Station ALOHA (Supplementary Figure S7). Comparison of “bright” and “dim” abundances over depth were presented previously in van den
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eSS120 abundance were also observed in their of depth-integrated
inventories (Supplementary Figure S5).

Ecotype vs. Chlorophyll Physiology

Comparison
Previous work documented dramatic shifts in Prochlorococcus
single cell chlorophyll concentrations over depth and from
day-to-day (van den Engh et al, 2017). In Station ALOHA
surface mixed layers, Prochlorococcus single cell chlorophyll
distributions were unimodal with mean chlorophyll content
constant over depth. Below the mixed layer in a continuously
stratified water column, Prochlorococcus single cell chlorophyll
distributions were also unimodal, however, the mean chlorophyll
increased continuously with depth. Discontinuities in water
column density (or potential density) below the mixed layer
corresponded to abrupt shifts in the means of Prochlorococcus
single cell chlorophyll distributions and occasionally resulted
in bimodal distributions (i.e., a Prochlorococcus “double”
population; see Figure 4 and Supplementary Figure S1). Such
depth discontinuities in single cell chlorophyll distributions were
commonly seen in the second part of the time-course following
destratification of the water column (van den Engh et al., 2017).
We tested whether shifts in chlorophyll distributions
corresponded to shifts in Prochlorococcus ecotype community
structure or photoacclimation to different light levels, or both.

Genomic analysis and growth physiology studies suggest that
LL ecotypes contain more chlorophyll per cell than HL ecotypes
(Moore and Chisholm, 1999). First, we tested whether increased
abundance of cells with higher chlorophyll (i.e., bright cells,
see section Materials and Methods) corresponded to increased
abundance of LL ecotypes. We found that the depth profiles of
Prochlorococcus bright populations and LL-ecotypes changed
proportionally across depths in all casts along the 2-week time-
course (Figure 3). The strength of the correlation between bright
Prochlorococcus and LL-ecotypes varied across the time-course,
with the best correlation on March 20th (R? = 0.854) and poorest
correlation on March 21st (R* = 0.231), where two maxima
were observed for both the LL ecotype and bright cell profiles
(Figure 3D). However, the abundance of bright Prochlorococcus
was substantially greater than the sum of LL-ecotypes eNATL
and eSS120 (see different x-axis scales, Figure 3). Next, we
tested whether the relationship we observed between bright
Prochlorococcus and LL-ecotypes was a widespread feature
of Prochlorococcus by comparing the 2-week time series to
monthly samples from a previously published time-series of
Prochlorococcus abundance and ecotype composition at Station
ALOHA (Malmstrom et al., 2010). Our observations of a
proportional relationship and discrepancy in absolute abundance
between bright Prochlorococcus and LL-ecotypes abundances,
was recapitulated in the monthly time-course at Station ALOHA
(Supplementary Figures S6, S7).
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FIGURE 4 | Ecotype identity of cells from Prochlorococcus double populations. (A) “Bright” and “dim” populations were defined based on relative red fluorescence
and relative forward scatter signals. The boundary of sort gates is indicated by black ovals. “Bright” cells (B top) were composed of low-light adapted ecotypes
(blue) and high-light adapted ecotypes (green and yellow). “Dim” cells (B bottom) were composed solely of high-light adapted ecotypes (green and yellow).
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For both time-series two important caveats exist toward
the above interpretation of the results. First, the qPCR assays
employed do not detect all lineages of LL-ecotypes. Zinser et al.
(2006) demonstrated that in the North Atlantic, under certain
conditions, Prochlorococcus counts by qPCR are an order-of-
magnitude less than counts by flow cytometry deep within the
euphotic zone. The undetected LL-ecotypes are likely composed
of more recently recognized LL-ecotypes (i.e., LLV, LLVI, and
LLVII) and possibly additional unrecognized LL-ecotypes. Thus,
in our samples, abundance of LL-ecotypes from lineages other
than eSS120 and eNATL could contribute toward the difference
between bright Prochlorococcus and LL-ecotypes (Figure 3).
Secondly, differences in cell lysis of LL-ecotypes during PCR and
differences in qPCR yield could contribute to the magnitude of
the difference between bright cells and LL-ecotypes. LL ecotypes
require more rigorous cell lysis protocols (Martiny et al., 2006).
Inefficient lysis of LL-ecotypes could have contributed toward the
difference in quantity of bright cells and LL-ecotypes.

Ecotype Composition of

Prochlorococcus “Double” Populations

To further test whether physiologically distinct Prochlorococcus
cell populations represent distinct genotypes, and address the
caveats presented above, we examined the ecotype composition
of the two populations in a Prochlorococcus “double” population
(Figure 4A). Sequencing of ITS amplicons from the sorted whole
genome-amplified dim and bright cells revealed that LL-ecotype

OTUs (eNATL) were present exclusively among the bright cells
(Figure 4B, top). HLII OTUs (eMIT9312) were present mostly
among the dim cells and HLI OTUs (eMED4) were present
in both dim and bright populations (Figure 4B, bottom). In
summary, HL ecotypes were present in both bright and dim
populations. Note: The sample used for cell sorting was obtained
from a station Northeast of Station ALOHA in March 2017 (85 m
depth within the top of the thermocline). The dominance of HLI
ecotypes at this latitude is consistent with prior understanding
of Prochlorococcus HLI and HLII global distributions (Johnson
et al., 2006; Ribalet et al., 2015; Larkin et al., 2016).

DISCUSSION

The numerical dominance of Prochlorococcus in the surface
waters of open ocean gyres is attributed to the group’s
extensive genetic diversity and physiological plasticity that
supports growth across a wide range of environmental conditions
(Coleman and Chisholm, 2007; Biller et al., 2015). While
these two Prochlorococcus characteristics have been studied
extensively among cultured isolates and natural assemblages,
no studies have examined the relationship between genetic
diversity and physiological plasticity in the same samples in the
context of physical and biogeochemical variability in the ocean.
Determining how this abundant cyanobacterial group responds
to changes in oceanographic conditions is essential toward
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advancing understanding of the contributions of Prochlorococcus
to global biogeochemical cycles.

Chlorophyll Physiology Cannot Be Fully

Explained by Community Structure

We found that the chlorophyll physiology of Prochlorococcus
populations could not be explained solely by ecotype
composition. While correlations of bright (i.e., high chlorophyll
content) Prochlorococcus cells and LL Prochlorococcus ecotypes
were strong across depth profiles, bright Prochlorococcus
outnumbered LL ecotypes by 2-10-fold across a 2-week daily
time-series (Figure 3) and a year-long period (Supplementary
Figure S7). This result suggested that bright cells are composed
of both HL ecotypes and LL ecotypes. To address this possibility,
we demonstrated that sequences from HL ecotypes were present
in cell sorts of both bright and dim populations, while sequences
from LL ecotypes were found only among sorted cells of the
bright population (Figure 4). In addition, the ecotype abundance
profiles show that there are many samples in which multiple
ecotypes coexist that do not show bimodal distributions in the
corresponding database of single cell chlorophyll distributions
(van den Engh et al., 2017). Together, these observations do not
support hypotheses raised in early studies of Prochlorococcus
where high-chlorophyll (bright) populations of cells in the
stratified thermocline were hypothesized to be composed of
distinct Prochlorococcus genotypes (Campbell and Vaulot, 1993;
Dusenberry et al, 1999). Rather, the Prochlorococcus high-
chlorophyll phenotype is composed of diverse Prochlorococcus
genotypes. These data support a suggestion by van den Engh
et al. (2017) that bimodal populations could be the result
of recent mixing of water and vertical transport (and cell
populations) from different depths. The bimodal population
could be the result of observation before the cells have had
time to photoacclimate to the new light availability at the new
depth. This observation suggests that light conditions below
the mixed layer may be dynamic in previously unrecognized
ways (i.e., non-diel patterns) due to processes such as turbulent
mixing at the mixed layer to thermocline interface, breaking
of internal waves, light shock, and long periods of darkness.
Indeed, recent laboratory experiments show that Prochlorococcus
in the company of heterotrophic bacteria can survive prolonged
darkness (Coe et al, 2016). More work examining how
Prochlorococcus responds to non-diel light fluctuations is
needed to more deeply understand the ecology of this abundant
cyanobacterium.

We also found that HL ecotypes were able to match LL
ecotypes in their elevated chlorophyll concentrations at the
light-limited base of the euphotic zone. An elegant set of light
physiology studies have documented that LL ecotypes in culture
have distinctly more chlorophyll per cell and chlorophyll b
relative to divinyl chlorophyll a than HL ecotypes in culture
across a range of light intensities (Moore and Chisholm, 1999).
Furthermore, in culture, LL ecotypes have a clear growth
advantage at low light levels characteristic of the base of the
euphotic zone (Moore and Chisholm, 1999). Our results suggest
that in the natural conditions of the water column HL ecotypes

may be even more physiologically plastic than expected from
laboratory studies. This perhaps is not surprising given previous
observations (Ahlgren et al., 2006; Johnson et al., 2006; Zinser
et al, 2007; Malmstrom et al, 2010) that HL ecotypes are
abundant deep in the water column such that they span the
lowest and highest of light intensities encountered in the euphotic
zone (Figure 2). Our results indicate that HL ecotypes may be
capable of augmenting internal chlorophyll concentrations and
cell size (FSC as a proxy) to the same extent as LL ecotypes in
natural assemblages (Figure 4). Important future work would
examine the HL and LL-specific growth rates at the base of
the euphotic zone, influences of light and nutrient availability
on LL and HL cell phenotype at this position in the water
column, as well as the metabolic activity of cells from each
group, to understand the contributions of coexisting ecotypes
to biogeochemical cycling and primary production in the deep
euphotic zone.

Deep Mixing Entrains LL Ecotypes Into
Surface Mixed Layer

We observed slight increases in the abundance of LL ecotypes in
the surface mixed layer, especially eNATL, following mixing into
a previously stratified thermocline (Figure 2). An entrainment
event occurred during this period (Ferron et al, 2015), thus
we hypothesize that the increase in the abundance of LL
ecotypes was linked to the entrainment of stratified water
containing LL ecotypes from below the mixed layer into
the new deeper surface mixed layer. Entrainment of water
from the stratified thermocline into the mixed layer was also
implicated in transporting LL ecotype eNATL into surface
waters during periods of deep mixing in 5-year time-courses
at Station ALOHA and BATS (Malmstrom et al., 2010).
The persistence of eNATL, and not eSS120 or eMIT9313, is
consistent with eNATLs superior ability to handle high-light
exposure (Malmstrom et al., 2010). Malmstrom et al. (2010)
also observed the net accumulation of LL ecotype eNATL in
surface waters during month-long periods of deep mixing.
However, in that study it was not possible to determine if
eNATLs persistence was due to growth in the surface mixed
layer. In contrast, in the 2-week period we studied, elevated
concentrations of eNATL did not lead to their accumulation
in the surface mixed layer. We hypothesize that LL ecotypes
could not compete with HL ecotypes as the water column
restratified over a period of several days in our time-series.
These results may indicate that LL ecotypes detected in the
surface mixed layer across ocean basin transects (Johnson
et al., 2006) could be the result of either recent water
entrainment from the stratified thermocline or sustained periods
of deep mixing. Experiments testing the metabolic activity of
LL ecotypes such as eNATL that are present in the surface
mixed layer would help determine the ecosystem contributions
of these vertically transported cells. The Eulerian sampling
approach taken here, and in the 1-year time-series, cannot
rule out the possibility that a new water mass arrived at
Station ALOHA during the sampling period influencing the
distribution of Prochlorococcus ecotypes. Future experiments
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using Lagrangian approaches, such as Robidart et al. (2014),
would be useful toward developing additional understanding
of the interaction between physical oceanographic processes,
Prochlorococcus chlorophyll distribution, and Prochlorococcus
community structure dynamics.

Prochlorococcus Photoacclimation and
Shifts in Community Structure Occur on

Distinct Time-Scales

Subtle shifts in Prochlorococcus community structure contrasted
with dramatic shifts in Prochlorococcus abundance (Figure 1B
and Supplementary Figure S3) and single cell chlorophyll
distributions (van den Engh et al., 2017) from day-to-day across
the 2-week time-course at Station ALOHA. Photoacclimation
allowed for relatively rapid adjustments to unexpectedly altered
conditions (i.e., non-diel changes in light availability), possibly on
time-scales ranging from minutes [changes in gene and protein
expression (Steglich et al., 2010)] to days [estimates of changes
in chlorophyll concentration per cell, or photoacclimation rates,
from 0.9-2 47! (Dusenberry et al., 2001)]. Meanwhile, our
comparison to the monthly time-series at Station ALOHA
suggests that shifts in ecotype-level community structure require
longer exposure to new conditions for favored ecotypes to
accumulate, possibly due to relatively slow Prochlorococcus
growth rates (Moore et al., 1998; Mann and Chisholm, 2000).
Finally, shifts in abundance were not tied to shifts in community
structure, but were the product of dilution of a Prochlorococcus-
rich surface mixed layer with water entrained from less
Prochlorococcus-rich waters of the stratified thermocline, and
possibly the slowing of cell division rates with the decrease in
surface temperature that accompanied the deepened mixed layer.
These observations suggest that the success of Prochlorococcus
globally is tied to the ability of the cells to respond to variability
across a range of time-scales that match the time-scales of
variability in the open ocean.

CONCLUSION

We have measured the relationship between Prochlorococcus
community structure and chlorophyll physiology over a short-
term destratification and restratification event in the NPSG.
We found that shifts in Prochlorococcus abundance and single
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