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Niche partitioning and biogeography of high light
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The distribution of major clades of Prochlorococcus tracks light, temperature and other environ-
mental variables; yet, the drivers of genomic diversity within these ecotypes and the net effect on
biodiversity of the larger community are poorly understood. We examined high light (HL) adapted
Prochlorococcus communities across spatial and temporal environmental gradients in the Pacific
Ocean to determine the ecological drivers of population structure and diversity across taxonomic
ranks. We show that the Prochlorococcus community has the highest diversity at low latitudes, but
seasonality driven by temperature, day length and nutrients adds complexity. At finer taxonomic
resolution, some ‘sub-ecotype’ clades have unique, cohesive responses to environmental variables
and distinct biogeographies, suggesting that presently defined ecotypes can be further partitioned
into ecologically meaningful units. Intriguingly, biogeographies of the HL-I sub-ecotypes are driven
by unique combinations of environmental traits, rather than through trait hierarchy, while the HL-II
sub-ecotypes appear ecologically similar, thus demonstrating differences among these dominant HL
ecotypes. Examining biodiversity across taxonomic ranks reveals high-resolution dynamics of
Prochlorococcus evolution and ecology that are masked at phylogenetically coarse resolution.
Spatial and seasonal trends of Prochlorococcus communities suggest that the future ocean may be
comprised of different populations, with implications for ecosystem structure and function.
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Introduction

The numerical dominance of Prochlorococcus spp.
in open oligotrophic oceans (Partensky et al., 1999;
Flombaum et al., 2013) is driven in part by the
exceptional genomic diversity of this genus of
cyanobacteria (Scanlan et al., 2009; Partensky and
Garczarek, 2010; Biller et al., 2015). Although its
populations can coexist within a water column
(Scanlan and West 2002; Zinser et al., 2007), across
ocean basins the distributions of the major clades of
Prochlorococcus are structured by a combination of
environmental variables, notably temperature and
light (Bouman et al., 2006; Johnson et al., 2006).
The importance of these and other drivers is
supported by physiological studies that have
demonstrated differences among its clades in
optimal light intensity (Moore and Chisholm,
1999), temperature (Moore et al., 1995; Johnson
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et al., 2006), light harvesting (Hess et al., 2001),
virus specificities (Sullivan et al.,, 2003) and
nutrient assimilation (Moore et al., 2002, 2005)
among other properties. Hence, the major phyloge-
netic clades of Prochlorococcus are often referred to
as ‘ecotypes’ (sensu Cohan, 2002) because they
partition the ocean based on their niche envelope.

Genomic (Rocap et al., 2003; Malmstrom et al.,
2013) and metagenomic (Rusch et al., 2007; Martiny
et al., 2009a; Dupont et al., 2014) evidence provides
additional mechanistic support for ecological diver-
sification among the phylogenetic clades and further
shows distinct patterns of gene gain and loss (Kettler
et al., 2007) associated with the environment.
In particular, it has been hypothesized that environ-
mental variables have a hierarchical influence on
genomic diversification across taxonomic ranks (that
is, the levels of the Prochlorococcus phylogenetic
tree ranging from the basal clades to the leaves) and
thus drive phylogenetic structure. Specifically, light
and temperature drove ancient niche differentiation
at higher taxonomic levels, nutrient acquisition
drove mid-level differentiation and phage/grazer
resistance drove more recent fine-scale genotype
selection at the ‘leaves’ of the Prochlorococcus
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phylogenetic tree (Coleman and Chisholm, 2007). For
example, phosphorus or nitrate acquisition genes have
been shown to be polyphyletic in Prochlorococcus
(Martiny et al., 2006; Berube et al., 2014), whereas
photosynthesis and light harvesting genes show
more basal patterns (Scanlan et al., 2009). However,
genomic signatures for other important environmental
variables such as temperature have yet to be identified
(Kettler et al., 2007; Scanlan et al., 2009), even though
there are clear physiological and biogeographic differ-
ences among ecotypes (Johnson et al., 2006). Never-
theless, if environmental selection drives genomic
diversification in a hierarchical manner we may expect
to identify monophyletic clades that have variable
environmental response traits across taxonomic levels
(Violle et al., 2011) when Prochlorococcus community
diversity is assessed at high resolution.

These broad ecogenomic patterns appear even
more complex, in light of recent studies that show
Prochlorococcus clades can be composed of hun-
dreds of sub-populations that apparently diverged a
few million years ago and possibly represent ancient
niche partitioning (Kashtan et al., 2014; Johnson and
Martiny, 2015). This ‘micro-diversity’ is a dominant
feature of broader bacterial communities (Acinas
et al., 2004), but how micro-diversity maps onto a
hierarchical genomic diversification framework or
its impact on microbial community structure and
function remain unclear (Koeppel et al., 2008) in
spite of some evidence of its importance for
ecological specialization (Hunt et al., 2008; Yung
et al., 2014). Further, while the environmental vari-
ables that define the niche space of major clades of
Prochlorococcus are increasingly well established, it is
unknown how these environmental variables influ-
ence a- and p-diversity and its biogeography at higher
taxonomic resolutions. Models suggest that ocean
warming may lead to shifts in both the distribution
and composition of the Prochlorococcus community
(Thomas et al., 2012) through multiple mechanisms
(Flombaum et al., 2013). Thus, mapping environmen-
tal traits onto appropriate taxonomic ranks will help to
refine predictions of these present and future patterns
and the mechanisms that drive them.

Here, we use intra- and inter-seasonal variability
in the North Pacific Ocean over multiple spatial and
temporal scales to examine how the environment
affects fine-scale Prochlorococcus community o- and
B-diversity across taxonomic ranks. We show that the
relative dominance of major HL ecotypes of Pro-
chlorococcus is largely driven by changes in tem-
perature, but that seasonal shifts in community
composition reflect additional changes in their sub-
ecotype component populations. HL-I sub-ecotype
populations are highly variable and structured along
environmental gradients, whereas HL-II sub-ecotype
populations are more seasonally stable. These
results have implications for understanding the
mechanisms driving present-day distributions and
for predicting the response of Prochlorococcus
communities to climate change.
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Materials and methods

Field sampling

Samples from 56 stations were collected aboard four
oceanographic cruises (Phytoplankton of Warming
Ocean Waters—POWOWO: 27 October—12 Novem-
ber 2011; POWOW2: 10 January—8 February 2013;
POWOW?1: 29 February—11 March 2012; POWOWS3:
1-28 July 2013) in the North Pacific Ocean (Figure 1)
roughly corresponding to the four seasons (fall,
winter, spring and summer, respectively). Water for
POWOWO was collected from the vessel’s on-board
flow-through seawater system (intake depth ~ 7 m) at
0700 h local time. For the other cruises, water was
collected using a Niskin rosette system (depth
~10m) and sampled between ~0200 and 0500 h
local time.

Environmental variables

Hydrographic data were collected from depth using a
CTD system or a ship DAS system. Nutrients (NH,,
NO,, NO;, PO, and SiO,) and pH were measured
as previously described (Holmes et al, 1999;
Johnson et al, 2013) using certified reference
materials. Prochlorococcus cellular abundances
were quantified on live samples using a FACSCali-
bur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) as previously described (Johnson
et al., 2010). Seasonal trends in surface temperature
for selected stations were estimated using remotely
sensed microwave-infrared sea surface temperatures
(Remote Sensing Systems—ftp://data.remss.com/
SST/daily_v04.0/).

Prochlorococcus DNA extraction and quantitative PCR
Community genomic DNA was extracted as described
previously (Zinser et al., 2006), using a protocol
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Figure 1 Station locations in the North Pacific Ocean (fall:
POWOWO0/27 October—12 November 2011; winter: POWOW2/10
January—8 February 2013; spring: POWOW1/29 February—11
March 2012; summer: POWOW3/1-28 July 2013).
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optimized for Prochlorococcus quantification. The
abundance of eHL-I and eHL-II was calculated using
quantitative PCR as previously described (Zinser
et al., 2006), with eHL-I- and eHL-II-specific primers
targeting the 23S rRNA gene (Ahlgren et al., 2006; Lin
et al., 2013) and synthesized plasmids as standards.
Synthesized plasmids were linearized and quantified
as previously described (Zinser et al., 2006). The 23S
plasmid inserts corresponded to fragments of genomes
representative of the target ecotype and had the
following sequences: eHL-I—GAAGCTGCGG ATAAA
TTTAT TTATGGTAGG GGAGCGTTCT ATGTTGG
GTG AAGCGTTAGC GTAAGCGGAC GTGGACGGCA
TAGAAGTGAG AATGTCGGCT TGAGTAGCGA AA
ACATGGGT GAGAATCCCA TGCCCCGAAA CCCT
AAGGGT TCCTCCGGCA GGCTCGTCCG CGGAGG
GTTA GTCTGGACCT AAGGCGAGGC CGAAAGGC
GT AGTCGATGGA TAACAGGTCA ATATTCCTGT
ACCAGTTATG TTTTGGGAAG GGGGA and eHL-II
—TCGGGGAGTT GGAAGCACAC TTTGATCCGG G
AATTTCCGA ATGGGGCAAC CCCATGTACG GCC
AACTGAA TATATAGG.

Internal transcribed spacer amplicon libraries

The internal transcribed spacer (ITS) region was
PCR amplified wusing Prochlorococcus-specific
primers tRNA 789-F (5-TGTCAGCGGTTCGAGT
CCG-3’) (designed in this study) and 23S-R (5’-TC
ATCGCCTCTGTGTGCC-3') (Martiny et al., 2009b),
with barcodes and regions specific for 454 sequen-
cing. DNA was added to 20 pl reactions (1 x buffer,
200 pMm dNTPs, 0.3mgml-"' BSA, 50nmM primers,
0.0125 units Jumpstart Taq; Sigma-Aldrich, St Louis,
MO, USA) and amplified as follows: 95°C for
10 min, followed by 30 cycles of 95°C 15s, 58 °C
45 s,and 72 °C 60 s and a final extension step at 72 °C
for 10 min. A 1:10 dilution of the PCR product was
reconditioned (Thompson et al., 2002) for three
additional cycles. Products (with different barcodes)
were pooled and sequenced (454 GS FLX+ Titanium,
Roche, Basel, Switzerland) resulting in 739437
reads. The mean bp length of the sequencing output
was 338 bp, with a maximum of 841 bp. Sequences
for this project are deposited in NCBI under
SRP065205.

ITS sequences quality filtering and operational
taxonomic unit grouping

The sequencing output was demultiplexed and
quality filtered using QIIME (Caporaso et al., 2010)
as follows: length truncated to 250 bp, sequences
with a mean quality score of less than Q20 in a
running window of 16bp and/or homopolymers
longer than 8 bp were removed from the analysis.
The USEARCH algorithm (Edgar, 2013) was used
to dereplicate sequences, remove singletons and
de-novo chimeras and cluster operational taxonomic
units (OTUs) using centroid-based clustering. A total
of 408294 sequence reads were grouped into
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OTUs based on 97% sequence similarity. In all,
14 OTUs (559 sequences) identified (BLASTN) as not
Prochlorococcus by their highest BLASTN hit
against the refseq_genomic database (NCBI) were
removed from the analysis. A total of 1748 OTUs
(407 735 sequences) remained for subsequent
analyses.

Phylogenetic tree construction

Representative sequences from each OTU were
manually-aligned to a reference full-length ITS
alignment (Rocap et al., 2002) of 20 strains of
Prochlorococcus and 2 strains of Synechococcus
(WH8102 and CC9605). Tree building was
performed in RaxML version 8.0.20 (Stamatakis,
2014) using a maximum likelihood search of 1000
non-parametric  bootstraps  with  algorithmic
shortcuts (‘Rapid Bootstrapping’) and a GTR model
with multi-gamma distributed rate variation among
sites. Finally, OTUs were identified based on
their phylogenetically closest reference sequences
and their highest BLASTN hit against a
Prochlorococcus-only database that included full
genomes from cultured isolates and other uncul-
tured clades (Huang et al., 2012). OTUs that were
most closely related to low light clades were
removed from subsequent analyses (571 OTUs).
Phylogenetic trees are deposited in TreeBase (TB2:
S18421).

Library rarefaction

The appropriate sequencing depth to accurately
assess the patterns in Prochlorococcus o- and
B-diversity was determined (Lundin et al., 2012).
Briefly, OTU sequence abundance was rarefied
(6x replicated) to a range of sampling depths.
Bacterial p-diversity (Bray-Curtis dissimilarity) and
a-diversity metrics (OTU richness and Shannon’s
Diversity Index) were calculated for each rarefaction
depth and replicate. For p-diversity, the Mantel-Test
Coefficient of Variation (r*M) was used to determine
how similar the rarefied data sets were to the full
data set. For the a-diversity metrics, P-values were
calculated using a Welch’s T-Test and used to
determine whether the rarefied data sets were
significantly different from the diversity trends of
the full data set. At a rarefaction depth of 5000,
trends in both - and p-diversity metrics were not
significantly different from those calculated for
the full data set (Supplementary Figure S1).
Additionally, the sequence coverage of each station
was visually inspected (Caporaso et al., 2010); and
all curves that had greater than 5000 sequences
appeared to be approaching asymptotic saturation
(Supplementary Figure S2). The full OTU table was
re-sampled 100 times at a sequencing depth of 5000;
and the median value for each OTU was used for
further analysis. Good’s Coverage was > 0.94 for all
samples.
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Culturing

Axenic Prochlorococcus strains MIT9312 (VOL4) of
HL-II and MED4 (VOL7) of HL-I were grown in
modified AMP1 basal medium (replacing 1 mwm
TAPS for HEPES and adding 2mwm NaHCO;)
at various salinities and adding ‘ProZ’ nutrients
consisting of 40 pm NaH,PO,, 800 pm NH,CI, 0.15 pm
H,BO, and Pro99 metals (Moore et al., 2007; Morris
and Zinser, 2013). Cultures were grown at ~ 80 pmol
quanta m~? sec™ ' in 14:10 light:dark incubators at
21°C. Growth was monitored using a calibrated
10-AU fluorometer (Turner Designs, Sunnyvale, CA,
USA; Lin et al., 2013).

Statistical analysis

All diversity calculations and statistical analyses
were performed in R (R software, v. 3.1.2, Vienna,
Austria). The ‘vegan’ package (Oksanen et al., 2015)
was used to calculate Shannon’s Diversity Index, and
the best Euclidean combination of environmental
variables for describing Bray-Curtis dissimilarities
(via ‘bioenv’). OTU abundances were square-root
transformed and submitted to a Wisconsin double
standardization before Bray-Curtis dissimilarities
were calculated. The ‘ecodist’ package (Goslee and
Urban, 2007) was used to examine Prochlorococcus
community composition through a non-metric multi-
dimensional scaling (NMDS) ordination of Bray-Curtis
dissimilarity. Environmental variables and the rare-
fied sequence abundances of the Prochlorococcus
clades were fitted to the NMDS ordination using the
‘vf’ function in ‘ecodist’.

To assess environmental trends of the sub-ecotype
clades, the abundance-weighted mean latitude, mean
day length, mean temperature and median phos-
phate for each OTU were calculated. Non-rarefied
OTU abundances were used in this specific analysis
to avoid losing data on the tail ends of the OTU
distributions and thus avoid biasing the environ-
mental mean for each OTU. Median values were
used for nutrients. Non-parametric two-sample
t-tests with 9999 Monte Carlo permutations were
used to compare the sub-ecotype clades
(Supplementary Table S1). Additionally, Abouheif’s
test of phylogenetic proximity was performed to
determine whether environmental trait clustering
across taxonomic ranks was significantly different
from a random model using ‘abouheif.moran’ in
‘adephylo’ (Supplementary Table S2) (Abouheif,
1999; Pavoine et al.,, 2008; Jombart et al., 2010).
Finally, the relative influence of environmental
variables on rarefied sequence abundance across
taxonomic ranks was assessed by a variance
partitioning analysis using ‘calc.relimp’ in the
‘relaimpo’ package. To determine which environ-
mental variables were significantly correlated with
the rarefied OTU abundance, data matrix redundant
or highly correlated (R*>0.90) variables were
removed and a stepwise ordination significance test
was performed using ‘ordistep’ in ‘vegan’. The
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correlations between the environmental variables
identified by ‘ordistep’ and the OTU abundance
matrix for each sub-ecotype clade were then
confirmed to be significant using a permutational
multivariate analysis of variance test (‘adonis’ in
‘vegan’) (Supplementary Table S3). The significant
environmental metrics were then used in the
variance partitioning analysis.

Results and discussion

Phylogenetic placement and OTU classification

Across all stations and seasons, a total of 1177
Prochlorococcus HL. OTUs were identified. Based on
Prochlorococcus database BLAST results and the
phylogenetic tree structure, these OTUs grouped into
three major clades (458 OTUs—HL-[; 537 OTUs—
HL-II and 182 OTUs—HL-VI) (Figure 2). Because of
the short amplicon length of the ITS sequences
(250bp), the phylogenetic tree had short branch
length and low bootstrap support (Supplementary
Figure S3). However, representative sequences that
identified as eHL-I or eHL-II via BLAST grouped
with their respective cultured reference sequences.
Additionally, a small portion of the OTU representa-
tive sequences were identified as eHL-VI (Huang
et al, 2012) and were grouped into a single

Ln(Abundance)

HL-VI

Figure 2 Maximum likelihood cladistic phylogenetic tree of ITS
fragments from representative OTUs. Branches with >80% boot-
strap support are marked with filled circles. Reference ITS
sequences include isolates MED4, MIT9515, AS9601, MIT9215,
MIT9301, MIT9312, MIT9211, NATL1A, NATL2A and SS120, and
are indicated by red branches. Green, yellow and purple branch
color as well as the external brackets indicate ecotype assignment.
Internal shading indicates the sub-ecotype clades (green: eHL-1.1-4
and yellow: eHL-I.1-4) and eHL-VI (purple). Unshaded clades were
included in ecotype analyses but were not examined in sub-ecotype
clade analyses. The external heat map is the natural log of the sum
across all stations of the rarefied sequence abundance for each OTU.



monophyletic clade at the tip of the tree. In contrast
to eHL-I and eHL-II, eHL-VI was more recently
discovered, and while it has no cultured representa-
tives, it has been hypothesized to be associated
with high-nutrient, low-chlorophyll conditions
(Huang et al., 2012). Similar to past phylogenies,
eHL-VIis closely related to eHL-II and more distantly
related to eHL-I (Figure 2). These major clades could
be further sub-divided into other clades based
on their branching patterns, abundance and relation-
ship with environmental variables.

Four clades were chosen from within eHL-I
and eHL-II for further analysis. These sub-ecotype
clades were chosen based on clade size (OTUs and
number of sequences) and phylogenetic distribution.
The four largest HL-I clades had similar numbers
of branches, or OTUs (138 OTUs—HL-1.1; 87 OTUs—
HL-1.2; 92 OTUs—HL-1.3 and 86 OTUs—HL-1.4). The
HL-II clades, on the other hand, were relatively
uneven. Therefore, the two largest clades (77 OTUs
—HL-I1.2 and 127 OTUs—HL-I.4) and two addi-
tional clades from other portions of the phylogenetic
tree (38 OTUs—HL-II.1 and 48 OTUs—HL-II.3)
were selected. The sub-clades analyzed represent
89% of the OTUs and 74% of the total sequences
for HL-I. For HL-II, they are 55% and 73%,
respectively.

Significant environmental drivers of HL
Prochlorococcus populations

The full suite of environmental variables from
all cruise transects was narrowed down to those
variables that were significantly correlated with
community composition. The variables assessed
included latitude, temperature, salinity, day length,
phosphate, silicate, nitrate+nitrite, ~ammonia,
oxygen, density, pH, mixed layer depth, chlorophyll
and total Prochlorococcus concentration. Of these
variables, nitrate+nitrite, ammonia, pH, mixed layer
depth and Prochlorococcus concentration were
found to be not significant (P>0.19) and removed
from subsequent analyses. The nitrogen species were
likely found to be non-significant due to their low
concentration in marine surface waters. Mixed layer
depth was likely found to be non-significant since
this analysis only examines the HL populations of
Prochlorococcus. Mixed layer depth has been found
to be important for Prochlorococcus community
composition in the past because it influences the
relative proportions of HL. and LL ecotypes present
in the community as a whole (Bouman et al., 2006).
However, mixed layer depth may be less important
for the HL community alone. Similarly, a recent
study found that mixed layer depth was not
significantly correlated with the eHL-II to eHL-I ratio.

Relative ecotype abundance
As in the Atlantic Ocean, Pacific Ocean Prochlorococcus
communities assessed with amplicon libraries were
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dominated by eHL-II at lower latitudes and warmer
temperatures and eHL-I at higher latitudes and colder
temperatures (Johnson et al., 2006) (Figure 3). eHL-VI
was also most abundant at low latitudes, but was about
an order of magnitude less abundant than eHL-IL
Quantitative abundances (cells per ml) available from
quantitative PCR and the relative amplicon abundances
were highly correlated (*=0.97) (Supplementary
Figure S4), suggesting that amplicon libraries can be
used as quantitative estimates of Prochlorococcus spp.
population abundance.

Although the overall trends were conserved
between seasons, there are notable differences
between seasons in the location and temperature of
transition between dominance by eHL-II and eHL-I
(Figure 3). For example, the transition point in the
summer occurred at ~ 31°N (~23 °C), shifted north to
36.3°N (19.9°C) in the fall, and returned to 33.6°N
(17.5 °C) in the winter, with a total range correspond-
ing to ~450km. The spring transect did not
cover a large latitudinal range, but the transition
between eHL-I and eHL-II along longitudinal
gradients occurred at ~ 19 °C. Although we hypothe-
sized that the transition point would shift to a higher
latitude in the summer, the transition point was
unexpectedly observed at a lower latitude during the
summer and higher latitude in the fall. In addition to
changes in the relative ecotype frequency, at higher
latitudes (above 32°N) Prochlorococcus community
abundance (cell ml~?) increased in the fall and was

2.0e+5

100 1 HL- -\
> 80 1 L b o0 HLAIl 15645
= 60 - 1.0e+5
& 40 -
20 | 5.0et+4
0 0.0
g 1009 = ..
. 8 80 - 1.5e+5 g
£ £ 601 1.0e+5 %
S T 40 -
2 g 50e+4 &
o 20+ =1
< o
- 0 0.0 o
Ny
= 8
3 1004 =
'5) 80 4 1.5e+5 a
=T 2
5T 607 10e+5 3
= 40+ [t
© 50e+4
S 20
04 0 -
100 -
) 80 1.5e+5
E 60 -
£ 1.0e+5
=] 40 4
n
20 5.0e+4
0 - =G5 L L 0.0
20 30 40 12 16 20 24

Latitude(°N) Temperature (°C)

Figure 3 Total abundance (flow cytometry) and relative ecotype
abundance (rarefied OTU abundance) of Prochlorococcus across
latitudinal and temperature gradients. The shaded boxes are
crossover regions where the ratio of HL-I to HL-II+HL-VI is ~ 1:1.
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lowest in the summer. A latitudinal transect along an
~18°C isotherm at the eastern edge of our summer
transect was dominated by eHL-I in the surface
samples along the entire transect leg (Supplementary
Figure S5), showing that temperature has a domi-
nant, but not exclusive role in structuring ecotype
frequency. These patterns are generally consistent
with observations from other ocean basins of both
spatial (latitudinal and longitudinal) and seasonal
transitions in Prochlorococcus ecotypes (Bouman
et al., 2006; Rusch et al., 2007, 2010; Malmstrom
et al., 2013).

Whereas the spring and fall transitions between
eHL-I and eHL-II dominance occurred at the
expected temperature of ~19°C, which is the
temperature wherein eHL-I and eHL-II cultures have
equal growth rates under laboratory conditions
(Johnson et al., 2006), the winter and summer
transitions were significantly different (17.5 °C and
23°C, respectively). To determine whether this
difference represented a lagged population response
to temperature change, sea surface temperatures
were examined at the winter transition point where
eHL-II was unexpectedly high (17.5°C) and two
stations in the summer where eHL-II had unexpect-
edly low abundance (21.3°C and 21.7°C). At the
winter crossover station, there was a medium to high
rate of temperature decrease before the winter
sampling period (Supplementary Figure S6). Simi-
larly, both of the summer stations experienced either
high or increasing rates of temperature increase
directly before the summer sampling period
(Supplementary Figure S6). A trait-based model
based on laboratory growth rates as a function of
temperature (Johnson et al., 2006) and forced
using daily remote surface seawater temperature
observations also predicts that these ‘anomalies’
from expectations are consistent with lagged
population responses. Finally, strong correlations
between major ecotypes and salinity, which are not
consistent with the direct effects of salinity on
growth rate (Supplementary Figure S7), are instead
likely because of salinity acting as an indicator of the
boundary between the oligotrophic gyre and higher
latitudes. At these three diagnostic stations salinity
generally displayed stochastic fluctuations around a
mean value, as opposed to temperature, which
showed stable, seasonal fluctuations (Supple-
mentary Figure S8). These data, along with the
evidence presented here that Prochlorococcus popu-
lations shift to higher latitudes in the fall, suggest
that there is a time lag in the response of,
Prochlorococcus ecotypes to changing temperature,
as has been seen in other microbial communities
(Gilbert et al., 2012; Chow et al., 2013) and in
Prochlorococcus communities in other ocean basins
(Malmstrom et al., 2010). This evidence also suggests
that temperature is the dominant environmental
variable poising broad scale ecotype distributions,
though this relationship differs at the sub-ecotype
level (Supplementary Figure S9).
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Latitudinal and seasonal trends in a-diversity
In addition to latitudinal and seasonal transitions
in relative ecotype frequencies, the Prochlorococcus
community also showed latitudinal trends in
a-diversity as quantified by Shannon’s Diversity
Index (Figure 4). Similar to patterns of microbial
diversity for whole communities across ocean basins
(Pommier et al., 2007; Fuhrman et al., 2008; Ladau
et al., 2013; Swan et al., 2013), the Prochlorococcus
HL community had the highest diversity at low
latitudes, with remarkably similar spatial patterns
between seasons. These trends were also apparent
within ecotypes with some additional seasonal and
spatial complexity: eHL-II and eHL-VI had higher
diversity at lower latitudes, but with precipitous
decreases at latitudes above ~ 35°N in the winter and
summer. At low latitudes eHL-I had lower diversity
than eHL-II, but decreased in diversity more slowly
at higher latitudes resulting in higher overall diversity
for eHL-I than eHL-II between ~36 and 42°N. These
patterns may be driven in part by abundance as OTU
richness for both eHL-I and eHL-II increased in a
logarithmic manner with increasing ecotype-specific
abundance (Supplementary Figure S10). However, the
same relationship was not observed between abun-
dance and Shannon’s Diversity Index (data not shown).
Partitioning these diversity trends into the sub-
ecotype clades reveals more intricate relationships
across latitudes. Although the HL-II sub-ecotype
clades generally showed similar patterns to the
ecotype as a whole (with the exception of HL-IL3
in summer), each of the HL-I sub-ecotype clades had
a unique seasonal and spatial pattern of diversity
across latitudes (Figure 4). These results demonstrate
that while the spatial patterns of the Prochlorococcus
community a-diversity are similar between seasons,
the components of this diversity can be dynamic
across seasons, suggesting niche complementarity
among its members.

Latitudinal and seasonal trends in f-diversity

To gain insight into how and why the composition of
the Prochlorococcus HL community and its compo-
nents shifted across seasons and stations, we
performed NMDS to help detect relationships. This
NMDS analysis demonstrates that the summer
stations are clearly distinct from the other seasons,
whereas the remaining seasons are generally
more interspersed (Figure 5a). This suggests that
Prochlorococcus communities in the summer have
significant shifts in composition when compared
with other seasons. Key environmental variables
quantified for all four seasons and fitted to the
ordination space show that day length is the
dominant driver distinguishing summer from other
seasons. The latitudinal distribution in community
composition is in part related to gradients in
temperature, but other variables such as silicate,
phosphate and salinity may also be related to the
spatial trends. To confirm that these metrics were the
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best Euclidean combination of environmental vari-
ables that explained the greatest variability in Bray-
Curtis dissimilarities, we performed a BIO-ENV test
(Clarke and Ainsworth, 1993) on the full suite of

variables that were significantly correlated with
community composition for the spring, summer
and winter cruises (only limited environmental data
are available for the fall cruise). As before, latitude,

The ISME Journal



Prochlorococcus diversity across taxonomic ranks
AA Larkin et al

1562

temperature, salinity and day length were the most
explanatory metrics and were highly correlated with
Bray-Curtis dissimilarity (r=0.81). The importance
of this suite of environmental variables is consistent
with other latitudinal oceanographic studies, and
these variables are likely representative of a range
of abiotic processes affecting broader microbial
community composition (Johnson et al, 2006;
Fuhrman et al., 2008; Sjostedt et al., 2014).

We extended this analysis to examine how ecotype
and sub-ecotype abundance influenced the p-diversity
of community diversity (Figures 5b and c). Relative
ecotype abundance (eHL-I, eHL-II and eHL-VI) aligns
similarly with latitude and salinity (that is, lagged
temperature), confirming the importance of broad
scale oceanographic environmental variables in
structuring major clades/ecotypes of Prochlorococcus.
However, sub-ecotype clades are more dispersed in
the NMDS analysis, suggesting different niche spaces
for these groups. In particular, while the sub-ecotype
clades of HL-II generally align with the composite
eHL-1I clade directionality in NMDS space (Figures 5b
vs c¢), the HL-I sub-ecotype clades are more divergent.
For example, HL-1.2 and HL-L.3 are aligned in opposite
directions along NMDS axis 1, while HL-L1 is
orthogonal to these clades and aligns closely with
NMDS axis 2. These data suggest that structuring of
major clades (that is, ecotypes) can follow (and are
driven by) large-scale oceanographic variability, but
that finer scale changes in community diversity may
be driven by additional processes or unmeasured
environmental properties.

Environmental drivers of sub-ecotype clade abundance
The correlations between Bray-Curtis distance
matrices of OTU abundance for each sub-ecotype
clade and environmental variables were tested
using a permutational multivariate analysis of
variance (Oksanen et al., 2015). A ‘Type III’
adjustment was applied due to the correlation
between environmental metrics. In this statistical
technique, the effect of each variable is evaluated
only after both the effects and the interactive effects
of all other variables have been accounted for in a
sum of squares model. Thus, this is a highly
conservative approach that only assesses the
variability that is uniquely attributable to each
environmental metric. The result of the test shows
that latitude, temperature, salinity, day length,
silicate, phosphate, oxygen and chlorophyll are
all significantly correlated with at least one sub-
ecotype clade (Supplementary Table S3). However,
a much higher proportion of the environmental
variables are significantly correlated with the HL-I
sub-ecotype clades than the HL-II sub-ecotype
clades. As the Type III adjustment eliminates
interactive effects, it is possible that the interaction
between multiple environmental variables is
important for driving HL-II community composi-
tion. Thus, to fully understand the environmental
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associations of the sub-ecotype clades, further
analysis was needed.

To explore the environmental drivers and niche
space of sub-ecotype clades, we examined the
phylogenetic association of key variables (Figure 6).
As expected, eHL-I is generally associated with low
temperatures and high latitudes, whereas eHL-II
is, with higher temperatures and low latitudes.
However, additional complexity exists among the
sub-ecotype clades. For example, HL-L.2 is enriched
in high latitudes relative to HL-1.3, and these patterns
are apparent with temperature as well. HL-1.2 shows
a clear enrichment in longer day lengths (that is,
summer samples) relative to other HL-I clades.
The HL-I clades also show general cohesion for
specific phosphate environments. These sub-ecotype
clade associations with specific environments for
HL-I do not appear to be as clearly defined for HL-IL
Although HL-I1.4 is enriched in longer day lengths,
higher temperature and high phosphate, the remain-
ing sub-ecotype clades are not clearly delineated
among these key variables.

Frequency distributions of the abundance-
weighted mean (or median for phosphate) environ-
mental values for OTUs in each sub-ecotype clade
also demonstrate that, with the exception of day
length and temperature for HL-II.4, the HL-II clades
are remarkably consistent in their environmental
distributions (Figure 7). Conversely, HL-I clades
have different distributions for each of the variables.
The distribution of mean values for each sub-ecotype
clade was compared with pairwise non-parametric
two-sample t-tests, which showed that the HL-I
sub-ecotype clades had a higher proportion of
significant differences in the distribution of their
environmental means than the HL-II clades (P<0.05)
(Supplementary Table S1). Other environmental
variables including silicate, oxygen and chlorophyll
show similar patterns between HL-I and HL-II
(Supplementary Figure S11). This analysis reveals
that many of the HL-I sub-ecotype clades appear
to have cohesive (within clades), yet distinct (across
clades) environmental associates (and presumably
niche envelopes), whereas HL-II clades appear to
have more similar environmental niche space.

To ensure that these differences in clade-specific
environmental traits were significantly different
from a random model, we performed Abouheif’s test
of phylogenetic proximity. This test was performed
at the full tree, ecotype and sub-ecotype levels by
separating the tree into sub-trees (Abouheif, 1999;
Pavoine et al., 2008; Pavoine and Ricotta, 2013).
P-values from this test show that phylogenetic signal,
or partitioning, can be detected in environmental
traits across all taxonomic ranks (Supplementary
Table S2). This suggests that both the ecotypes and
some of the sub-ecotype clades can be partitioned
into ecologically distinct groups. However, this
test does not indicate what evolutionary or environ-
mental forces, such as selection, drift, convergence
and conservatism, are driving this phylogenetic
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partitioning of OTU traits. Therefore, further analysis
was needed to discover the major drivers of clade-
specific abundance.

Finally, to determine relative importance of the
identified environmental variables across taxonomic
ranks we partitioned variance (Figure 8) focusing
on environmental variables that were significantly
correlated with community composition (P<0.05),
including temperature, day length, silicate,
phosphate, oxygen and chlorophyll. Latitude and
salinity were removed from this analysis as they
are not believed to be the proximal drivers of
Prochlorococcus abundance, merely correlated with
large-scale oceanographic trends. Temperature and
day length (season) explained the greatest proportion
of variability for the eHL-I, eHL-II and eHL-VI
abundance. Similarly, at the sub-ecotype level, these
two variables were generally the most explanatory.
Other variables including oxygen and phosphate
were important for some sub-ecotype clades, but not
others. More broadly, the HL-II clades have the same
general ranking in their partitioning of variance
across environmental variables. This is in contrast
to the HL-I clades that have dramatically different

associations. For example, day length is most
explanatory for HL-1.2 whereas for HL-1.1 day length
is less explanatory. Variance partitioning along
with phylogenetic association of environmental
variables (Figures 6 and 7), a-diversity (Figure 4) and
B-diversity (Figure 5) suggests that HL-I clades have
coherent and unique niche space, whereas HL-II
clades are generally less differentiated and do not
have significant correlations with the measured
environmental variables (Supplementary Table S3).
Additional variables not measured here such
as grazer pressure or viral susceptibility may
distinguish HL-II clades into more refined, ecologi-
cally distinct groups. Regardless of niche differences
between the clades of eHL-I and eHL-II, overall
it appears that different combinations of variables (or
their associated response curves) may be responsible
for defining the niche space of sub-ecotype clades
rather than a strict trait hierarchy per se (Coleman
and Chisholm, 2007). Varying combinations of traits
(through flexible genomic content) could promote
the diversification and maintenance of numerous
distinct Prochlorococcus genomes each with its own
niche space (Kashtan et al., 2014).
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Figure 7 Histogram density curves of abundance-weighted
mean and median environmental variables for OTUs within
each sub-ecotype clade for the full sample set.

Niche differentiation of Prochlorococcus sub-ecotype
clades

Fundamentally different ecological processes may
drive the distribution of HL-I and HL-II diversity and
community composition. The sub-ecotype clades
appear to partition the ocean both spatially and
temporally, relying on adaptations that affect their
overall niche space. Whereas HL-I sub-ecotype
clades are found in a more variable environment
and show highly diverse responses to environmental
changes, the HL-II sub-ecotype clades are more
similar in their environmental niches. The extent of
environmental differences between sub-ecotypes
within clades suggests that the HL-I sub-ecotype
clades experience a greater degree of bottom-up
control of their spatial and temporal distribution.
This finding is in concordance with studies of both
terrestrial and coastal marine microbial communities
that show that environmental variables, such as
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temperature, explain differences in composition better
than neutral processes on regional spatial scales and
interannual temporal scales (Martiny et al., 2011;
Hatosy et al, 2013). However, HL-II sub-ecotype
clades responded to environmental variability with a
much smaller degree of differentiation than the HI-I
clades did, suggesting that in the more stable
oligotrophic environments other unmeasured abiotic
and biotic variables (such as interactions with other
microbes, phage resistance or grazing), as well as
neutral variability, may be more important for driving
niche partitioning in these clades.

Multiple modeling studies have suggested that there
is a geographic and ecological separation between the
seasonally stable oligotrophic ocean and the more
seasonally variable high latitudes (Barton et al., 2010;
Hellweger et al., 2014). Hellweger et al. (2014) used
a global ocean circulation model to show that
differences between microbial communities at the
HOT station and the Gulf of Alaska could arise
through neutral genetic mutation alone. Similarly,
Barton et al. (2010) used a global ocean ecosystem



model combined with an idealized resource competi-
tion framework to determine that random dispersal
and variability of the environment were the greatest
controls on phytoplankton diversity. In the Barton
et al. model, seasonal variability in the high latitudes
resulted in competitive exclusion of all but a few
phytoplankton species, whereas seasonal stability at
lower latitudes allowed the coexistence of physiolo-
gically distinct, but equally fit, phytoplankton. Results
from this study support this division between season-
ally variable, bottom-up driven high-latitude micro-
bial communities and seasonally stable mid-to-low
latitude microbial communities.

Conclusions

Prochlorococcus communities undergo large-scale
shifts in composition across both inter- and intra-
seasonal environmental gradients. Broadly, like other
microbial communities (for example, Fuhrman et al.,
2008) the Prochlorococcus community is more
abundant and more diverse at lower latitudes, but
sub-ecotype clades show differing responses to envir-
onmental gradients adding complexity to broad
community patterns. Indeed, changes in sub-ecotype
clades appear to drive differences in community
composition across seasons. The responses of these
sub-ecotype clades appear to be driven by multiple
environmental variables (temperature, day length and
nutrients) that define their niche space, rather than by a
hierarchy of traits. Finally, this study provides evi-
dence for the geographic separation between bottom-
up driven seasonally variable Prochlorococcus popula-
tions in temperate northerly latitudes and seasonally
stable subtropical Prochlorococcus populations that are
likely driven by both bottom-up and top-down forces,
which may in part explain differences in variance
partitioning among the HL-I and HL-II sub-clades. In
the future ocean, the distribution and variability of key
environmental variables identified here are predicted
to change and available niche space models predict
substantial changes for Prochlorococcus community
distributions (Flombaum et al., 2013). These changes in
community abundance will translate into seasonal and
spatial shifts in community composition; the impact of
these compositional shifts on ecological interactions or
biogeochemical processes such as carbon fixation and
nutrient cycling remains unknown.
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