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Novel lineages of Prochlorococcus thrive within
the oxygen minimum zone of the eastern tropical
South Pacific
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Summary
The eastern tropical Pacific Ocean holds two of the
main oceanic oxygen minimum zones of the global
ocean. The presence of an oxygen-depleted layer at
intermediate depths, which also impinges on the seafloor and in some cases the euphotic zone, plays a
significant role in structuring both pelagic and
benthic communities, and also in the vertical partitioning of microbial assemblages. Here, we assessed
the genetic diversity and distribution of natural populations of the cyanobacteria Prochlorococcus and
Synechococcus within oxic and suboxic waters of the
eastern tropical Pacific using cloning and sequencing, and terminal restriction fragment length polymorphism (T-RFLP) analyses applied to the 16S–23S
rRNA internal transcribed spacer region. With the
T-RFLP approach we could discriminate 19 cyanobacterial clades, of which 18 were present in the study
region. Synechococcus was more abundant in the
surface oxic waters of the eastern South Pacific,
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while Prochlorococcus dominated the subsurface
low-oxygen waters. Two of the dominant clades in
the oxygen-deficient waters belong to novel and
yet uncultivated lineages of low-light adapted
Prochlorococcus.
Introduction
Oxygen minimum zones (OMZs) are regions of the global
ocean that present pronounced oxygen deficiency in subsurface waters due to low ventilation and high respiration
rates of the settling organic matter produced at the
surface. Major oceanic OMZs are found in the eastern
tropical Pacific and in the Arabian Sea (Kamykowski and
Zentara, 1990). The presence of an oxygen-depleted
layer at intermediate depths plays a significant role in
structuring and vertical partitioning of both pelagic and
benthic communities (Levin, 2003; Stevens and Ulloa,
2008; Escribano et al., 2009). Within pelagic microbial
communities, cyanobacteria of the genera Prochlorococcus and Synechococcus have been found inhabiting the
upper lit part of OMZs (Johnson et al., 1999; Goericke
et al., 2000; Ulloa et al., 2006; Galán et al., 2009), but
their genetic diversity has not been assessed.
Molecular phylogenies based on the 16S rRNA gene or
the 16S–23S rRNA internal transcribed spacer (ITS) have
defined specific high-light (HL) and low-light (LL) adapted
Prochlorococcus ecotypes, which differ in their photophysiology and nutrient requirements and show a clear
partitioning with depth (Moore et al., 1998; Moore and
Chisholm, 1999; West and Scanlan, 1999; Rocap et al.,
2002; Scanlan et al., 2009). At least six Prochlorococcus
lineages have been defined, comprising two HL- and four
LL-adapted ecotypes (Rocap et al., 2002). However,
Prochlorococcus clades consisting only of environmental
sequences have also been reported (Zinser et al., 2006;
Martiny et al., 2009a).
In the case of Synechococcus, 16S rRNA gene and ITS
phylogenies have also demonstrated the existence of
genetically diverse lineages (Palenik, 1994; Fuller et al.,
2003; Ahlgren and Rocap, 2006). However, Synechococcus phylotypes are often restricted to the upper part of the
euphotic zone and do not show a clear vertical partitioning
with depth, as Prochlorococcus does. They do show
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though, a clear geographic horizontal partitioning (Fuller
et al., 2003; Zwirglmaier et al., 2007). Moreover, while
Prochlorococcus dominates in oligotrophic waters and is
absent in eutrophic coastal waters (Olson et al., 1990; Li,
1995; Liu et al., 1997a; Grob et al., 2007), Synechococcus is the dominant phytoplankter in mesotrophic waters,
while also inhabiting nutrient-rich coastal waters (Li, 1995;
Liu et al., 1998; Grob et al., 2007; Zwirglmaier et al.,
2007).
The spatial distribution of Prochlorococcus and Synechococcus lineages has been studied at the regional and
global scale (Bouman et al., 2006; Johnson et al., 2006;
Zwirglmaier et al., 2008). These studies have shown clear
distribution patterns associated with environmental conditions, such as light, temperature, nutrients and vertical
mixing, which in turn defined current marine biomes and
biogeographical provinces (Longhurst, 1998). However,
the role of oxygen as a factor influencing the distribution
patterns of these microorganisms (and pelagic organisms
in general), and even in the definition of marine biogeographical regions, has not been considered.
Terminal restriction fragment length polymorphisms
(T-RFLP) is a molecular fingerprinting technique that has
been widely used in the study of microbial communities
(Liu et al., 1997b; Scala and Kerkhof, 2000), including
denitrifying bacteria in OMZs (Castro-González et al.,
2005). However, until now it has not been applied to
biogeographical studies of Prochlorococcus and Synechococcus. Recently, Lavin and colleagues (2008)
showed that T-RFLP applied to the ITS region, using just
a single endonuclease, can clearly discriminate between
HL and LL Prochlorococcus and amongst eight Synechococcus clades.
Here, we use cloning and sequencing combined with
T-RFLP analysis on the ITS region to determine the
genetic diversity and distribution of Prochlorococcus and
Synechococcus lineages inhabiting the oxygen-deficient
waters of the eastern tropical Pacific.

Results and discussion
T-RFLP phylogenetic assignment
We analysed 15 T-RFLP profiles of cyanobacterial ITS
rRNA sequences from oxic and oxygen-deficient waters of
the eastern tropical South Pacific and two profiles from
the eastern tropical North Pacific (Fig. S1), obtained
during five oceanographic cruises carried out between
2002 and 2006 (Table S1). A database for expected terminal restriction fragments (T-RFs) was used to assign
environmental T-RFs to a specific cyanobacterial clade
using two restriction enzymes: AluI and BseDI. This database was constructed using 144 sequences from
GenBank: 57 from isolated strains and 22 from environ-

mental sequences, as well as 65 new environmental
sequences obtained in this work. The final database consisted of 81 ITS sequences that were distinguishable by
the combined use of the two restriction enzymes. This
approach allowed the discrimination of 19 clades, of
which seven belong to Prochlorococcus and include two
new ones, termed LLV and LLVI, and the remaining 12 to
Synechococcus (Fig. 1). A new Prochlorococcus clade,
NC1, recently identified by Martiny and colleagues
(2009a), was not included in the current T-RFLP analysis
due to a lack of both a BseDI restriction site in the published NC1 sequences and representatives of this lineage
in our clone libraries. Moreover, phylogenetic analysis
of ITS sequences showed that the NC1 lineage is significantly different from the new clades found in the OMZ
(Fig. 1).
An average (⫾SD among samples) of 75 (⫾19)% of the
T-RFs’ peaks were assigned in our database using the
Phylogenetic Analysis Tool (PAT; Kent et al., 2003). They
corresponded to 82 (⫾21)% of the total area (an index of
abundance) from the environmental T-RFLP profiles. The
application of this simple and fast technique allowed the
determination of the relative abundance of the majority of
the recognized phylotypes studied by dot blot hybridization and qPCR (West and Scanlan, 1999; Ahlgren et al.,
2006; Johnson et al., 2006). Moreover, a significant
positive correlation was found (Spearman correlation
r = 0.6049, P < 0.0001) between the relative abundance
of Prochlorococcus and Synechococcus obtained by
T-RFLP (Fig. 2A and B) and that obtained by flow cytometry (Fig. 2C and D).

Cyanobacterial diversity and community composition
High microdiversity of picocyanobacteria was found along
the eastern tropical Pacific by phylogenetic assignment of
standardized T-RFLP data. A total of 70 distinct ITS phylotypes, out of the 81 possible ones from our current
database, were found in the study region. The number of
different ITS sequences detected by T-RFLP in each
sample ranged from 3 to 48, with an average of 32 (⫾13).
This high richness was consistent with previous studies
based on the ITS and RNA-polymerase (rpoC1) genes,
obtained by RFLP and cloning and sequencing (Muhling
et al., 2005; Haverkamp et al., 2008).
A comparison between the cyanobacterial communities
of oxic (n = 39) and oxygen-deficient (n = 16) zones
showed that OMZ waters presented a greater clade richness and diversity than their oxic counterpart (richness:
5.95 ⫾ 0.42 versus 4.64 ⫾ 0.35, P = 0.04; diversity:
1.07 ⫾ 0.06 versus 0.74 ⫾ 0.07; P = 0.008, respectively,
Tukey’s test with a = 0.05). The oxic and suboxic samples
showed a variable cyanobacterial composition, with the
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Fig. 1. Maximum likelihood phylogenetic tree of ITS sequences (using 1100 positions of the alignment, and not including sequences from the
tRNAs). Numbers at nodes are support values (bootstrap values) of PhyML and Phylip NJ respectively. The size of T-RFs generated by the
endonucleases AluI and BseDI are shown in parentheses and brackets respectively. The 16S rRNA + ITS region from Prochlorococcus and
Synechococcus was amplified with primers DINA-F 5′-GAA TCT GCC CTC AGG AGG GGG-3′ and DINA-R 5′-GGG TTG CCC CAT TCG GAA
AT-3′ following Lavin and colleagues (2008). The specific primer pair (ITSb-F and DINA-R) for detection and amplification of the ITS region
located between the Ala tRNA gene and the 23S rRNA gene were added in the last two cycles of the nested PCR (Lavin et al., 2008). Primer
ITSb-F was labelled at the 5′ end with the FAM fluorochrome. The ITS region was sequenced bidirectionally using primer 600f (Laloui et al.,
2002) and primers internal to the PCR fragment: DINA-R, ITSb-F (5′-GTT GGT AGA GCG CCT GCT TTG-3′), and NAMO-R (5′-CTC TAA
CCA CCT GAG CTA AT-3′). All phylogenetic work was carried out using the Bosque software (Ramírez-Flandes and Ulloa, 2008). Only ITS
sequences located between the region flanked by the primer pair 600f and 340r (Laloui et al., 2002) were used and aligned to sequences
from NCBI using MUSCLE 3.6 (Edgar, 2004). Phylogenetic trees were inferred by maximum likelihood and distance methods. The maximum
likelihood analyses were performed based on the HKY85 model (Hasegawa et al., 1985), using phylogenetic inference based on PhyML
(Guindon and Gascuel, 2003). Phylogenetic inferences were also performed with the clustering algorithm (neighbour-joining method) using
Phylip (Felsenstein, 2005). Statistical evaluation of tree topologies was performed by bootstrap analysis with 100 resamplings. Environmental
sequence data have been deposited in the GenBank database under accession numbers FJ830870 to FJ830934.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports, 2, 728–738

731 P. Lavin et al.

Fig. 1. cont.

oxic samples less similar to each other than suboxic
samples (37.50% and 66.29% similarity using SIMPER
respectively, Table 1). The comparison between oxic
and suboxic communities showed 68.14% dissimilarity

(Table 1) with significant differences in the composition
[two-way crossed analysis of similarity (ANOSIM),
R = 0.618, P = 0.006 – Fig. S2]. The presence of Prochlorococcus LLII–III and Synechococcus clade CRD2 in oxic
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Fig. 2. Distribution of Prochlorococcus and Synechococcus along the eastern tropical Pacific as determined by T-RFLP (relative abundance,
A, B) and flow cytometry (relative abundance, C, D; actual abundance, E, F). Relative abundances were calculated on the basis of the total
amount of cyanobacteria (Prochlorococcus plus Synechococcus) per sample. Grey dots represent missing data and the dotted lines the 20 mM
O2 isoline (to mark the boundary of the OMZ; Kamykowski and Zentara, 1990) respectively.

samples, and of Prochlorococcus LLIV and the novel lineages LLV and LLVI in suboxic samples underlay the
differences found between communities in these two
zones (Table 1, Fig. 3). The differences were due primarily to the presence of different Prochlorococcus phylotypes in each community (one-way ANOSIM, R = 0.348,
P = 0.001) rather than of Synechococcus phylotypes
(one-way ANOSIM, R = 0.067, P > 0.05).
The almost-exclusive presence of Prochlorococcus in
the OMZ of the Arabian Sea was first reported using flow
cytometry and pigment analysis by Johnson and colleagues (1999) and Goericke and colleagues (2000), but
no genetic information was provided. On the other hand,
Synechococcus cells have been found inhabiting coastal
oxygen-deficient environments, such as the Baltic Sea
and Chesapeake Bay (Detmer et al., 1993; Crump et al.,
2007), but they have not been found to be the dominant
cyanobacteria within oceanic OMZs (Goericke et al.,
2000; our results). Their lower abundance in this low-light,
low-oxygen zone may be partially explained by their

requirements of higher light intensities for growth than
Prochlorococcus (Scanlan and West, 2002). However,
other factors such as grazing (Cuevas and Morales, 2006)
may also be important in determining the lower relative
abundance of Synechococcus in these low oxygen
waters.
The abundance of Prochlorococcus within the OMZ, as
determined by flow cytometry, was between nondetectable and ~45 000 cells per millilitre (Fig. 2F;
Fig. S3), representing up to 5.3% of the total microbial
prokaryotic community. Prochlorococcus clades showed
considerable variation in their relative abundance along
the latitudinal profiles but displayed the characteristic
niche-partitioning in the water column, with higher abundances of HL-adapted ecotypes in the upper water
column, and the dominance of LL-adapted ecotypes at
depth (Fig. S4).
For Synechococcus, except for clade III, all clades had
representatives in both surface oxic waters and deeper
low-oxygen waters. However, the relative abundance of

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports, 2, 728–738

(2.88)
(2.74)
(3.35)
(1.69)
(2.18)

(0.93)
(1.17)
(0.82)
(3.35)
(2.74)
(2.88)
(1.69)
(2.18)
(2.68)
(1.92)

4.62
2.98
2.89
1.64
1.66

0.37
0.57
0.34
2.89
2.98
4.62
1.64
1.66
1.08
1.26

Average abundance
(⫾SD) oxic

4.18
4.01
3.75
0.99
0.86
4.71
2.79
0.26
0.35
0.21

4.71
4.18
4.01
3.75
2.79
(1.73)
(1.60)
(1.35)
(1.97)
(1.04)
(1.45)
(1.64)
(0.60)
(0.84)
(0.57)

(1.45)
(1.73)
(1.60)
(1.35)
(1.64)

Average abundance
(⫾SD) suboxic

16.46
13.75
13.12
12.71
7.70

15.26
7.13
5.40
3.41
2.67
(4.09)
(2.10)
(2.04)
(2.20)
(1.29)

(1.11)
(0.71)
(0.50)
(0.61)
(0.46)

Average similarity
(⫾SD)

9.32
8.56
8.26
7.12
6.53
6.50
5.12
3.92
3.36
2.88

(1.98)
(1.96)
(2.28)
(0.96)
(1.12)
(1.29)
(1.35)
(0.79)
(0.47)
(0.75)

Average dissimilarity
(⫾SD)

13.68
12.56
12.12
10.45
9.58
9.54
7.51
5.76
4.93
4.23

24.83
20.75
19.79
19.17
11.62

40.68
19.00
14.39
9.09
7.12

Contribution (%)

13.68
26.24
38.36
48.81
58.39
67.93
75.44
81.2
86.12
90.35

24.83
45.58
65.36
84.54
96.16

40.68
59.68
74.06
83.15
90.28

Cumulative
contribution (%)

Pro, Prochlorococcus; Syn, Synechococcus. The assigned T-RF’s data were analysed with the multivariate statistical software Primer 6 (Primer-E Ltd, Plymouth, UK). A similarity matrix was
calculated using the Bray-Curtis coefficient (Rees et al., 2004). Average abundance was calculated as the average of the relative abundance percentages from the total fluorescence of each
T-RFLP profile. Similarity and dissimilarity values were calculated using the similarity index of Bray-Curtis. (Resemblance: S17 Bray Curtis similarity and SIMPER, cut-off 90%). The ‘average
similarity/dissimilarity’ values correspond to the intra-group (columns) and between group’s (rows) comparisons. The ‘contribution’ refers to the contribution that each taxon has (based on relative
abundances) in the comparison of similarities/dissimilarities.

Oxic samples: average similarity = 37.50
Syn Clade I
Syn Clade CRD2
Pro LL II–III
Syn Clade VI
Pro LL I
Suboxic samples: average similarity = 66.29
Syn Clade I
Pro LL V
Pro LL IV
Pro LL VI
Syn Clade VI
Oxic and suboxic: average dissimilarity = 68.14
Pro LL V
Pro LL IV
Pro LL VI
Pro LL II–III
Syn Clade CRD2
Syn Clade I
Syn Clade VI
Pro LL I
Pro HL II
Syn Clade V

Clades

Table 1. Average abundance, similarity and dissimilarity (in %) and species contributions among cyanobacterial groups from oxic (> 20 mM O2) and suboxic (ⱕ 20 mM O2) zones.
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Fig. 3. Representative profile in the OMZ of the eastern tropical South Pacific (Dinamo Cruise, Table S1) showing the characteristic
distributions of (A) chlorophyll fluorescence, and dissolved oxygen, nitrate and nitrite concentrations, (B) cyanobacterial concentration, and
relative abundance of specific phylotypes of (C) Prochlorococcus and (D) Synechococcus obtained by T-RFLP. The relative abundance of the
T-RFs was determined by calculating the area of each peak as a percentage of the sum of all areas in each sample. Then, the relative
abundance of each clade was computed as the percentage of the sum of all the relative abundances of the T-RFs assigned to each particular
clade per genus.

Synechococcus was always lower than that of Prochlorococcus within the OMZ, in agreement with our flow cytometry results (Fig. 2) and those of Goericke and colleagues
(2000) for the OMZs of eastern tropical North Pacific off
Mexico and Arabian Sea. At all stations (Fig. S5), except
for Station st-39 in the tropical North Pacific, clade I was
the most abundant lineage found within Synechococcus
(50.5%), followed by clades CRD2 (21.6%), VI (12.5%), V
(6.8%), II (3.8%), IV (2%), XV (1.5%), CRD1 (0.5%), XVI
(0.5%), VII (0.2%) and III (0.1%). The presence of clades
I and IV in some surface samples in the study region
suggests these clades are not confined to latitudes above
30°N and below 30°S (Zwirglmaier et al., 2008). However,
their presence along the eastern tropical South Pacific
could be explained as a result of the Humboldt (or Peru–

Chile) Current, which transports cold waters equatorward.
The near-absence of clade III is consistent with other
studies that suggest that this lineage is restricted to
warmer oligotrophic waters (Fuller et al., 2005; Zwirglmaier et al., 2008).
The dominance of Prochlorococcus over Synechococcus in the OMZ zone, and particularly of LLIV, LLV and
LLVI, which together contributed almost 90% of the total
Prochlorococcus abundance, is presumably a result of
specific physiological adaptation to the prevailing light and
nutrient conditions within the OMZ. Even though few
Prochlorococcus ecotypes are able to utilize oxidized
forms of nitrogen, particularly nitrite (Moore et al., 2002),
the biological processes of nitrate and nitrite reduction
carried out by the local OMZ microbial community (Farías
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et al., 2007) could support their dominant presence. The
possibility also exists that members of the new OMZ
clades are able to utilize nitrate, as was recently proposed
for natural Prochlorococcus populations in the deep chlorophyll maximum of the Sargasso Sea (Casey et al.,
2007), and supported by the widespread occurrence of a
genomic island containing nitrite and nitrate assimilation
genes in uncultured Prochlorococcus cells from marine
waters (Martiny et al., 2009b). While there is no physiological or genomic information yet for the new OMZ
lineages, members from LLIV have been described to be
particularly abundant in deeper subtropical and tropical
waters (Johnson et al., 2006), reflecting their photosynthetic capacity that enable them to have a high
growth rate at low photon flux densities of
< 20 mmol quanta m-2 s-1 (Moore and Chisholm, 1999). In
addition, previous environmental reports (Zinser et al.,
2007) showed high abundance of this clade at relatively
low temperatures (13–14°C), similar to those found in the
OMZs, and corresponding to a few degrees below the
limit for growth of the ‘type strain’ MIT9313 (Zinser et al.,
2007).
The presence of a high microdiversity and multiple phylotypes of picocyanobacteria, particularly of Prochlorococcus, in this environment could reflect interaction and
competition for resources with other microorganisms also
present, such as nitrifiers and denitrifiers or other bacteria
and protists (Zubkov et al., 2003; García-Fernández
et al., 2004; Michelou et al., 2007; Mary et al., 2008).
Several other factors, such as differences in cell size,
differences in light absorption and utilization at low light
levels, predatory pressure, and viral control could also be
influencing the diversity and composition of picocyanobacteria in the OMZ.
In summary, the screening of environmental ITS
sequences with T-RFLP allowed assessment of the
genetic diversity and relative abundance of picocyanobacteria in OMZs at high-resolution level. With this
approach, it was found that new clades of Prochlorococcus dominated the oxygen-deficient waters of the eastern
tropical South Pacific. The environmental conditions of
oxygen deficiency in OMZs that could be affecting enzymatic processes of competitors such as eukaryotic cells
(Goericke et al., 2000) should leave a vacant niche that
can be occupied by picocyanobacteria. The dominance of
specific clades of Prochlorococcus, and particularly of
novel ones, most likely reflects evolutionary adaptations
to these particular conditions.
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Supporting information
Additional Supporting Information may be found in the online
version of this article:
Fig. S1. A. Location of sampling stations along the eastern
tropical Pacific Ocean during five cruises (Table S1).
B. Composite contour plot of dissolved oxygen concentration
(in mM) along the eastern tropical Pacific Ocean. Black dots
represent sample depths. A total of 55 seawater (~10 l)
samples were collected for environmental DNA isolation from
17 stations. The description of the methods used for the
physical and chemical characterization of the water column
and collection of DNA samples are given in Galán et al.
(2009). In order to interpret biological data in relation to the
physical and biogeochemical conditions of the water column,
we only used data above the depth of 0.1% of surface light
intensity. The depth corresponding to 0.1% of surface light
intensity was determined using PAR and SPAR light sensors
(Sea-Bird SBE 9), when available, or using chlorophyll-a data
as described in Grob et al. (2007).
Fig. S2. Two-dimensional non-metric MDS ordination illustrating cyanobacterial clade community structure of oxic
(> 20 mM O2) and suboxic (ⱕ 20 mM O2) samples, as defined
by Bray–Curtis distances. A global R value higher than 0.5
indicates high differences between groups. Raw datasets
consisted of the size of terminal restriction fragments
(T-RFs), measured in base pairs (bp), and the area of each
peak, measured in fluorescence units (an index of abundance). T-RFs from 50 to 600 bp were included in the analysis, whereas those representing less than 0.5% of the total
area were excluded. Data were standardized by calculating
the area of each peak as a percentage of the total area. The
standardized data were phylogenetically assigned through
the use of the web-based resource PAT, which in turn predicts
T-RF sizes from a database generated from in silico analysis
of known sequences (Kent et al., 2003). After the assignment, the relative abundance of each clade was calculated as
the sum of all the relative abundances of the T-RFs assigned
to that group. Richness (R) was calculated as the total
number of clades per sample. Diversity was described with
the Shannon–Weaver index (H′), computed from H′ = S
pi*ln(pi), where pi is the relative abundance of each clade.
T-test was performed using GraphPad Prism version 4.00 for
Windows (GraphPad Software, San Diego, California, USA).
The assigned T-RF’s data were analysed with the multivariate
statistical software Primer 6 (Primer-E Ltd, Plymouth, UK). A
similarity matrix was calculated using the Bray-Curtis coefficient (Rees et al., 2004). Non-metric multidimensional
scaling (NMDS) analysis was used to group data according to
their similarity. One-way and two-way crossed analysis of
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similarity (ANOSIM) was carried out to examine the statistical
significance of grouping (Clarke, 1993). The output statistic,
R, takes a value of 0 if there is no separation of community
structure due to the factor analysed (in this case oxygen) and
1 if a total separation takes place (Clarke, 1993). Values
higher than 0.5 account for high differences, whereas differences between 0.25 and 0.5 are considered as moderate. A
similarity of percentages (SIMPER) test was used to calculate the average contribution of individual cyanobacterial
clades to the average similarity and dissimilarity among
groups.
Fig. S3. Representative OMZ profiles showing the characteristic distribution of oxygen concentration, cyanobacterial
and prokaryotic abundance obtained by flow cytometry (A, B)
and total contribution to total prokaryotic plankton (C, D); (A,
C) – Dinamo profile and (B, D) – Prodeploy profile (see
Table S1).
Fig. S4. Distribution of the relative abundance of Prochlorococcus ecotypes along the eastern tropical Pacific as

determined by T-RFLP. Grey dots represent samples where a
particular ecotype was not detected. Dotted lines represent
the 20 mM O2 isoline (to mark the boundary of the OMZ;
Kamykowski and Zentara, 1990).
Fig. S5. Distribution of the relative abundance of Synechococcus clades along the eastern tropical Pacific as determined
by T-RFLP. Grey dots represent samples where a particular
clade was not detected. Dotted lines represent the 20 mM O2
isoline (to mark the boundary of the OMZ; Kamykowski and
Zentara, 1990).
Table S1. Sampling location and light and dissolved oxygen
conditions during five cruises along the eastern tropical
Pacific.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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