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Summary

Bacteria in the SAR11 clade are highly abundant in
marine surface waters, but currently little is known
about the carbon compounds that support these large
heterotrophic populations. To better understand the
carbon requirements of these organisms, we con-
ducted a multiphasic exploration of carbohydrate uti-
lization among SAR11 isolates from the Northeast
Pacific Ocean and the Sargasso Sea. A comparison of
three SAR11 genomes showed they all lacked a
recognizable PTS system, the oxidative portion of
the pentose phosphate shunt (zwf-, pgl-), and had
incomplete Embden–Meyerhoff–Parnas (pfk-, pyk-) or
Entner–Doudoroff (eda-) glycolysis pathways, sug-
gesting these isolates are limited in their ability to
transport and oxidize exogenous carbohydrates.
Growth assays, radioisotopes, metagenomics and
microarrays were utilized to test this hypothesis.
Galactose, fucose, rhamnose, arabinose, ribose and
mannose could not serve as carbon sources for the
isolates tested. However, differences in glucose utili-
zation were detected between coastal and ocean gyre
isolates, with the coastal isolates capable of trans-
porting, incorporating and oxidizing glucose while
the open ocean isolate could not. Subsequent
microarray analysis of a coastal isolate suggested
that an operon encoding a variant of the Entner–
Doudoroff pathway is likely responsible for the
observed differences in glucose utilization. Metage-
nomic analysis indicated this operon is more
commonly found in coastal environments and is
positively correlated with chlorophyll a concentra-
tions. Our results indicated that glycolysis is a vari-

able metabolic property of SAR11 metabolism and
suggest that glycolytic SAR11 are more common in
productive marine environments.

Introduction

Marine bacteria of the SAR11 clade are the most abun-
dant aerobic, heterotrophic bacteria in ocean surface
waters (Morris et al., 2002) and previous studies have
indicated these cells play an important role in marine
carbon cycling (Malmstrom et al., 2005; Morris et al.,
2005). Despite their abundance, little is known about the
organic compounds that native SAR11 populations use to
fulfil cellular biosynthetic and energetic demands. This is
due, in part, to the chemical complexity of natural marine
dissolved organic carbon (DOC), which is comprised of a
diverse but poorly resolved mixture of organic compounds
that are produced via a multitude of biotic and abiotic
processes (Moran and Zepp, 1997; Carlson et al., 1998;
Williams, 2000; Kujawinski et al., 2004; Repeta and Alu-
wihare, 2006). While previous studies have indicated
marine bacteria play a central role in the cycling of marine
DOC (Azam et al., 1983; Carlson et al., 2004; Azam and
Malfatti, 2007), determining which carbon compounds are
utilized by which marine prokaryotes in a natural environ-
ment remains technically challenging.

Given the difficulties in cultivating marine organisms and
in resolving the chemical complexity of dissolved organic
matter, marine microbiologists began to investigate marine
bacterial carbon utilization by examining the response of
key community parameters, such as bacterial production,
to the addition of defined carbon compounds or fraction-
ated DOC (e.g. the high-molecular-weight fraction etc.).
Many of these studies focused on the uptake and oxidation
of dissolved free amino acids (DFAA), in part because
proteins constitute a significant fraction of a bacterium’s
biomass. From these studies emerged a general trend that
DFAA can support a significant percentage of a marine
bacterial production (see review by Kirchman, 2003).
However, the contribution of DFAA to bacterial production
was at times found to be surprisingly low in oligotrophic
environments such as the Sargasso Sea (Suttle et al.,
1991; Keil and Kirchman, 1999), suggesting other carbon
sources are also important in these environments.
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Phytoplankton are known to release significant
amounts of polysaccharides into the water column (see
review by Carlson, 2002), suggesting a role for carbohy-
drates in marine bacterial carbon cycling. Early investiga-
tions into the reactivity of neutral monosaccharides
indicated these molecules are rapidly utilized by marine
bacteria, with glucose concentrations at times being suf-
ficient to directly support a significant amount (5–85%) of
the measurable bacterial production in oligotrophic envi-
ronments such as the equatorial Pacific Ocean and the
Gulf of Mexico (Rich et al., 1996; Skoog et al., 1999). In
addition, reports of aggressive enzymatic hydrolysis of
the polysaccharides (Smith et al., 1992) found in high-
molecular-weight DOC (Aluwihare et al., 1997; Skoog and
Benner, 1997) also suggest that many marine bacteria
actively use carbohydrates to meet their biological carbon
demands. However, similar to early DFAA studies, carbo-
hydrate utilization appears to vary both temporally and
spatially, making general conclusions difficult.

With the advent of molecular techniques that address in
situ activity and substrate utilization, such as microauto-
radiography (MAR) combined with fluorescent in situ
hybridization (FISH), community fingerprinting and stable
isotope probing (SIP), it is possible to assay the uptake of
isotope-labelled compounds by specific members of a
bacterial community. The recent application of MAR-FISH
to a marine bacterioplankton community indicated that
bacteria of the SAR11 clade accounted for nearly half of
the uptake of nanomolar amounts of radiolabelled amino
acids (Malmstrom et al., 2004). Aggressive uptake of
DFAA by SAR11 may be explained, in part, by recent
observations that marine SAR11 are auxotrophic for the
amino acids glycine and serine (Tripp et al., 2009) and
that they may rely on exogenous methionine as a sulfur
source (Tripp et al., 2008), but currently it is not known to
what extent marine SAR11 utilize amino acids or exog-
enous proteins as general sources of carbon.

SAR11 carbohydrate metabolism has also been probed
by MAR-FISH studies, with results varying by location.
SAR11 dominated the uptake of D-glucose in MAR-FISH
studies collected from the Northwest Atlantic Ocean and in
samples collected from the coastal North Sea (Malmstrom
et al., 2005; Alonso and Pernthaler, 2006), but members of
the SAR11 clade did not compete as strongly for free
glucose in the Arctic Ocean or the Delaware Estuary
(Elifantz et al., 2005; Alonso-Saez et al., 2008). Similarly,
other experimental work examining the response of natural
populations of bacterioplankton to glucose addition indi-
cated that SAR11 populations are at times not responsive
to glucose addition (Carlson et al., unpublished). Com-
bined, these studies suggest that SAR11 carbohydrate
metabolism varies among ecotypes and differs in its extent
by location, but currently the mechanism(s) responsible for
this variability are not understood.

While the MAR-FISH results of glucose utilization by
marine SAR11 have been variable, they do clearly indi-
cate that some SAR11 can utilize glucose. Complete
genomes provide one of the most comprehensive sources
of information about microbial metabolism. Thus, it was
with curiosity we noted that a complete pathway for
glucose oxidation could not be reconstructed from the first
SAR11 genome (Giovannoni et al., 2005), and genomes
that followed showed even less evidence of this central
metabolic pathway (Stingl et al., 2009). These observa-
tions further suggested that the variable responses of
SAR11 populations to glucose that have been reported
might be due to natural genetic variation in SAR11 carbo-
hydrate metabolism. To address this question we used
multiple approaches to examine carbohydrate metabo-
lism in two high-light-adapted, SAR11 surface Ia
ecotypes, HTCC1062 and HTCC7211 (99.9% 16s rRNA
similarity) (Carlson et al., 2009), that had been isolated
from either the Oregon Coast or the Sargasso Sea
respectively. Multiple lines of evidence indicated that
coastal SAR11 have a greater capacity for carbohydrate
oxidation than SAR11 from ocean gyres, and that at least
some gyre SAR11 lack glycolysis completely and cannot
oxidize glucose to CO2.

Results

Comparative genomics

Initial annotation of the HTCC1062 genome showed that
genes for glucose uptake and phosphorylation (i.e. the
PTS system) were absent from this isolate (Giovannoni
et al., 2005). The typical Embden–Meyerhoff–Parnas
(EMP) pathway of glycolysis is incomplete since typical
genes for 6-phosphofructokinase (E.C. 2.7.1.11) and
pyruvate kinase (E.C. 2.7.1.40) are absent from the
genome. It was also observed that HTCC1062 contained
a predicted homologue of the Entner–Doudoroff (ED)
dehydratase gene (edd, E.C. 4.2.1.12), but that the
genome lacked a recognizable gene encoding an ED
aldolase (eda, 4.1.2.14) (Giovannoni et al., 2005).
However, the presence of two ABC transport systems
(Table S1) that were annotated as ‘sugar’ transporters
and an edd gene suggested that some form of glycolysis
might be encoded by the genome, although the pathway
remained uncertain at the time (Giovannoni et al., 2005).

Additional SAR11 genome sequences from HTCC1002
and HTCC7211 have become available after the analysis
of the first SAR11 genome, providing comparative data
about variation in SAR11 carbohydrate metabolism.
HTCC1002 differs in 16S rRNA gene sequence by one
base pair from HTCC1062, and HTCC7211 differs by 15
base pairs in 16S rRNA gene sequence from the other two
strains. Many of the central metabolism genes noted as
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absent in the HTCC1062 genome were also lacking from
the HTCC1002 and HTCC7211 genomes (Table S1).
Specifically, no genes were found that encoded PTS
transport (ptsIGH), the oxidative portion of the pentose
phosphate cycle (zwf, pgl), 6-phosphofructokinase (pfk)
and pyruvate kinase (pyk) (Table S1). In addition to these
key lesions, HTCC1002 also lacked a recognizable phos-
phoenolpyruvate (PEP) carboxylase (E.C. 4.1.1.31).
Hence, many of the central metabolism lesions observed
in HTCC1062 appear to be conserved in isolates obtained
from within and across ocean basins.

Despite the observed variations, other important fea-
tures of central metabolism are conserved among the
three genomes. All three isolates possessed a complete
TCA cycle as well as a complete gluconeogenic pathway
that utilizes the alternate enzyme pyruvate orthophos-
phate dikinase (ppdk) to generate phosphoenolpyruvate
as well as an alternate fructose 1,6-bisphosphatase glpX.
All isolates have genes that encode a complete glyoxylate
cycle that is regulated, in part, by a conserved glycine-
binding riboswitch (Tripp et al., 2009). Furthermore, all
three isolates contain genes encoding PQQ-dependent
aldose dehydrogenases (Table S1). Interestingly,
HTCC1002 and HTCC7211 have only one of the two
predicted ABC-sugar transport systems found in
HTCC1062 (Table S1). The sugar transporter genes
found in HTCC1002 are localized near the predicted ED
genes, as is the case in HTCC1062. However, the pre-
dicted sugar transporter genes in HTCC7211 are more
similar to msm-like sugar transporters of HTCC1062,
which are not located near the ED genes in the
HTCC1062 genome (Table S1). The genome position of
the putative ABC-sugar transporters near the edd genes
in HTCC1062 and HTCC1002 led us to speculate that this
region of the genome contains an operon that encodes
the transport and oxidation of glucose. Homologues of
HTCC1062 genes SAR11_0769_0778 were present in
the genome of HTCC1002, but were mostly lacking from
the HTCC7211 genome. However, two of the genes
(SAR11_0775, SAR11_0778) in the glycolysis operon of
the coastal isolates were present in the HTCC7211
genome, but were not located near each other, nor next
to the putative ABC-sugar transporter genes found in
HTCC7211, suggesting they may have alternate functions
(Table S1).

Radioisotope and cultivation assays

In accord with the predictions from genome annotation,
both isotope and growth assays indicated that coastal
SAR11 isolates could utilize glucose as a carbon source,
but the Sargasso Sea isolate could not. Radiotracer
studies with 14C-D-glucose indicated the Sargasso Sea
SAR11 isolate HTCC7211 was incapable of transporting,

incorporating or oxidizing glucose when supplied at a final
concentration of 1 mM (Fig. 1A) or 10 mM (data not
shown). Conversely radiolabelled glucose supplied at a
final concentration of 1 mM was transported, incorporated
and oxidized to CO2 by the Oregon coast isolate
HTCC1062 (Fig. 1A). Similar glucose oxidation was also
observed for a close relative of HTCC1062, SAR11 isolate
HTCC1002 (data not shown). Both HTCC7211 and
HTCC1062 transported, incorporated and oxidized radio-
labelled 14C-pyruvate, indicating all cells were active
during the experiments (Fig. 1B).

Results from growth assays on glucose were consistent
with results obtained from isotope studies. Cultivation
assays with SAR11 isolates HTCC1062 and HTCC7211
were conducted in seawater media amended with
D-glucose, pyruvate or both as the primary carbon
sources and all other nutrients (ammonia, phosphorus,
L-methionine, L-serine, iron and vitamins) in excess.
Control treatments also contained all nutrients in excess,
but were not amended with a primary carbon source.
Control treatments reached similar final cell densities
(mean � SD, HTCC1062: 1.93 � 0.01 cells ¥ 106 ml-1,
HTCC7211: 2.79 � 0.43 cells ¥ 106 ml-1) (Fig. 1C and D).
Similarly both isolates reached maximum final cell densi-
ties when pyruvate was the principal carbon source
(HTCC1062: 7.20 � 0.46 cells ¥ 106 ml-1, HTCC7211:
8.58 � 0.25 cells ¥ 106 ml-1, Fig. 1C and D). Final cell
densities of HTCC7211 grown on glucose were not sig-
nificantly higher than control treatments (3.79 � 0.10
cells ¥ 106 ml-1, P = 0.22) but were significantly lower
(P = 3.5 ¥ 10-6) than cell concentrations obtained when
grown on pyruvate (Fig. 1D). HTCC1062 grown on
glucose reached a final cell density comparable to, but
slightly lower than, densities obtained when grown
on pyruvate (5.97 � 0.21 cells ¥ 106 ml-1), but growth
rate on glucose was slightly lower compared with
growth rate on pyruvate (0.520 � 0.007 day-1 versus
0.561 � 0.005 day-1, P = 0.0001) (Fig. 1A and B). Addi-
tional carbohydrate utilization patterns did not differ
between isolates, with neither able to utilize the carbohy-
drates fucose, rhamnose, mannose, galactose, ribose
and arabinose nor the disaccharides maltose and treha-
lose (Table 1). Finally, it was noted that neither isolate
utilized gluconic acid despite both having predicted PQQ-
dependent glucose dehydrogenases, but both isolates
utilized taurine, lactate, acetate and oxaloacetate
(Table 1).

Metagenomic analysis

The experimental data provided conclusive evidence that
glucose oxidation is a variable property of SAR11 metabo-
lism, but the low number of isolates available for study left
uncertainty about how prevalent glycolysis deficiencies
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are among marine SAR11 and whether the absence of
this important trait is more common in open ocean iso-
lates, as suggested by the data. To address these ques-
tions we used BLAST searches and a reciprocal best BLAST

(RBB) test to determine the frequency of all SAR11 gly-
colysis genes (Fig. 2A) in metagenomic data collected
during the global ocean survey (GOS) (Venter et al.,
2004; Rusch et al., 2007). The results confirmed that the
SAR11 glycolysis operon is not uniformly present among
marine SAR11 bacteria but rather is variably present and
its presence in SAR11 genomes is positively correlated
with chlorophyll a concentrations (r = 0.692, P = 6.3 ¥
10-5) (Fig. 2B). The frequency of SAR11 recA genes,
which were used to normalize the BLAST search data,
indicated that SAR11 bacteria comprised on average
35 � 7.5% of the cells in the GOS data sets examined.
Among the individual GOS samples, the analysis indi-
cated that the frequency of SAR11 cells bearing the gly-

colysis operon varied from 30% to 100% (Fig. 2B). The
genomic arrangement of these genes is indiscernible from
the current data set due to the fragmentary nature of
metagenomic libraries; however, in all cases the entire
operon was detected within a sample.

Microarray results

Patterns of gene expression often provide clues about
metabolic pathways since genes involved in the same
process are often coordinately expressed. Therefore, we
used Affymetrix GeneChip oligonucleotide microarrays to
examine the transcriptional response of the predicted
glycolysis operon to the presence of glucose.
HTCC1062 cells were grown in filtered, autoclaved sea-
water media with inorganic nutrients and vitamins in
excess and glucose either present or absent. The result-
ing transcription profiles were highly similar between
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Fig. 1. A and B. Utilization of radiolabelled (A) 14C-D-glucose (1 mM final concentration) and (B) 14C-pyruvate (1 mM final concentration) by
HTCC isolates 1062 and 7211. Assays were conducted for 24 h at room temperature (~22°C) in artificial seawater media. Error bars represent
the mean � SD of triplicate measurements.
C and D. Growth curves of SAR11 isolates HTCC1062 (C) and HTCC7211 (D) when glucose (�) or pyruvate ( ) was supplied as the primary
carbon source. Control treatments that lacked a carbon source are indicated with the symbol � and HTCC7211 cells grown on pyruvate in the
presence of 25 mM glucose are indicated with the symbol �. Data for glucose, pyruvate, and both pyruvate and glucose combined are
mean � SD of quadruplicate flasks. Control treatments represented by mean � range of duplicate flasks.
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treatments, with a high proportion, 1240 of the 1378
(90%) coding sequences, detected in both treatments
(Fig. 3). Nearly all of the most highly expressed genes,
including proteorhodopsin, did not differ between treat-
ments (Table S2) and were similar to highly expressed
proteins observed in previous proteomic studies of
HTCC1062 (Sowell et al., 2008a). Similarly, of the 1240
detected genes, only 43 genes (3.5%) were differentially

expressed (t-test P-value � 0.05 and fold change � 1.5)
between treatments (Table S2). Averaged over the entire
operon, mRNAs encoding glycolysis genes were twice
as abundant (2.0 � 0.6-fold change) when glucose was
added to the cultures (Table S2). It was noted that
the genes encoding the glyoxylate pathway (aceA, glcB)
were highly expressed in the No Carbon treatment
(Table S2), suggesting low-molecular-weight organic

Table 1. Maximum cell densities and growth rates from carbon utilization tests of HTCC1062 and HTCC7211.

Carbon compound

HTCC1062 HTCC7211

Result
Cells ¥ 106 ml-1

(mean � range)
Doubling
time (days) Result

Cells ¥ 106 ml-1

(mean � range)
Doubling
time (days)

Pyruvate + 7.8 � 0.41 1.3 + 5.9 � 0.15 1.6
L-lactate + 6.6 � 0.74 1.6 + 5.7 � 0.06 1.7
Oxaloacetate + 5.9 � 0.72 1.3 + 6.1 � 0.27 1.4
Acetate + 3.1 � 0.05 1.4 + 4.2 � 0.23 1.8
Taurine + 3.1 � 0.22 1.3 + 5.3 � 0.25 2.0
D-(+)-glucose + 5.1 � 0.01 1.4 - 3.4 � 0.09 1.8
No Carbon control 1.3 � 0.02 1.4 3.5 � 0.20 1.9
L-(+)-fucose - 1.5 � 0.08 1.4 - 3.6 � 0.18 1.6
D-(+)-ribose - 1.8 � 0.04 1.3 - 3.0 � 0.80 2.1
D-(+)-mannose - 1.8 � 0.09 1.3 - 3.8 � 0.46 1.7
D-(+)-maltose - 1.7 � 0.14 1.4 - 3.9 � 0.03 1.6
D-(+)-galactose - 1.7 � 0.05 1.3 - 3.7 � n.d. 2.1
D-(+)-arabinose - 1.5 � 0.04 1.4 - 2.8 � 0.03 2.0
L-(+)-rhamnose - 1.4 � 0.03 1.4 - 3.6 � 0.09 1.7
D-(+)-trehalose - 1.5 � 0.04 1.4 - 3.5 � 0.07 1.6

Each carbon compound was supplied at a final concentration of 25 mM. Cultures were incubated at 20°C, in the dark. Error bars represent the
range of duplicates.

Fig. 2. A. SAR11 Entner–Doudoroff (ED)
operon (SAR11_768 to SAR11_778) present
in coastal isolates HTCC1062 and HTCC1002
but lacking in HTCC7211.
B. Mean � SE percentage of SAR11
containing the ED operon derived from
metagenomic sequencing libraries collected
from a global ocean survey (GOS) plotted as
a function of chlorophyll a concentrations. The
abundance of the ED operon was estimated
by averaging the abundance of all individual
operon genes in a metagenomic data set.
Thus the standard error of the mean reflects
the error in whole operon abundance
estimates as predicted from individual genes.
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acids were being utilized as a carbon source in these
treatments.

Discussion

Although the absence of glycolysis in aerobic het-
erotrophic bacteria is not unheard of, the absence of
glycolysis genes in some members of the competitively
successful SAR11 clade was surprising because glucose
is regarded as a high-value carbon source. Radiotracer
assays with isolates obtained from the Oregon coast and
the Sargasso Sea confirmed that D-glucose was not uti-
lized by the open ocean SAR11 isolate although it could
be incorporated and oxidized to CO2 by the coastal
isolates, which had additional genes for glycolysis.
However, even in the coastal isolates glucose was a
poor carbon source as judged by its influence on the
growth of cultures (Fig. 1A). Microarray studies sup-
ported the hypothesis that the function of the SAR11 ED
operon is glucose oxidation by showing that it is tran-
scribed more highly when glucose was the primary
carbon source (Table S2). While the ED operon appears
to be inducible, regulatory mechanisms that could
explain this observation were not in evidence. Glycolytic
bacteria such as Escherichia coli rely on a suite of global
transcription factors (i.e. arcAB, cra, crp/cyaA, fnr and
mlc) to regulate gene expression and control carbon
metabolism through the EMP and ED pathways (Perre-
noud and Sauer, 2005). One of the most important is the

transcriptional dual regulator CRP, which binds with
cyclic adenosine monophosphate (cAMP) and regulates
the expression of nearly 200 different genes (Kolb et al.,
1993; Zheng et al., 2004). Glucose lowers cAMP levels
in E. coli, preventing the induction of alternate carbon
metabolisms until glucose is depleted, resulting in the
well-known pattern of diauxie observed in batch cultures
of E. coli and other bacteria (Monod, 1949). In addition,
the PTS system also plays a central regulatory role in
bacterial carbon metabolism (Deutscher et al., 2006).
While the PTS system has been found in other marine
bacteria (Delong and Yayanos, 1987; Riemann and
Azam, 2002), surprisingly, many of the above regulatory
genes as well as the PTS system are lacking from the
genomes of marine SAR11 (Table S1). Thus, at this time
the underlying genetic mechanisms that regulate the
expression of the SAR11 ED operon are unknown.

There are many variations of metabolic pathways for
glycolysis, thus the results presented here address an
uncertainty that appeared in the first publication describ-
ing a SAR11 genome (Giovannoni et al., 2005). That
genome (HTCC1062) encoded an unconfirmed variant of
the ED pathway but lacked an eda gene and other key
glycolytic enzymes, making glycolysis a difficult property
to predict solely based on bioinformatics. However, our
results clearly indicate some isolates of SAR11 can utilize
glucose and evidence suggests that a variant of the ED is
responsible. We speculate that the SAR11 ED pathway
relies on the kinase activity of the ROK domain containing
gene SAR11_0768 (Miller and Raines, 2004) to activate
the gluconic acid. In addition, the conserved presence of
a FAA hydrolase homologue (SAR11_0776) in the SAR11
ED operon suggests that this protein catalyses the
cleavage of 2,4-keto-3-deoxy-6-phosphogluconate to
3-phosphoglycerate and pyruvate instead of the usual
cleavage of 2-keto-3-deoxy-6-phosphogluconate to
3P-glyceraldehyde and pyruvate by the eda protein
(Fig. S1). The ability of SAR11 strains to utilize glucose as
a carbon source apparently depends on the acquisition of
the ED operon, since the Sargasso Sea strain HTCC7211,
which lacks this operon, was unable to oxidize glucose
(Fig. 2A). In all of the SAR11 genomes we studied key
genes are missing from alternative pathways of glucose
oxidation – the EMP pathway or the pentose phosphate
shunt (Table S1). While this study has confirmed
HTCC7211 cannot utilize exogenous D-glucose or other
common free carbohydrates, we cannot completely rule
out a metabolic role for exogenous carbohydrates in this
organism. HTCC7211 contains genes annotated as puta-
tive msm-like transporters and a gene encoding a putative
alpha-amylase, suggesting that polysaccharides or other
less common carbohydrates which were not examined
here may be utilized by this organism. How these com-
pounds would be subsequently oxidized though remains
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Fig. 3. Volcano plot (P-value versus mean fold change) of
microarray results obtained from triplicate microarray experiments
of HTCC1062 grown on media amended with 25 mM glucose or no
primary carbon source. Positive (glucose) or negative (No Carbon)
fold-change values indicate carbon source on which transcription
was greater. Dashed lines indicate greater than 1.5-fold change
and had P-values � 0.05. Grey box represents significantly
upregulated genes in glucose treatments. SAR11 genes found in
the glycolysis operon are indicated by stars.
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uncertain given the predicted lesions in the EMP, ED and
pentose phosphate pathways.

One of the most powerful uses of metagenomics has
been its application to understand natural variation. There-
fore, it was fortunate that large GOS databases were
available to test hypotheses that emerged from the study of
carbohydrate oxidation in the cultured isolates. The
metagenomic data supported the hypothesis that the ED
operon is indeed a variable property of SAR11 genomes,
and furthermore supported the conclusion that this operon
is present more frequently in SAR11 genomes from coastal
ecosystems. However, even though the genes in the gly-
colysis operon are under-represented in open ocean
metagenomic data sets, homologues of all the genes were
present and expressed in the Sargasso Sea (Wilhelm
et al., 2007; Sowell et al., 2008b), suggesting a subset of
SAR11 in this environment are likely able to utilize glucose
to some extent. Thus, our results lend support to the notion
that there is likely a range of glucose utilization capabilities
among SAR11 ecotypes and shed light onto why previous
studies have found variable responses of SAR11 to
glucose additions. While we speculate that genetic recom-
bination likely influences the distribution of the glycolysis
operon (Vergin et al., 2007; Gilbert et al., 2008), to what
extent recombination influences the distribution of the
operon remains to be determined.

The results of this study are now the third example of a
surprising metabolic deficiency associated with genome
reduction in SAR11 cells. The small sizes of SAR11
genomes have been attributed to streamlining selection
favouring cell designs that use nutrient resources effi-
ciently. Previous reports have shown that genome reduc-
tion occurs at a cost – SAR11 cells require glycine or
serine and reduced forms of sulfur because they lack
genes and enzymes to synthesize these compounds from
precursors (Tripp et al., 2008; 2009). While loss of the ED
operon does not result in a unique nutrient requirement, it
nonetheless represents a loss of nutritional versatility
associated with genome reduction. Some studies have
suggested that selection favours a generalist life-history
strategy in some marine bacteria (Mou et al., 2008), but
our results (Table 1) and other studies (Giovannoni et al.,
2008) have indicated that genome streamlining can sig-
nificantly reduce carbon utilization capabilities compared
with marine bacteria with larger genomes. However, our
results have demonstrated that SAR11 cells are adept at
utilizing a variety of low-molecular-weight organic acids
and are predicted to have a complete gluconeogenic
pathway (Table S1). We speculate that the formation of
carboxylic acids such as oxaloacetate and pyruvate via
photolysis (Kieber et al., 1989; Moran and Zepp, 1997;
Obernosterer et al., 1999) and the production of acetate
and taurine by common marine phytoplankton, zooplank-
ton or other glycolytic marine bacteria (Roberts et al.,

1955; Jackson et al., 1992; Visscher et al., 1999) may
make these compounds regularly available in the illumi-
nated surface waters of the ocean where high-light-
adapted SAR11 Ia ecotypes (Carlson et al., 2009;
Treusch et al., 2009) similar to HTCC1062 and
HTCC7211 are most abundant.

Our findings raise the question: why in the course of
natural selection has glucose oxidation apparently become
an expendable property of SAR11 genomes? The answer
is not obvious. Glucose is widely used by microbial ecolo-
gists to label natural microbial communities because of its
important, central role in metabolism. The oxidation of
glucose and other carbohydrates produces a relatively
large yield of ATP in comparison with organic acids, and
many studies have shown that a relatively large fraction
of phytoplankton production is carbohydrate synthesis
(Morris and Skea, 1978; Behrenfeld et al., 2008). We
speculate that the correlation between the frequency of the
ED operon in SAR11 cells and chlorophyll content of the
water reflects fundamental trends in the value of glucose
and other carbohydrates as substrates in different ecosys-
tems. While little information is available to address this
issue, it is well known that productive coastal ecosystems
are dominated by eukaryotic phytoplankton, whereas pico-
cyanobacteria are the most abundant primary producers in
temperate and tropical ocean gyres.

It is interesting to speculate that the decreased
frequency of the SAR11 ED operon in oligotrophic
environments may be related to the dominance of
picocyanobacteria primary producers in those systems.
Initial investigations into the composition of DOM pro-
duced by Prochlorococcus indicated cultures of these
organisms released significant amounts of carboxylic
acids into the media (Bertilsson and Jones, 2003). Recent
time-series studies have reported that biotic interactions
appear to play a prominent role in defining the ecological
niche of individual marine microorganisms (Fuhrman and
Steele, 2008). Hence, it would not be surprising if the
most abundant marine autotrophs and most abundant
marine heterotrophs have forged a variety of direct or
indirect relationships that have yet to be fully appreciated.
If this is indeed the case, then the lack of glycolysis in
some open gyre SAR11 may be a genomic reflection of
one such indirect species interaction. Perhaps future
research can address whether it is phytoplankton compo-
sition or some other factor that leads to the increased
maintenance of the ED operon in SAR11 genomes in
productive ocean waters.

Experimental procedures

Genomic and metagenomic analyses

To examine the distribution of the HTCC1062 glycolysis
operon in GOS data sets, metagenomic data from 46 GOS
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samples (Venter et al., 2004; Rusch et al., 2007) were
screened for all genes in the glycolysis operon using a RBB
approach (Wilhelm et al., 2007). Briefly, metagenomic data
sets were searched for candidate SAR11 glycolysis genes
using TBLASTN (e-value = 1 ¥ 10-5). Metagenomic sequences
recovered by this initial search were then further screened
using RBB filtering with the BLASTP algorithm (e-value = 10)
and NCBI’s non-redundant protein database (NR), which
contains predicted protein sequences from genomes but not
metagenomic data. Reciprocal best BLAST filtering removes
sequences from the analysis that do not retrieve a SAR11
gene as their best BLASTP match. Permissive e-values were
used in the first search (TBLASTN) to recover homologues,
while the second RBB search provided specificity. Generally,
RBB searches provide far greater accuracy in ‘binning’ genes
by taxon than do expect score cut-offs, but are not used more
often because of the computational demands of the proce-
dure. Sequences retained after RBB filtering were normalized
for length as previously described (Biers et al., 2009) and
expressed as a percentage of SAR11-like recA genes in
corresponding libraries (Venter et al., 2004). Predicted
SAR11 recA genes were identified using the same RBB fil-
tering method used to identify predicted SAR11 glycolysis
genes. We represent the abundance of the operon as the
mean of the individual gene frequencies for all genes in the
operon, and plot the standard error of the mean to represent
the variability in estimates of the operon abundance.

Growth assays

Seawater for experiments was collected at Newport Hydro-
line station NH-05 (latitude: 44.65°, longitude: -124.18°) from
10 m depth between September 2007 and June 2008. Water
was transported to the laboratory and filtered through a
0.2 mm Supor (Millipore) membrane prior to being auto-
claved. Autoclaved seawater was subsequently sparged first
with 0.1 mm filtered CO2 and then with 0.1 mm filtered air for a
period of 24 h respectively. In all experiments, autoclaved,
sparged seawater medium was amended with excess
amounts of (final concentrations): nitrogen (NH4, 10 mM),
inorganic phosphate (KH2PO4, 1 mM), reduced sulfur
(L-methionine, 1 mM), a glycine/serine source (L-serine,
1 mM), iron chloride (FeCl3, 10 nM) and excess vitamins (final
concentrations): thiamine (593 nM), niacin (227 pM), B12
(74 pM), para-amino benzoic acid (PABA, 409 pM), pyridox-
ine (59 nM), pantothenic acid (81 nM), inositol (555 nM)
(Connon and Giovannoni, 2002). To this base seawater
medium, carbon compounds were then supplied at final con-
centrations ranging between 20 and 50 mM as detailed below.
All assays were conducted in 250 ml polycarbonate flasks
and were incubated at 20°C in the dark for the duration of the
experiments. Log phase cells grown on unamended seawa-
ter were used as inoculate in all experiments. Cells were
quantified by staining with the DNA stain SYBR Green I
(Invitrogen) for 1 h, followed by enumeration with a flow
cytometer (Guava Technologies) (Tripp et al., 2008).

Carbon utilization growth assays

The effects of organic compounds on cell growth were
studied using axenic cultures of HTCC1062 and HTCC7211

grown in duplicate batch of sterile seawater media amended
with 20 mM (final concentration) of the individual organic com-
pounds. Cultures were incubated at 20°C in the dark for the
duration of the experiments. Resulting final cell densities
were compared with control treatments that were amended
with inorganic nutrients and vitamins but not an organic
carbon compound. Note that seawater media amended with
inorganic nutrients and vitamins but no additional organic
carbon contained sufficient concentrations of unidentified
natural DOC compounds to support heterotrophic SAR11
growth to final cell densities similar to those observed in
nature (c. 106 cells ml-1; Rappe et al., 2002). Hence, when
final cell densities in treatments amended with organic com-
pounds exceeded the final cell densities observed in
unamended control treatments by 20% or more, the test for
growth stimulation by an organic compound was scored as
positive. Comparable growth rates among treatments were
interpreted to indicate that the added organic compounds
were not toxic at these concentrations, regardless of whether
the compound stimulated the culture to attain a higher cell
density.

Radio tracer experiments

SAR11 cells utilized for radio tracer assays were cultivated in
base seawater media that was amended with D-glucose
(50 mM, final concentration) as the carbon source. Aliquots
(40 ml) of cells were harvested while cultures were in log
phase and collected via centrifugation (1.5 h at 43 000 g) at
16°C in polycarbonate centrifuge tubes. Efficiency of cell
collection ranged between 70% and 90% of initial cell con-
centrations following this protocol. Following centrifugation,
the supernatant was poured off and cells were re-suspended
in 5 ml of minimal-salt artificial seawater mix pH 7.8 (ASW)
(Moore et al., 2007) and transferred to 15 ml polystyrene
centrifuge tubes that had been pre-rinsed in triplicate with
ASW prior to use for radio assays. ASW was comprised of the
following (final concentration): NaHCO3 (6 mM), NaCl
(481 mM), MgSO4 (28 mM), MgCl2 (27 mM), CaCl (10 mM),
KCl (9 mM), HEPES (pH 7.5, 1.0 mM), and was autoclaved
prior to use. All chemicals were obtained from Sigma-Aldrich.

Glucose-D-[14C (U)] (1 mM, final concentration) and
pyruvate-[1-14C] (1 mM, final concentration) radio assays
were conducted at room temperature (22°C) for 24 h prior to
collection. Radioisotopes were obtained from American
Radiolabelled Chemicals Incorporated and were supplied in
sterile water. Controls were processed in an identical fashion
to live samples but were preserved with formalin (20 ml ml-1)
for 1 h prior to the addition of the isotope to the sample.
Determination of uptake of radiolabelled substrate was con-
ducted as follows: 2 ml of cells were collected via filtration
through a 25 mm GSVP 0.22 mm filter (Millipore) and filters
were then rinsed six times with 2 ml aliquots of ASW. The cold
TCA-insoluble fraction was determined in a similar fashion
except filters were first rinsed in triplicate with 2 ml of ASW
then were incubated 2 min in cold 5% TCA followed by six
2 ml rinses with 5% cold TCA. After rinsing, all filters were
transferred to scintillation vials containing 5 ml of UltimaGold
(Perkin-Elmer) scintillation fluid and allowed to sit overnight
prior to being read on a Beckman LS-65000 liquid scintillation
counter. The remaining 1 ml of sample was transferred to a
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1.5 ml centrifuge tube and placed inside a glass serum vial
that also contained an additional 1.5 ml centrifuge tube
holding a piece of Whatman filter paper (Type 1) that had
been saturated with 200 ml of 2-phenethylamine (Sigma). The
sample was then acidified to a pH ~ 2.0 with hydrochloric acid
(6 N), quickly sealed and allowed to stand at room tempera-
ture overnight to trap 14CO2. After incubations, the filter paper
was transferred into 5 ml of UltimaGold scintillation fluid and
allowed to dissolve for 12 h prior to being read on the liquid
scintillation counter. In addition, 100 ml of the acidified sample
was placed directly into 5 ml of UltimaGold scintillation fluid to
determine the amount of isotope remaining in the sample.
Efficiency of counting ranged between 80% and 90% for all
live samples and was greater than 70% for formalin-killed
controls. On average, 95 � 8% of the total isotope used was
recovered following this protocol.

Microarray experiments

HTCC1062 cells used in microarray experiments were grown
in batch cultures containing base seawater media. Glucose
treatments were also amended with 25 mM (final concentra-
tion) of D-glucose whereas control treatments did not receive
an additional carbon source and are referred to as No Carbon
treatments. Glucose and No Carbon growth assays were
conducted in quadruplicate for each treatment. RNA for
microarrays was collected using RNeasy Mini kits (Qiagen)
and amplified using the MessageAmp-II Bacteria RNA ampli-
fication kit (Ambion) per the manufacturer’s instructions.
Briefly, 40 ml of cells from each biological replicate were
harvested in log phase (time = 192 h) via centrifugation (1 h
at 43 000 g, 10°C), after which the supernatant was decanted
and cell pellets were re-suspended in 1 ml of RNA stabiliza-
tion reagent (Bacteria Protect, Qiagen) for 15 min. Following
RNA stabilization, cells were collected by centrifugation
(30 min at 40 000 g, 10°C), the supernatant was removed,
and cells were then stored frozen at -80°C prior to extraction.
RNA extractions began by incubating cells in T.E. lysis buffer
(pH 8.0) containing 400 mg ml-1 lysozyme for 5 min at room
temperature and then were processed via RNeasy Mini kits
(Qiagen) to extract total RNA. RNA from all samples was
amplified simultaneously within several days of isolation and
10–20 ng of template RNA was used per reaction. Briefly,
total RNA from each sample was initially polyadenylated fol-
lowed by the synthesis of cDNA utilizing a T7-oligo(dT)
primer. Biotinylated, antisense RNA (aRNA) was generated
from the cDNA via 14 h of in vitro transcription in the pres-
ence of biotin-11-CTP and biotin-16-UTP nucleotide ana-
logues (Perkin-Elmer). Resulting aRNA was screened for
length and quality using a Bioanalyzer 2100 (Agilent) and
quantified utilizing a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific). Biotinylated aRNA (5.5 mg) from
triplicate samples was fractionated and then hybridized
(45°C) overnight to custom ‘Candidatus Pelagibacter ubique’
Affymetrix GeneChip arrays that contained probes for
HTCC1002, HTCC1062 and HTCC7211 (Pubiquea520471f)
using Affymetrix GeneChip Fluidics Station 450, and Affyme-
trix GeneChip Hybridization Oven 640. Arrays were then
washed following manufacturer’s instructions and the result-
ing images were analysed using an Affymetrix GeneChip
Scanner 3000. Background corrections and raw expression

values were normalized between chips via application of the
robust microarray algorithm (RMA), quantile-normalization
and median polish analyses (Bolstad et al., 2003; Irizarry
et al., 2003a,b) in the Affymetrix Expression Console
program using the AGCC software package. Resulting data
files have been deposited in the NCBI GEO database, refer-
ence number GSE14974. Statistical analysis was conducted
using the MultiExperiment Viewer (MeV, version 4.2.1) soft-
ware package available from The Institute for Genomic
Research (TIGR). Differences between treatments were
deemed significant when mean RMA normalized signal inten-
sities differed statistically (P-value � 0.05) and genes exhib-
ited a 1.5-fold or greater change between treatments.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Proposed Entner–Doudoroff pathway found in
some members of the SAR11 clade. Gene names are for
HTCC1062.
Table S1. Comparison of central metabolism in SAR11 iso-
lates HTCC1002, HTCC1062 and HTCC7211. Due to pre-
dicted lesions in pentose phosphate shunt, reactions yielding
NADPH are indicated with a ‘NADPH’.
Table S2. Transcription profile of HTCC1062 when grown
using glucose as the primary carbon source compared with
No Carbon control treatments. Positive (glucose) or negative
(No Carbon) fold-change values indicate carbon source on
which transcription was greater. Most highly detected tran-
scripts are also shown. Genes in the SAR11 ED operon are
indicated in bold.

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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