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ABSTRACT: The biochemical composition of dissolved organic phosphorus (DOP) in the ocean is
dominated by phosphoesters (C-O-P and C-O-P-O-C bonds), which are hydrolyzed by a diverse
group of alkaline phosphatases (PhoA, PhoD, PhoX), and by phosphonates (C-P bond), which are
degraded by C-P lyases and hydrolases. We designed a bioinformatics pipeline and a statistical
approach to recover and analyze the alkaline phosphatase and phosphonate utilization genes from a
metagenomic database derived from water samples collected from 7 depths (between 10 and 4000 m)
in the oligotrophic North Pacific Subtropical Gyre. The alkaline phosphatase genes phoD and phoX
were more abundant than phoA in the euphotic zone (10–130 m) and in deep waters (500–4000 m).
The C-P lyase genes were most abundant in the euphotic zone at 70 m and were rare in deep water
(≥500 m) where phosphate concentrations were relatively high. These observations indicate that
phosphonates are utilized primarily as a phosphorus source by bacterial C-P lyases; this is consistent
with the observation that C-P lyase genes are part of the pho regulon which is expressed upon phosphorus limitation. In contrast, C-P hydrolase and alkaline phosphatase genes were often more abundant in deep waters, indicating that DOP serves mainly as a carbon and energy source in phosphaterich deep waters which are depleted in bioavailable dissolved organic matter (DOM). The observed
differences in depth distributions and presumed functions of C-P lyase and hydrolase genes indicate
variability in the chemical composition of phosphonates between the euphotic zone and deep waters.
KEY WORDS: Phosphonate hydrolase · C-P lyase · Alkaline phosphatase · Microbial phosphorus
metabolism
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INTRODUCTION
Phosphorus (P) occurs in a wide variety of forms in
the ocean. Inorganic phosphate (Pi) is a preferred
source of P for marine bacteria (Karl 2000), but Pi concentrations are very low in surface waters of the vast
subtropical gyres and often limit biological production,
respiration and diazotrophic dinitrogen (N2) fixation in
many oceanic regions (Michaels et al. 1996, Cotner et
al. 1997, Sanudo-Wilhelmy et al. 2001, Sala et al. 2002,
Obernosterer et al. 2003, Thingstad et al. 2005, Webb
et al. 2007). Dissolved organic phosphorus (DOP) dom*Email: hluo2006@gmail.com
**These authors contributed equally to this article

inates the dissolved phosphorus pool in the surface
ocean (Wu et al. 2000). The high-molecular-weight
(HMW) DOP reservoir consists primarily of phosphoesters (75%) and phosphonates (25%) (Clark et al.
1998, Kolowith et al. 2001), which are substrates of
microbial alkaline phosphatases (APases) and C-P
utilization enzymes, respectively. Marine microbial
APases and C-P utilization enzymes are involved in the
dominant pathways of DOP utilization in the ocean.
The alkaline phosphatases (APases) include several
families (PhoA, PhoX, PhoD) which differ in their metal
cofactor requirements, substrate specificities and sub© Inter-Research 2011 · www.int-res.com
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cellular localization (Luo et al. 2009). For instance,
PhoA uses zinc (Zn) and magnesium (Mg) as cofactors
(Sone et al. 1997) and monoesters as substrates (Coleman 1992), whereas PhoX and PhoD require calcium
(Ca) (Yamane & Maruo 1978b, Wu et al. 2007) and hydrolyze both monoesters and diesters (Yamane &
Maruo 1978a,b, Eder et al. 1996, Wu et al. 2007). In addition, PhoX is predominantly extracellular, whereas a
substantial number of the PhoA and PhoD enzymes are
distributed in the cytoplasm (Luo et al. 2009). Recent
studies have shown that phoA and phoX co-occur in a
marine photosynthetic diazotrophic cyanobacterium,
Trichodesmium, and that phoX has a higher expression than phoA during phosphate limitation (Orchard
et al. 2009). While phoD is more abundant than other
APase gene families near the ocean’s surface (Luo et
al. 2009), the relative abundance of these different
APase families in the deeper ocean is unknown.
Phosphonates contain a highly stable carbonphosphorus (C-P) bond, making them more resistant to
microbial degradation than phosphoesters (Quinn et
al. 2007). Two major enzyme systems, C-P lyase and
C-P hydrolase, that degrade phosphonates have been
described (Quinn et al. 2007, White & Metcalf 2007).
The C-P lyase system is a multienzyme complex
consisting of PhnG, PhnH, PhnI, PhnJ, PhnK, PhnL
and PhnM (White & Metcalf 2007). The C-P lyase
genes are part of the bacterial pho regulon, which is
expressed upon Pi limitation. Utilization of phosphonates through C-P lyase has been reported in Trichodesmium (Dyhrman et al. 2006). Three C-P hydrolase
enzymes have been reported, including phosphonoacetate hydrolase (PhnA), phosphonoacetaldehyde
hydrolase (phosphonatase, PhnX), and phosphonopyruvate hydrolase (PalA) (Quinn et al. 2007). Microbes
utilizing C-P hydrolases can acquire carbon (C), nitrogen (N), phosphorus (P) and energy from phosphonates (McMullan & Quinn 1994, McGrath et al. 1997,
O’Loughlin et al. 2006, Gilbert et al. 2009, Kulakova et
al. 2009), while those using C-P lyase can derive only P
from such compounds (Wanner 1994, Dyhrman et al.
2006). Laboratory studies indicate that phosphate limitation induces expression of C-P lyase genes and some
alkaline phosphatase genes (Jiang et al. 1995,
Dyhrman et al. 2006, Orchard et al. 2009, Sebastian &
Ammerman 2009), whereas expression of C-P hydrolase genes is independent of phosphate concentrations
(Kulakova et al. 2009). The only known exceptions are
when phnX is part of the pho regulon in Enterobacter
aerogenes and Salmonella typhimurium (Quinn et al.
2007).
The most pronounced concentration gradients of
phosphate in the subtropical gyre are found between
surface waters of the euphotic zone and the oxygen
minimum layer in the lower mesopelagic zone. While

cell-specific APase activity is greater in the deep ocean
than in surface waters (Koike & Nagata 1997, Hoppe &
Ullrich 1999, Baltar et al. 2009), no studies have
addressed the depth-dependent variability of C-P
lyase and C-P hydrolase activities. The recent establishment of metagenomic data containing thousands of
sequences at each of 7 depths in the North Pacific Subtropical Gyre (NPSG), generated using bidirectional
sequencing of fosmid inserts, provides an opportunity
to examine the vertical distribution of DOP utilization
genes in the free-living bacterial community (DeLong
et al. 2006). However, the current dataset is not without limitations. It sampled only a small number of
prokaryotic genomes; hence, any result drawn from
the bioinformatic analysis requires rigorous statistical
argument. In addition, the current dataset does not
include gene expression and enzyme activity data.
Gene richness is not equivalent to gene expression,
and our results are suggestive of a metabolic potential
rather than measurements of activity. In the present
study, we use these data to test the primary hypothesis
that C-P lyase genes are most prevalent in phosphatedepleted waters whereas C-P hydrolase genes are
most prevalent in phosphate-replete waters. The depth
distribution of C-P utilization genes is also compared
with that of APase genes.

MATERIALS AND METHODS
Identification of C-P utilization and APase genes
from NPSG depth profile metagenomic databases.
The NPSG depth profile metagenomic peptide database was downloaded from Community Cyberinfrastructure for Advanced Marine Microbial Ecology
(CAMERA) web site (http://camera.calit2.net/) in April
2009. A similarity search of C-P lyases (PhnG, PhnH,
PhnI, PhnJ, PhnM, PhnJ, PhnK), C-P hydrolases (PhnA,
PhnX), APases (PhoA, PhoD, PhoX), and recA against
the NPSG depth profile metagenomic peptide database (DeLong et al. 2006) was done using PSI-BLAST
software (Altschul et al. 1997) with an E cutoff of 0.1.
The query sequence information is listed in Table S1
in the supplement at www.int-res.com/articles/suppl/
a062p061_supp.pdf, and the recovered sequence ID
and depth information of the above gene homologs
are listed in Tables S2, S3 & S4 in the supplement. The
retrieved sequences were used as input in RPS-BLAST
(Altschul et al. 1997) searches (E = 0.1) against
CDD, which consists of multiple protein domain databases including Pfam, COG, SMART, Protein Clusters,
and internally established database by the CDD
research group at NCBI (Marchler-Bauer et al. 2009).
The conserved domains of these proteins are curated
in CDD. The sequences having the top hits, known as
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proteins of interest, were retained. All of the identified
homologs were searched against the NCBI non-redundant database by BLAST, and the queries with the best
hits were treated as the true homologs.
PhnA and PhnX are not annotated in CDD, and their
homologs in the metagenomic databases were identified by a BLAST search against the NCBI non-redundant database. Only the top hit known as PhnA or
PhnX was treated as the true homolog. PalA is another
C-P hydrolase; it resembles phosphoenolpyruvate
mutase (PEPM, an enzyme responsible for C-P bond
synthesis) at the sequence and structural level (Chen
et al. 2006), and both proteins are annotated as PEPM
in CDD. PalA is distinguished from PEPM by the presence of Thr118 in the mobile loop (Chen et al. 2006,
Kulakova et al. 2009). It is important to note that in
some PalA peptides this Thr is replaced by Asn, which
is used by PEPM, making it indistinguishable from
PEPM in this case. Thus, we did not include PalA in the
analysis. The abundance of the genes was normalized
to the genome equivalents as described in previous
studies (Karl et al. 2008, Martinez et al. 2010).
Statistical analysis of C-P lyase gene abundance
among different depths in the NPSG. Statistical analyses were applied to test the abundance of 5 C-P lyase
genes: phnG, phnH, phnI, phnJ and phnM. We used
the term ‘executor genes’ to denote these 5 genes. Two
genes, phnK and phnL, were not considered in the statistical analyses as they are transporter genes (Chen et
al. 1990) and have different stoichiometry from the
other 5 genes. Data from the 7 sampling depths were
divided into 2 groups based on the concentrations of
phosphate measured in these water samples (DeLong
et al. 2006). Surface water samples (≤ 70 m) had phosphate concentrations < 50 nmol kg–1, and samples from
≥ 130 m had concentrations > 50 nmol kg–1. This grouping of samples is designed to test the hypothesis that
the existence or absence of executor genes is influenced by phosphate concentrations.
The basic method applied was the one-sample test
on proportions. Specifically, a 95% confidence interval
was set up to indicate the range of possible true proportions (or population proportions) of executor genes,
which was defined as:

the sample size (number of all genes collected) is large
(Pagano & Gauvreau 2000), which was certainly a valid
assumption for our data. If zero is not included in the interval, then the existence of the executor genes can be
confirmed with 95% of confidence.
The above method would not be applicable if sample
proportions of the executor genes were zeros because
any 95% confidence intervals would include zero. This
indicated that it was unlikely to see any executor genes
at the designated water depths where these genes
were not found. However, the absence of the executor
genes could indicate that these genes were rare and
the sample size was not large enough or the number of
observed executor genes might have been miscounted,
i.e. misclassification might have occurred.
To take these concerns into account, we considered
the following 2 directions for further investigation: (1)
increasing the sample size so that it was large enough
to collect 1 executor gene; or (2) increasing the number
of observed executor genes to correct possible misclassifications. It can be easily shown, based on the definition of confidence intervals, that if direction 2 cannot
lead to the confirmation of the true existence of executor genes, then the existence cannot be confirmed
through direction 1 either (see supplement). In the
‘Results’ section we thus explore the possibility of
direction 2 first.
In our analyses, we assumed that the water sample at
each sampling depth was a random sample, i.e. each
gene at each depth had the same a priori probability of
being included in the sample. Table 1 lists the number
of executor genes observed in 2 different sample
groups (≤ 70 m and ≥ 130 m). All the water samples
were different because each sample was collected at a
different water depth. We used N70 to denote the number of observed genes at water depths in the upper
70 m of the water column and N130 to denote the number of observed genes at depths ≥ 130 m.
Simulation study of sample size effect on sample
proportion. To demonstrate that the sample size (the
total number of genes collected) is sufficiently large,
we conducted a simulation study to see how sample
proportion varies with sample size. The simulation

p ± (1.96 p(1 − p ) N

Table 1. Number of observed C-P lyase executor genes in
surface (≤ 70 m) and deep (≥ 130 m) waters in the NPSG
metagenomic peptide database (DeLong et al. 2006)

)

(1)

in which N is the number of observed genes in total.
The symbol p denotes the sample proportion. In this
context, sample proportions are the proportions of the
executor genes among all the genes collected and
mathematically defined as the ratio between the number of observed executor genes and the number of observed genes in total (i.e. sample size N ) at each depth
in the water column. The confidence interval was set up
based on the normality assumption of proportions when

Genes collected

≤ 70 m

≥ 130 m

Five executor genesa
Other genes
Observed genes in total

7
121338
121345

0
327741
327741

a

Five executor genes include phnG, phnH, phnI, phnJ and
phnM
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study was based on the assumption that the presence
of a C-P lyase gene follows a binomial distribution and
that the true proportion p is given by:

Vertical distribution pattern of C-P lyase, hydrolase
and alkaline phosphatase genes

p = p70 = 7兾121345 = 5.77 × 10– 5

The number of genome equivalents at each depth
was normalized by the number of recA genes, a
single-copy gene in bacterial genomes (Karl et al.
2008, Luo et al. 2009, Martinez et al. 2010), identified at each depth. There were 4, 8, 6, 6, 13, 13 & 6
genome equivalents sampled at depths of 10, 70,
130, 200, 500, 770 & 4000 m, respectively. The C-P
lyase executor genes were found exclusively at a
depth of 70 m (Table 2 & Table S5 in the supplement). Of the 5 executor genes, phnM and phnJ
were absent from surface waters and all 5 executor
genes were missing from 10 m (Table 2 & Table S5).
Among the 2 C-P hydrolase genes, phnX was most
abundant in deep waters, whereas phnA was more
uniformly distributed throughout the water column
(Table 2 & Table S6). Among the 3 APase families,
phoA was found in deep waters but was absent in
surface waters, whereas phoD and phoX genes were
present in both surface and deep waters (Table 2 &
Table S7). In addition, phoD and phoX were more
abundant than phoA throughout the water column
(Table 2 & Table S5).

(2)

The simulation result is presented in Fig. S1 in the
supplement.

RESULTS
C-P lyase executor genes
We found that the genes phnK and phnL had a depth
distribution different from those of phnG, phnH, phnI,
phnJ and phnM (Table 2, Tables S2 & S5 in the supplement), suggesting that the former proteins may have
different ecological functions from the latter proteins.
BLAST analysis using PhnK and PhnL as queries to
search the NCBI non-redundant database showed that
these 2 proteins had significant similarity with ABC
transporter proteins (E < 10–128). In addition, we found
sequence similarity between PhnC, an ABC transporter protein, and both PhnK and PhnL. Furthermore,
the Pfam database annotates PhnK and PhnL as phosphonate transporters rather than as phosphonate lytic
executers, which strengthened the hypothesis that
PhnK and PhnL are members of the ABC transporter
superfamily (Chen et al. 1990).
Because phnK and phnL did not have the same distribution profile as other essential genes in the C-P
lyase complex, they cannot represent the true abundance of the protein complex in the ocean. Therefore,
phnK and phnL were excluded from the following statistical analysis. Hereafter, we designate the term
‘executor genes’ to denote the other 5 genes: phnG,
phnH, phnI, phnJ and phnM.

Statistical analysis results of C-P lyase executor
gene distribution data in the NPSG depth profile
To validate the pattern of C-P lyase executor genes
( phnG, phnH, phnI, phnJ and phnM ) being present in
the surface ocean metagenomes but absent in deeper
samples, a statistical approach was designed. Testing
the significance of the existence or absence of executor
genes in the 2 depth regions is equivalent to testing the
following 2 hypotheses: (1) executor genes exist in sur-

Table 2. The depth distributions of C-P lyase, C-P hydrolase and alkaline phosphatase genes, expressed as a percentage of
genome equivalents that contain the gene of interest. The genome equivalent is represented by recA, provided that recA is a
single-copy gene in bacterial genomes
Depth
(m)

Transporters of
C-P lyase

‘Executors’ of C-P lyase
phnM

phnJ

phnH

phnG

phnI

phnK

phnL

10
70
130
200
500
770
4000
Colour scheme:
0

1~20% 21~40% 41~60% 61~80% 81~100% >100%

C-P hydrolases
phnA

phnX

Alkaline phosphatase
phoA

phoD

phoX
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face waters (≤ 70 m) of the NPSG, and (2) executor
genes were absent at depths ≥ 130 m.
We first tested the hypothesis that these genes exist
in surface waters. Let p70 denote the sample proportion
(see ‘Materials and methods’) in the first depth interval; we had:
p70 = 7兾121345 = 5.77 × 10– 5

(3)

Based on the confidence interval formula given in
‘Materials and methods’, a 95% confidence interval
was given as (1.00 × 10– 4, 1.50 × 10– 5), which clearly
excluded the number zero. This implies that executor
genes exist in the upper 70 m, but such genes are rare
and account for only a very small proportion of the
existing genes in the upper 70 m. An intuitive understanding of this conclusion is given as follows. It is
true that a very small number of executor genes were
observed in the sample. However, the sample size was
large (N70 = 121345), implying that the sample proportion is close to the true proportion (or population
proportion) and reflects the true existence of such
genes. Note that sample size means the total number
of genes sampled, rather than the number of genome equivalents sampled. The simulation study
suggested that, as long as the sample size gets sufficiently large (>100 000), the estimated sample proportion approaches the true proportion (Fig. S1 in the
supplement).
Next, we tested the hypothesis that these executor
genes are absent at depths ≥ 130 m. Because the
observed proportion was zero, any 95% confidence
intervals would include zeros. A conclusion could be
drawn that there are no executor genes ≥ 130 m based
on the current available data. Nevertheless, it is possible that the current sequence similarity-based querying approaches missed the distantly related true
homologs of the executor genes. Following the idea
presented in ‘Materials and methods’, we considered
that the different numbers of executor genes were miscounted among the N130 = 327 741 genes in deeper
waters. Specifically, we took the numbers of miscounted genes as Nmis = 1, 2, 3, 4, 5, 6. Again, the sample proportions and the 95% confidence intervals were
calculated for each case.
The calculated confidence intervals together with
the sample proportions were plotted in Fig. 1. It can
be seen that zero was always included in the 95%
confidence intervals unless we misclassified 4 or
more executor genes, which is unlikely to happen in
practice due to the characteristic of the rarity of these
executor genes. We conclude that the pattern
observed in the metagenomic dataset is valid, i.e.
C-P lyase genes are present in the upper 70 m,
whereas it is very unlikely that these genes occurred
at depths ≥ 130 m.

Probability of capturing an executor gene (×10–5)

Luo et al.: Depth distribution of DOP metabolism genes

3.0
2.5
2.0
1.5
1.0
0.5
0.0
1

2

3

4

5

6

No. of miscounted executor genes

Fig. 1. Probability of capturing an executor gene (s) and 95%
confidence intervals (dashed lines). x-axis: number of assumed miscounted executor genes among N130 = 327 741
genes at depth ≥ 130 m. (j) locations of zeros

DISCUSSION
Phosphate concentrations are typically very low and
often limiting for biological process in surface waters of
the North Pacific Gyre (Karl et al. 1995, Karl & Tien
1997, Karl et al. 2001), but concentrations increase
rapidly below the euphotic zone and should no longer
limit biological activity. The C-P lyase genes are part of
the pho regulon, and the expression of these genes is
regulated by Pi concentrations (Dyhrman et al. 2006). It
is thought that C-P lyase-expressing bacteria only
derive P from phosphonates (Wanner 1994, Jiang et al.
1995, Dyhrman et al. 2006, Quinn et al. 2007), so it is
intriguing to investigate the depth-dependent distribution of C-P lyase genes in contrasting nutrient regimes
of surface water, being Pi-limited and with relatively
abundant reactive dissolved organic matter (DOM), vs.
the ocean’s interior, which is replete with Pi and has
less bioavailable DOM.
The 7 genes phnG to phnM encode the membraneassociated C-P lyase (Metcalf & Wanner 1993). It has
been suggested that phnK and phnL encode phosphonate transporters (Chen et al. 1990), which was verified
in silico in the present study. We thus called the
enzymes encoded by the remaining 5 genes, phnG,
phnH, phnI, phnJ and phnM ‘executor’ proteins for
C-P degradation. The non-stoichiometric distribution
of transporter and executor proteins among the depth
profile suggests that PhnK and PhnL might transport
substrates other than phosphonates. There are lines of
evidence from other transporter proteins to support
this hypothesis. For example, the functional exchange-
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ability of transporter proteins has been observed for
UgpC and MalK transporters (Hekstra & Tommassen
1993). In addition, the glycine betaine transporter is
able to transport dimethylsulfoniopropionate (DMSP)
(Holtmann & Bremer 2004, Sowell et al. 2009). Likewise, although the C-P lyase pathway occurs in a limited number of cyanobacterial taxa (Dyhrman et al.
2006), the phosphonate transporter genes, such as
phnC, phnD and phnE, are more widespread (Moore
et al. 2005). It appears that the executor genes are
more representative of C-P lyase than are the transporter genes phnK and phnL. The executor genes were
found only at a depth of 70 m, indicating that they
could be specific to the euphotic zone. The absence of
C-P lyase executor genes at 10 m was probably due to
the small number of genome equivalents (n = 4) sampled compared with 8 genome equivalents sampled at
70 m. Given the limitations of the data, we only
explored whether these genes occur in the Pi-depleted
surface ocean (≤ 70 m), the Pi-replete deep ocean
(≥ 130 m), or both. Using this approach, we combined
the metagenomic databases from 10 m and 70 m
depths into one set, and pooled the remaining databases (130, 200, 500, 770 & 4000 m) into another set.
Statistical analyses indicated that the C-P lyase executor genes exist only in surface waters (Fig. 2). Based
on the convincing evidence that biological activity is often limited by Pi in surface waters and by bioavailable
C in the deep ocean (Hoppe 2003), our analysis from
the depth-profile metagenomic datasets supports the
findings from bacterial cultures that marine bacteria
primarily use C-P lyase for acquisition of P (Dyhrman et
al. 2006, Quinn et al. 2007). In contrast, the depth distribution of C-P hydrolase genes spanned surface and
deep waters, which is consistent with laboratory studies
which show that specific phosphonates can serve as C,
N, P and energy sources when processed by C-P hydrolases (McMullan & Quinn 1994, Quinn et al. 2007,
Gilbert et al. 2009, Martinez et al. 2010). These observations indicate that marine microorganisms are
adapted to the depth-variable resources in the ocean. It
is important to note that the statistical model indicates
that C-P lyase executor genes are present in surface
waters of the euphotic zone, but it does not deny the
possibility of observing these genes in samples from
deep waters. Surface-dwelling bacteria are transported
to deeper waters through vertical mixing events. Moreover, the seawater samples used to generate this
dataset were pre-filtered with glass fiber (GFA) filters
(DeLong et al. 2006) which excluded most of the particle-attached bacteria. It is likely that particle-attached
bacteria carry these genes and sink to the ocean’s interior. Given the limited dataset, the observed gene stoichiometry could be subject to considerable stochastic
error. Therefore, the data analyses in the present study

Phosphate concentration (µmol kg–1)
0

0.5

1

1.52

2.5

3

3.5

0

900

Water depth (m)

66

1800

2700
Phosphate concentration
Hydrolase
C-P lyase
70 m boundary
130 m boundary

3600

4500
0

7

14

21

Counts of genes
Fig. 2. Phosphate concentration, and the distribution of C-P
lyase and hydrolase (in terms of their gene counts) along the
water depths in the North Pacific Subtropical Gyre. C-P
lyase genes include phnG, phnH, phnI, phnJ and phnM; C-P
hydrolase genes include phnA and phnX. The phosphate concentration data were downloaded from the Hawaii Ocean
Time-series (HOTs) website: http://hahana.soest.hawaii.edu/
index.html

form an intriguing hypothesis rather than a definitive
conclusion about the depth distribution of C-P lyase.
Future studies need to construct larger metagenomic
datasets of the prokaryotic community throughout the
ocean water column.
Unlike C-P lyase, which cleaves the C-P bond of a
wide range of substituted and unsubstituted phosphonates, C-P hydrolases appear to have strict substrate
specificities (Quinn et al. 2007). For instance, PhnX is
known to degrade only 2-aminoethylphosphonate (2AEP) (Martinez et al. 2010) and PhnA is only known to
degrade phosphonoacetate (Gilbert et al. 2009). Since
phnX is more abundant in deep waters than in surface
waters, it is likely that its substrate, 2-AEP, occurs in
higher concentrations in deep waters. In contrast,
phnA is more homogeneously distributed throughout
the water column (Table 2 & Table S6 in the supplement), suggesting that its substrate, phosphonoacetate, occurs throughout the water column. It has
been suggested that 2-AEP and its N-methylated compounds are the most abundant and prevalent biogenic
phosphonates (Quinn et al. 2007, White & Metcalf
2007). In contrast, phosphonoacetate is a widely used
synthetic antiviral agent, but its natural source remains
unknown (Quinn et al. 2007). We found that phnA is
much more abundant than phnX throughout the water
column, indicating that phosphonoacetate could be a
natural product that is more abundant and ubiquitous
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than 2-AEP and its derivatives. The phnA gene also
occurs in soil bacteria, suggesting that terrestrial bacteria could be a natural source of phosphonoacetate
(Panas et al. 2006). Phosphonates can be present in
various biomolecules, including lipids, proteins and
antibiotics (Kolowith et al. 2001, Sannigrahi et al.
2006). The relative abundances of individual components of phosphonates remain unknown because it is
difficult to identify and quantify phosphonates in seawater. The present study provides indirect evidence
for the depth distribution of specific phosphonate
compounds.
In the NPSG, the upper euphotic zone has been in a
decades-long transition from N-limitation to P-limitation (Karl et al. 2001). APase activity is detectable in
this region, and the occurrences of phoA, phoX and
phoD in the upper ocean (Table 2 & Table S7 in the
supplement) underlies these field observations. Pi concentrations were higher (66 nmol kg–1) at the base of
the deep chlorophyll maximum (~130 m) than in the
upper euphotic zone (Fig. 2; DeLong et al. 2006), but
APase activity is still detectable (Hoch & Bronk 2007)
at this location. The occurrence of phoD and phoX at
this depth (Table 2 & Table S7) is consistent with
APase activity at the base of the deep chlorophyll maximum. Pi concentrations increase below the euphotic
zone and reach a maximum in the core of the oxygen
minimum layer at 770 m (Fig. 2) where phoD and phoX
were also relatively abundant (Table 2 & Table S7).
The occurrence of APase genes in the oxygen minimum layer is consistent with the rapid decomposition
of sinking particles and increasing concentrations of
phosphate and nitrate in the mesopelagic zone
(200–1000 m). The occurrence of phoA, phoX and
phoD at 4000 m (Table 2 & Table S7) is consistent with
reports of APase activity at this depth in the NPSG
(Koike & Nagata 1997).
Previous studies demonstrated that cell-specific
APase activity is higher in the deep ocean than in surface waters of the NPSG (Koike & Nagata 1997), subtropical North Atlantic (Baltar et al. 2009) and Indian
Ocean (Hoppe & Ullrich 1999). Similarly, a positive
correlation was found between Pi concentration and
APase activity in the deep chlorophyll maximum layer
of the Eastern Tropical North Pacific (Hoch & Bronk
2007) and in the benthic nepheloid layer of a large
mesotrophic lake (Kim et al. 2007). In the mesopelagic
and abyssal zones, Pi and other nutrients are abundant,
but bioavailable C and energy sources become limiting for heterotrophic bacteria (Karl & Letelier 2009)
and it is possible that APase is used to sequester C and
energy (Hoppe & Ullrich 1999, Hoppe 2003). Laboratory studies showed that bacterial APase activity
was repressed when cultures were supplemented with
bioavailable carbon (e.g. glucose, cellobiose, amino
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acids), indicating that APase can be used to supply bioavailable carbon for energy and bacterial growth
(Chrost 1991, Siuda & Chrost 2001). On the other hand,
APase hydrolyzes the P-O bond and is not known to
alter the chemical structure of the C skeleton of DOP
substrates. It is likely that some unknown coupling of
metabolic pathways or non-specific Apase activity
occurs in deep waters for transforming biorefractory to
bioavailable DOM. Our finding of abundant APase
genes in the deep NPSG corroborated previous field
studies indicating that the Pi-repressible APase activity
is not regulated by the end product, Pi, in the deep
ocean. This in turn lends support to the hypothesis that
APases play other roles, possibly in the utilization of
otherwise refractory organic matter, in the deep ocean.
Previous studies demonstrated that the concentrations of high-molecular-weight (HMW) DOP decrease
with depth, but the relative proportion of phosphoesters and phosphonates remains fairly constant
throughout the water column (Clark et al. 1998,
Kolowith et al. 2001). These observations indicate that
degradation of HMW DOP in the deep ocean is nonselective with regard to phosphoesters and phosphonates (Kolowith et al. 2001). Phosphoesters occur in
numerous forms with varying reactivities (Karl &
Yanagi 1997), and it appears that some APases utilize
refractory organic matter in the deep ocean. No studies
have compared the capabilities of APases from surface
and deep waters in hydrolyzing refractory phosphoesters. Moreover, the decreasing concentrations of
DOP and bacterial cells with depth indicate that the
encounter rate between bacteria and DOP compounds
would be reduced in the deep ocean. Because bacteria
in the deep ocean are limited by bioavailable carbon,
enzymatic degradation of DOP could provide an
important source of bioreactive carbon in the deep
ocean (Koike & Nagata 1997, Hoppe 2003, Quinn et al.
2007). The energy and carbon used for enzyme production could be returned by the acquisition of
bioavailable carbon through the hydrolysis of DOP.
This in turns suggests that APases in the deep ocean
might target the C moiety of DOP in the deep ocean.
Only phoD was present at 10 m depth, and on average each bacterium possessed 1 copy of phoD, whereas both phoX and phoA were absent. This is consistent
with our previous findings that phoD is significantly
more abundant than phoX and phoA in surface waters
(<10 m) of the global oceans, whereas phoX and phoA
abundances are not statistically different (Luo et al.
2009). In deeper waters of the euphotic zone, phoX
was more abundant than phoA, and the abundances of
phoD and phoX were comparable, suggesting that the
depth distributions of phoD, phoX and phoA are variable in the euphotic zone as is the microbial community composition (DeLong et al. 2006).
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It is important to point out that the experimental procedures from sample collection to sample sequencing
are relevant to the in silico predictions made in the
present study. For instance, a clone library was used
prior to Sanger sequencing (DeLong et al. 2006), and
certain genes and taxa could be under-represented in
the metagenomic clone library (DeLong 2009). The
random sampling nature would theoretically sample
the dominant genomes present, and the low sequencing depth suggests that few recovered sequences
would be from uncommon taxa. As in the case of
P-metabolizing genes, the less abundant Gammaproteobacteria produce more APase genes than the
most dominant Alphaprotoebacteria in the global surface oceans (Luo et al. 2009). Because community
structure varies with water depth (DeLong et al. 2006),
low sequencing depth might miss some less abundant
but important functional taxa. While tentative due to
the limited data, this study demonstrates that depth
profiles of metagenomic data are an excellent resource
for understanding the metabolic potential and stoichiometry of DOP metabolism genes within the ocean
biome and for providing novel insights about the molecular composition of DOP.
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