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Summary

Phosphate plays a key role in regulating primary pro-
ductivity in several regions of the world’s oceans and
here dissolved organic phosphate can be an impor-
tant phosphate source. A key enzyme for utilizing
dissolved organic phosphate is alkaline phosphatase
and the phoA-type of this enzyme has a zinc cofactor.
As the dissolved zinc concentration is low in phos-
phate depleted environments, this has led to the
hypothesis that some phytoplankton may be zinc-P
co-limited. Recently, it was shown that many marine
bacteria contain an alternative form of alkaline phos-
phatase called phoX, but it is unclear which marine
lineages carry this enzyme. Here, we describe the
occurrence in low phosphate environments of phoX
that is associated with uncultured Prochlorococcus
and SAR11 cells. Through heterologous expression,
we demonstrate that phoX encodes an active phos-
phatase with a calcium cofactor. The enzyme also
functions with magnesium and copper, whereas
cobalt, manganese, nickel and zinc inhibit enzyme
activity to various degrees. We also find that uncul-
tured SAR11 cells and cyanophages contain a differ-
ent alkaline phosphatase related to a variant present
in several Prochlorococcus isolates. Overall, the
results suggest that many bacterial lineages includ-
ing Prochlorococcus and SAR11 may not be subject
to zinc-P co-limitation.

Introduction

Phosphate (P) plays a key role in regulating primary pro-
ductivity in several regions of the world’s oceans (Wu
et al., 2000; Sanudo-Wilhelmy et al., 2001; Moore et al.,
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2002; Thingstad etfal.,, 2005). In surface waters from
these areas, dissolved inorganic phosphate (DIP) is found
in very low concentrations (commonly below 10 nM).
Instead, phytoplankton may support a significant fraction
of primary production using dissolved organic phosphate
(DOP) (Lomas et al., 2010). In some low P regions like the
Sargasso Sea, this DOP pool can account for more than
80% of the total dissolved phosphorus pool (Wu et al.,
2000; Cavender-Bares et al., 2001; Lomas et al., 2010).
The DOP pool consists of a diverse range of compounds
including phosphoesters (75-85%) and phosphonates
(10-25%) (Kolowith etal., 2001; Karl and Bjérkman,
2002; Paytan and McLaughlin, 2007; Young and Ingall,
2010).

Phosphoesters are readily hydrolysed by the enzyme
alkaline phosphatase produced by bacteria and phy-
toplankton. Culture studies have demonstrated that gene
expression and activity of alkaline phosphatase are com-
monly regulated by P availability via the two-component
regulatory system phoBR (e.g. Torriani-Gorini, 1987;
Wanner, 1996; Moore et al., 2005; Martiny et al., 2006;
Sebastian and Ammerman, 2009; Tetu etal., 2009;
Zaheer etal,, 2009). Many different families of phos-
phatases involved in P assimilation have been character-
ized, including the alkaline phosphatase phoA and phoX
families. Commonly, alkaline phosphatases in bacteria
are located in the periplasm, where they can hydrolyse
phosphoesters passing through the cell wall without dam-
aging intracellular phosphorylations (Wanner, 1996).
phoA is exported to the periplasm via the sec pathway,
whereas phoX is exported via the twin-arginine transloca-
tion pathway (Zaheer etal., 2009). Another difference
between phoA and phoX is metal dependence, where
phoA is activated by zinc and magnesium ions and phoX
by calcium ions (Roy et al., 1982; Coleman, 1992). This
metal requirement can be important as the total zinc con-
centration in some low P regions like the North Atlantic
Ocean can be drawn down to below 0.12 nM (Jakuba
et al., 2008), and may restrict alkaline phosphatase activ-
ity and DOP assimilation here (Shaked et al., 2006). Thus,
cells containing a Ca-dependent phoX may not be subject
to zinc-P co-limitation.

A recent study has shown the widespread pre-
sence of phoX among marine bacteria (Sebastian and
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Ammerman, 2009). However, many sequences from the
ocean environment grouped with the <y-Proteobacteria
Marinomonas and Vibrio, even though these two lin-
eages are not very common in the open ocean. We
hypothesize that these variants of phoX could be asso-
ciated more dominant linages. Therefore, the goal of this
study was to test if uncultured Prochlorococcus and
other abundant bacteria contain phoX by analysing the
Global Ocean Survey metagenomic libraries from differ-
ent ocean regions. These libraries allow us to examine
flanking genomic regions of phoX genes and possibly
identify the phylogenetic position of lineages containing
phoX. We also confirm the enzymatic function and metal
requirements of these variants by heterologous expres-
sion. The results affect our understanding of the influ-
ence of trace metals on macro nutrient uptake and
generally phytoplankton community structure and
activity.

Results
Identification of phosphatase in Prochlorococcus

To test for the presence of a calcium-based phos-
phatase in Prochlorococcus, we searched metagenomic
libraries for genes similar to phoX in marine Synechoc-
occus and Marinomonas. The samples were part of the
Global Ocean Survey (GOS) and covered sites from the
Atlantic, Pacific and Indian Ocean (Rusch et al., 2007).
As previously seen, we detected a large cluster related
to phoX in V. fischeri, Marinomonas and Roseobacter
(Sebastian and Ammerman, 2009) (Fig. 1 and Fig. S1).
Within this cluster, we observed several clades with no
culture representatives. One clade (cluster IV in Fig. 1
and Fig. S1) has a GC content of 37% (n=28) com-
pared with 45% in Marinomonas and 39% in V. fischeri.
Importantly, several paired-end sequences only share
high nucleotide similarity with genes from high-light
adapted (HL) Prochlorococcus (Fig. 1 and Fig. S1, and
Table S1). Because the paired-end sequences linked to
HL Prochlorococcus are located on the same fragments
of DNA as the phoX sequences, this supports the pres-
ence of phoX in Prochlorococcus. The low GC content
supports that these sequences are not associated with
Marinomonas. Considering the low GC, pair-end linkage
to at least 14 genes most similar to Prochlorococcus,
and the high occurrence in the Sargasso, the most
parsimonious interpretation is that phoX cluster IV
sequences are associated with Prochlorococcus and we
will refer to this as Prochlorococcus phoX. We also
noticed one sequence (1093015571554) that formed an
outgroup to clade IV and had a slightly higher GC
content (Fig. S1). This sequence may represent phoX in
the low-light adapated Prochlorococcus eNATL clade

although we need more sequences to confirm this.
Several marine Synechococcus and other cyanobacte-
rial strains also carry phoX. However, these all belong to
a different subfamily of phoX compared with all the
entries in Fig. 1 and Fig. S1 (Zaheer et al., 2009). Thus,
the putative Prochlorococcus variant is very distantly
related to phoX in other cyanobacteria.

Within the putative Prochlorococcus phoX group, we
also observe two similar but distinct subclades — cluster
IVA and IVB (76.1% nucleotide and 82% amino acid simi-
larity). Within these subclades, the phoX sequences are
close to identical (> 99% nucleotide similarity). This sug-
gests two distinct phoX lineages associated with HL
Prochlorococcus.

The gene neighbourhood of these subclade variants
suggests that phoX in Prochlorococcus is mostly located
in a variable genomic island in proximity to other P acqui-
sition and stress response genes (Fig. 1 and Fig. S1, and
Table S1). We observe considerable variation among the
neighbouring genes, suggesting that the gene neighbour-
hood is not conserved. Genes include the twin-arginine
translocase protein (tatA) and several conserved hypo-
thetical proteins and share high nucleotide sequence
similarity to genes in a hypervariable genomic island in
Prochlorococcus (labelled ISL5 in Coleman et al., 2006).
Interestingly, many genes from ISL5 are upregulated
under P stress and are predominantly found in low phos-
phate environments (Martiny et al., 2006; 2009a). We also
detected several GOS fragments, where phoX was
located on the same piece of DNA as genes from the
genome region containing the P stress response regulator
phoB in Prochlorococcus (as described in Martiny et al.,
2006). Overall, it appears that phoX in Prochlorococcus
share gene neighbourhood with other P stress response
genes.

Another phoX clade (cluster | in Fig. 1 and Fig. S1) also
has a low GC content (34.9%, n=28). Here, paired-end
sequences only share high nucleotide similarity with
genes in SAR11 (Pelagibacter) genomes (Fig1 and
Fig. S1, and Table S1). Although no cultured representa-
tives of the SAR11 clade contain phoX, the paired-end
and GC content information indicate that this lineage
also carry a phoX type alkaline phosphatase (see also
Table S1). From hereon, we will refer to cluster | as
SAR11 phoX. The other clades (cluster II, lll, V and VI) did
not have any paired-end matches so at present the origin
is unknown.

Several Prochlorococcus strains contain a different
predicted alkaline phosphatase that it is commonly
referred to as phoA (e.g. Prochlorococcus MEDA4
PMMO0708) (Moore etal., 2005; Martiny etal., 2006).
However, it is important to note that this phosphatase is
only distantly related to phoA in E. coli and we do not
know the exact biochemistry of this enzyme (e.g. metal

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



PhoX in Prochlorococcus 3

Sequence |1D Paired end best hit

Sample # Sequence # Genome Gene #
1 ! Marinomonas 3309*
o P. ubique 7211 98
S. medicae 1696
R. pomeroyi 1860*
No sequence
No sequence
No match
P ubique 7211 967
Marinomonas 3309* —
P. ubique 7211 671
P. ubique 7211 501
P. ubique 7211 261
Marinomonas 3309*
R. denitrificans 62*
Marinomonas 3309*
R. denitrificans 62*
No match
97/8 Marinomonas 3309* —
B. cereus 1740 _
1092963386921 No match l —
B. bacteriovorus 2513 -
1091141205500 Marinomonas 3309*
741032 Pro. MIT9301 16041 —
022063788 R. pomeroyi 1860* <
460020 Pro. MIT9202 339 >
1496757 Pro. MIT9215 07701
87/7 198959 Pro. MIT9301 16221
1 V. fischeri 1057
Marinomonas 3309*
No sequence E
4 No match m
Marinomonas 3309
)0b Pro. MIT9215 16811
V. fischeri MJ11 17840
84/9
R. pomeroyi 1860*
R. pomeroyi 1860*
R. denitrificans 62 | <

R. pomeroyi 1860*
R. denitrificans 62*
No match I <
A. tumefaciens 4415* —

98 d-l_

GC content I
30% 40% 50% 60% 70%

Fig. 1. Phylogeny of partial putative PhoX alkaline phosphate protein sequences inferred from GOS samples. Next to the sequence ID is
listed the organism and locus most similar to the paired-end sequence mate. The sequence region corresponds to nucleotide position 814 to
1902 in Marinomonas MWYL1 3309. The phylogenetic tree of an additional region is presented in Fig. S1. The tree is calculated using a
distance-based neighbour-joining method and bootstrap values are estimated using neighbour-joining and maximum likelihood. *Best match to
phoX and therefore non-informative in terms of which lineage the gene is situated in.
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dependence). Parallel to phoX, we also found that
uncultured SAR11 cells likely contain this alkaline phos-
phatase, which was most closely related to the phoA
type found in Prochlorococcus (Fig. 2 and Fig. S2). First,
we screened for genes similar to phoA from Prochloro-
coccus MED4 and MIT9312. Not surprisingly, we found
many sequences clustering with phoA from Prochloro-
coccus and with paired-end sequences matching
Prochlorococcus genomes (cluster Il in Fig.2 and
Fig. S2, and Table S1). However, we also observed two
other clades closely related to Prochlorococcus phoA
with an average GC content of 38.3% and 40.0%
(cluster Il and | in Fig. 2 and Fig. S2 respectively). The
paired-end sequences from cluster Il had many best
matches to the genomes of Pelagibacter ubique strain
HTCC1002, HTCC1062 and HTCC7211 (see also
Table S1). This places a low GC version of phoA on
genomic fragments associated with uncultured SAR11
cells. The second clade (cluster 1) had slightly higher GC
content compared with phoA in Prochlorococcus and
Pelagibacter. For this clade, the paired-end sequences
had best match to cyanophages similar to ones infecting
Prochlorococcus (see also Table S1). This suggests that
SAR11 cells as well as some cyanophages carry a phoA
type alkaline phosphatase. An analysis of the neighbour-
ing genes suggests that the phage version is located
next to the cyanophage version of the phosphate uptake
gene pstS (GC content approximately 42%). The slightly
elevated GC content of phoA and neighbouring genes
support a phage origin compared with Prochlorococcus
as host genes involved in P uptake found in cyano-
phages can have higher GC content (Martiny et al.,
2009a).

We also found that both phoA and phoX genes asso-
ciated with Prochlorococcus and SAR11 were primarily
found in cells from low P environments. We first enu-
merated the number of reciprocal best blast hits of each
gene in all the GOS samples and normalized to the
mean abundance of core genes (Martiny et al., 2009a;
2010). The ratio is an estimate of the fraction of cells
within a population that carries the gene. For both
Prochlorococcus and SAR11, we observe that phoA and
phoX are primarily present in cells proliferating in ocean
regions characterized by less than approximately
100 nM of DIP. This includes the Sargasso and Carib-
bean Sea (Fig. S3). Furthermore, phoX in Prochlorococ-
cus is significantly less abundant compared with phoA
(paired Student ttest, P<0.03, n=36), whereas we
saw no significant difference in the occurrence of phos-
phatases in SAR11 populations. It is important to note
that phosphate concentration values are monthly aver-
ages retrieved from the World Ocean Atlas and may
therefore not represent the exact nutrient concentrations
at the time of sampling.

Protein characterization

Next, we characterized the putative phoX associated with
Prochlorococcus in terms of cellular location, pH optimum
and metal dependence. First, we examined if the phoX
GOS sequences contained a signal peptide and thus the
protein was exported across the cytoplasmic membrane.
This was done using signalP 3.0 (Emanuelsson et al.,
2007). All GOS sequences covering the N-terminal part of
the protein contained a predicted signal peptide for the
twin-arginine translocation (tat) system. The same was
the case for phoX in SAR11. This includes the two adja-
cent arginine residues in the signal peptide that are
indicative of the export system. This result suggests that
phoX is exported from the cytoplasm in both Prochloro-
coccus and SAR11 — presumably to the periplasm — and
is consistent with other analyses of phoX from non-marine
bacteria (Zaheer et al., 2009). Similarly, phoA associated
with Prochlorococcus, SAR11 and cyanophages also con-
tained a predicted sec-based signal peptide.

To confirm that the predicted phoX variant in Prochlo-
rococcus encoded an active phosphatase, we cloned and
heterologously expressed the gene into E. coli. As no
GOS fragment covered the entire gene, we first estimated
the consensus sequence (from cluster IVB) and then syn-
thesized the consensus gene in vitro. For comparison, we
also cloned and expressed phoX from Synechococcus
WH8102 (SYNW1799). Both variants had strong activity
under alkaline conditions with para-nitrophenolphosphate
as substrate and thus encoded active alkaline phos-
phatases (Fig. S4). Specifically, PhoX associated with
Prochlorococcus had an in vitro pH optimum close to 9.5,
whereas the optimum of Synechococcus PhoX was 7.5.
Noteworthy, this may not be the in vivo pH optimum for
Prochlorococcus and Synechococcus. In other systems, it
was shown that in vitro conditions can affect pH optimum
(Ross et al., 1951).

To examine the metal dependence of PhoX, we first
added EDTA to chelate any metal ions, which resulted in
strong reduction of the enzyme activity for both phos-
phatase variants (Fig. 3). As predicted, these enzymes are
likely metalloproteins with a strongly bound endogenous
metal. Adding calcium back into the enzyme solution con-
taining EDTA restored the enzyme activity. In contrast,
adding other metals resulted in much lower activity
(Fig. 3). Magnesium and copper additions restored some
activity (< 15%), whereas no activity was observed by
adding cobalt, manganese, nickel and zinc. This result
suggests that PhoX primarily uses calcium ions in the
active site, but can function with magnesium and copper. A
detailed analysis of the protein sequences of PhoX in
Prochlorococcus (IVA and 1VB), Synechococcus, and
SAR11 reveals that all proteins contained the proline and
aspartate residues involved in binding calcium.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology
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Paired end best hit

Sample # Sequence # Genome
GS016 1091140902823 No sequence
0.1 GS016 1091143087524 Phage P-SSM2
- GS017 1092963261859 Phage P-SSM4
GS017 1092963476406 Pro. NATL1A
GS019 1091138014433 Pro. NATL1A
GS017 1092974901624 Pro. NATL1A
GS016 1091140672705 No sequence
GS018 1093018506593 Phage P-SSM2
GS019 1091140867128 No sequence
GS018 1093018464918 No sequence
GS019 1091143086904 Pro. MIT9312
GS016 1091140625777 Pro. NATL2A
GS019 1091121036825 Phage P-SSM2
l» Gsoood 1622097 Phage P-SSM4
GS018 1093018739165 Phage P-SSM2
GS019 1091140768826 No sequence
GS017 1092963263252 Phage P-SSM4
GS001b 2122593 Pro. MED4
GS019 1091141647286 Syn. CC9311
GS017 1092963290998 Phage P-SSM2

GS016
GS016
GS000d
GS019
GS000d

GS000b

GS016

Gso000d
GS001c
GS000a

GS000c
GS000a
GS000a

GS001c

GS001c

100/£100]

10
9

-

GC content I
30 %

~Gsoooa 2098
2/45)

(Gseoea 113772
100/10:

Prochlorococcus NATL2A 439
Prochlorococcus NATL1A 11501

1091141728151 Pro. NATL1A
1093023055317 Phage P-SSM2
1623102 Phage P-SSM2
1091140785935 No sequence
1549330 P. ubique 1002
1 P. ubique 1002
No sequence
No match
29555 P. ubique 7211
P. ubique 1002
No match
P. ubique 1002
727405 P. ubique 1002
1091142143231 No sequence
1549803 M. magneticum

3052604 P. ubique 7211
618584 P. ubique 1002
P. ubique 7211
1261189 P. ubique 1002
5527 P. ubique 7211
391150 P. ubique 1002
3081799 No sequence
A P. ubique 7211
P. ubique 1002
3073289 P. ubique 1002
3085073 P. ubique 7211
Pro. MIT9312
Pro. MIT9312
Pro. MIT9312
Pro. MIT9312
8 No sequence
Pro. MIT9312
No match
No sequence
Pro. MED4

3 Pro. MIT9312
Pro. MIT9202
4 Pro. MIT9312
2 Pro. MIT9312
Pro. MED4

No sequence
Pro. MIT9312
D Pro. MIT9312
No match

Pro. MIT9312

40 % 50 % 60 %

Gene #

246
188
11501*
11501*
11501*

246

722
439*
247
183

188
710
1704

11501*
246
n

04791
04791

1302
04746

04791
01580

4219
1302
04791

04751
114
04761

581
04776
04736
114
720

721
720*
720*

720*

709

720*
1395
720*
720*

704

720"
720"

720*

70 %
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Fig. 2. Phylogeny of partial putative PhoA
alkaline phosphate protein sequences inferred
from GOS samples. Next to the sequence ID
is listed the organism and locus most similar
to the paired-end sequence mate. The
sequence region corresponds to nucleotide
position 1 to 672 in Prochlorococcus MED4
PMM708. The phylogenetic tree of an
additional region is presented in Fig. S2. The
tree is calculated using a distance-based
neighbour-joining method and bootstrap
values are estimated using neighbour-joining
and maximum likelihood. *Best match to phoA
and therefore non-informative in terms of
which lineage the gene is situated in.
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Fig. 3. Effect of various divalent metal cations on Prochlorococcus (GOS consensus) and Synechococcus WH8102 (SYNW1799) phoX
alkaline phosphatase activity. Enzyme activity of a crude extract of heterologously expressed PhoX protein was measured colorimetrically

using pNPP as substrate.

Previous work showed that certain metals including zinc
can inhibit the activity of PhoX (Zaheer et al., 2009). To
examine this in Prochlorococcus PhoX, we mixed various
metals (but no EDTA) with the expressed protein (Fig. 4).
As before, calcium enhanced the activity, but cobalt, man-
ganese and zinc strongly inhibited activity. Copper and
nickel had some inhibitory effect, whereas magnesium

1000 EEl Prochlorococcus phoX

= Synechococcus phoX

8001

6001

4001

2007

Alkaline phosphatase activity (UM h™')

0 o -
ion: EDTA Co? Mg?* Ni2*

Metal ion: Basal Ca?* Cu® 9 Mn2*  Zn2*
Fig. 4. Inhibition effect of various divalent metal cations on
Prochlorococcus (GOS consensus) and Synechococcus WH8102
(SYNW1799) phoX alkaline phosphatase activity. Enzyme activity
of a crude extract of heterologously expressed PhoX protein was
measured colorimetrically using pNPP as substrate. Except in the
treatment with EDTA, no EDTA was added in this assay.

had little effect. To examine the relative competition
between the metals, we added various ratios of zinc or
nickel to calcium (0.1 to 50) (Fig. S5). At a 1:1 ratio, zinc
completely inhibited the activity of phoX from both
Prochlorococcus and Synechococcus (< 1% residual
activity). In contrast, nickel had less effect on the activity.
Furthermore, we observed that the inhibitory effects of
both zinc and nickel ions were stronger on PhoX from
Prochlorococcus than that from Synechococcus. This
may result in a difference in the tolerance of elevated
metal concentrations for these two lineages.

Discussion

Here, the analysis of paired-end metagenomic sequences
indicates that uncultured Prochlorococcus and SAR11
cells contain an active calcium-based alkaline phos-
phatase. Furthermore, the low GC content of these phoX
variants is consistent with the GC content of these organ-
isms. In addition, both lineages carry genes orthologous
to Prochlorococcus MED4 gene PMMO0708. Although no
closely related genes have been biochemically character-
ized, this gene likely encodes an alkaline phosphatase
based on (i) AP activity in Prochlorococcus strains with the
gene and no activity in strains without, (ii) domain analy-
sis, (iii) upregulated under P stress, (iv) always located in
vicinity of the P regulators phoBR, (v) cellular location
(only P stress protein with signal peptide), and (vi) only
present in Prochlorococcus cells from low P environments
(Moore et al., 2005; Martiny et al., 2006; 2009a; Scanlan

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



etal., 2009). It is commonly referred to as phoA but it is
important to note that this phosphatase share little homol-
ogy to phoA in E. coli, so it may or may not be zinc
dependent. We attempted to heterologously clone and
express phoA from Prochlorococcus MED4 to examine
this issue but were unsuccessful.

Recent work suggests that alkaline phosphatases in
marine bacteria were found in a variety of subcellular
locations — including intracellular and extracellular (Luo
et al., 2009). Our data clearly suggest that phosphatases
in both Prochlorococcus and SAR11 carry a signal peptide
and are exported from the cytoplasm (and thus not intra-
cellular). This is consistent with other biochemical analy-
ses of these enzymes. However, it is not clear if they get
exported outside the cell as the biochemistry of protein
export across the cell wall is not well understood in these
lineages.

The phylogenetic analysis of both phoX and the puta-
tive phoA showed variants present in Prochlorococcus
and SAR11 grouping together and related to phos-
phatases in other Proteobacteria. This is despite the
distant relationship of these two lineages based on 16S
rBRNA and other core genes. In contrast, a phoX type
found in many Cyanobacteria, including marine Synecho-
coccus and Trichodesmium, belongs to a different sub-
family of phoX and is distantly related to phoX in
Prochlorococcus and SAR11 cells (Zaheer et al., 2009).
Also, no other marine cyanobacteria strains so far carry a
phoA-type phosphatase related to the one in Prochloro-
coccus and SAR11, and we did not detect any putative
Synechococcus GOS fragments with a phoA gene. One
scenario for these phylogenetic patterns is an ancient
lateral gene transfer event for each gene from Proteobac-
teria into Prochlorococcus, but now phoA and phoX are
fixed within the Prochlorococcus radiation. Evidence of
lateral gene transfer of phoX has also been noted for
other lineages (Zaheer etal., 2009). Beyond these
ancient transfer events, there also appears to be signifi-
cant gene gain and loss within the Prochlorococcus and
SAR11 populations. First, we observe that phoA and phoX
are only present in cells from ocean regions with less than
approximately 100 nM of phosphate as we have seen with
other P acquisition genes (Martiny et al., 2009a; 2010).
These regions include the Sargasso and Caribbean Sea
where DOP appears to be an important P source. Second,
we show that phoX associated with Prochlorococcus
appears to be located next to genes found in the variable
genomic island ISL5 (Coleman et al., 2006), where many
genes are upregulated under P stress and only found in
cells from low P environments (Martiny etal., 2006;
2009a). Superimposed on the ancient transfer event, the
contemporary pattern can either be explained by lateral
gene transfer within either SAR11 and eMIT9312 Prochlo-
rococcus populations or the loss of the genes in some
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lineages of SAR11 and Prochlorococcus. Either way, it
suggests that gene gain or loss is important for adaptation
to low phosphate availability in the ocean.

Previously, it was shown that some cyanophages infect-
ing Prochlorococcus harbour the phosphate acquisition
gene pstS — putatively to boost P uptake (Sullivan et al.,
2005). We find that cyanophages also contain an alkaline
phosphatase, suggesting this enzyme may assist in
acquiring P during infection. The enzyme contains a
predicted signal peptide and is likely exported to the
periplasm. Thus, it appears that the phage-derived
phosphatase assists in external DOP uptake rather than
cleaving off host intracellular phosphate groups.

As described in Introduction, low P environments are
often characterized by low dissolved zinc concentration
(Jakuba et al., 2008), presumably due to the high biologi-
cal demand for zinc as cofactor for the phoA type of
alkaline phosphatase enzyme. Based on these observa-
tions, it has been suggested that phytoplankton may be
subject to zinc-P co-limitation in these regions (Shaked
etal., 2006; Jakuba etal., 2008). However, the wide-
spread presence of a calcium-based alkaline phos-
phatase in abundant ocean bacteria like Prochlorococcus,
Synechococcus, SAR11 and Roseobacter suggests that
most bacteria here may not be prone to zinc-P
co-limitation. phoX is also present in some eukaryotic
photosynthetic organisms, including Chlamydomonas,
Micromonas and Volvox (Quisel et al., 1996; Hallmann,
1999). This raises two questions. First, can cells from all
major marine phytoplankton and bacterial lineages poten-
tially carry a calcium-based phosphatase or are certain
lineages restricted to a zinc-based type? Second, why do
phytoplankton carry phoA as opposed to phoX altogether
considering the much higher concentration of available
calcium compared with zinc in the ocean? Perhaps phoA
has a wider substrate spectrum, higher substrate affinity,
or is less costly to produce. The answer to these ques-
tions will have important implications for our understand-
ing of the role of zinc in regulating (or at least affecting) P
uptake and more broadly phytoplankton activity and com-
munity structure.

Experimental procedures
Identification of phoA and phoX in GOS samples

We searched the Global Ocean Survey sequence database
for phoA and phoX matching protein sequences from Syn-
echococcus WH8102 (SYNW1799) and Marinomonas
MWYL1 3309 for phoX and Prochlorococcus MED4 and
MIT9312 for phoA using TBLASTN (e-value = 1E-5). Sample
location and environment conditions are listed in Table S1.
Next, each GOS hit and its paired-end sequence mate were
compared with a database consisting of all sequenced
genomes (as of 03/13/09) using both BLASTX and BLASTN

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology
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(e-value = 1E-30). Paired-end sequences are end-
sequences from the same cloned fragment of DNA. GOS
sequences matching phosphatases were exported and
matching regions were translated. We aligned the protein
sequences from GOS and bacterial genomes using the soft-
ware Geneious (Biomatters, Australia) and carefully curated
the alignments manually. Since GOS sequences were less
than 1000 bp long, we split alignments of more than 800 bp to
ensure that GOS sequences covered at least 75% of the
region. Thus, we have included multiple phylogenetic trees
for each gene. Phylogenetic trees of protein sequences
(100 bootstraps) were estimated with Phylip v.3.67 using
neighbour-joining (JTT matrix) and maximum likelihood (JTT
model, 10 jumbles) (Felsenstein, 2006). Phylogenetic trees
based on nucleotide alignments gave similar tree topology
and supported specific clades associated with Prochlorococ-
cus, SAR11 and cyanophages.

Distribution of phoA and phoX

The abundance of all Prochlorococcus and SAR11 genes
were determined as previously described (Martiny et al.,
2009a; 2010). First, we searched all GOS samples (Table S1)
with TBLASTN (e-value 1E-6 and minimum length of 25
letters) to find hits matching any Prochlorococcus or SAR11
strain respectively. The translated GOS sequences of these
hits were compared with a reference database of all
sequenced genomes to detect reciprocal best hits. Second,
we assigned each Prochlorococcus or SAR11 hit to a specific
protein in MED4 or HTCC7211 respectively. A GOS hit was
considered an orthologue if (i) it was assigned to Prochloro-
coccusor SAR11 and (ii) the reciprocal hit matched the original
query protein when only the MED4 or HTCC7211 genome was
searched. We only assigned one hit per GOS read for each
query protein to accommodate errors such as frame shifting of
the GOS reads. Finally, we estimated the abundance of phoA
and phoX in Prochlorococcus, SAR11 and cyanophages by
reciprocal best blast hit to a reference database containing all
sequenced genomes (as of 03/31/2009) plus the uncultured
variants of phoA and phoX. The relative abundance of each
gene was calculated as the number of hits of a specific gene
divided by the mean number of hits of single-copy core genes.
All hits were normalized for gene length. Amaximum likelihood
estimate of the mean abundance of Prochlorococcus or
SAR11 genes and variance for each sample is calculated
by fitting the number of hits of single-copy core genes
(Nerochiorococcus = 1209 Or Nsari1 = 1075) to @ gamma distribution
using Matlab (Mathworks, MA).

Heterologous cloning and expression of phoX

We examined the function of phoX in Prochlorococcus and
Synechococcus WH8102 by cloning and expressing each
gene in E. coli and testing for phosphatase activity. First, we
estimated the consensus sequence of the putative Prochlo-
rococcus phoX (cluster IVB) based on GOS sequences and
then synthesized the gene in vitro (Genscript Corporation,
NJ). The phoX sequences are provided as supplementary
information (File S1). It was then cloned into a pET vector
(26b). We also PCR-amplified and cloned Synechococcus

WH8102 gene SYNWO01799 (phoX) and cloned the gene into
pEcoli-Nterm 6xHN (Clontech, Mountain View, CA, USA). As
a control, we used narB cloned into pEcoli-Nterm 6xHN
(Martiny et al., 2009b). After verifying the inserts by sequenc-
ing, we transformed E. coli BL21 cells (Invitrogen, Carlsbad,
CA, USA) with each plasmid. We initiated expression by
adding 1 mM IPTG to E. coli BL21D3-pLysS (Novagen, NJ,
USA) (including plasmid) growing in LB with 1% glucose,
100 mM phosphate and 100 mg I" ampicillin at 23°C. A crude
extract was made by harvesting 50 ml induced BL21 cells
(OD 0.5) containing PhoX and incubated with CellLytic
Express solution (Sigma-Aldrich, MO, USA) for 10 min.

To find the pH optimum, we incubated the crude extract in
100 mM phosphate buffer, 0.1 mM calcium and 4 mM para-
nitrophenolphosphate (pNPP). At time 0, 15, 30, 45, 60 and
90 min, the reaction was stopped by adding 500 mM NaOH
and phosphatase activity was measured colorimetrically at
405 nm. The phosphatase activity was lower in the phos-
phate buffer (potentially due to some inhibition), but this
buffer system covered the full pH range for the experiment.
However, in the subsequent experiments we used a high pH
carbonate buffer to avoid any inhibition.

To determine the metal dependence of PhoX, we first incu-
bated the crude extract with 0.025 mM EDTA for 2 min and
100 mM carbonate buffer (pH 8.0 for SYNW1799 and pH 9.5
for Prochlorococcus PhoX). We also tested E. coli with NarB
as control but observed very low activity. We next added
4 mM pNPP and 0.5 mM Ca?*, Co?*, Cu?, Mg®, Mn*, Ni®,
Zn?" and Zn* + Mg?", and compared with the activity of no
addition or only EDTA addition. To explore any metal inhibi-
tion, we added 0.5 mM Ca?*, Co*, Cu?, Mg?', Mn?", Ni#*, Zn?"
and Zn?*" + Mg*" to the crude extract (so no EDTA added), and
compared with the activity of no addition or only EDTA added.
Finally, we added 0.1 mM Ca*" to the crude extract in 100 mM
carbonate buffer (again no EDTA) and varying concentrations
of either Zn?* or Ni** (0.01 mM to 5 mM) to further test inhibi-
tion. Phosphatase activity was measured colorimetrically at
405 nm every 2 min for 60 min for all metal assays and con-
verted to uMh™ using an extinction of coefficient of
1.78 x 10 M cm™'. We always measured pH at the end of
each assay as control. All concentrations are final.
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Supporting information

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

Fig. S1. Phylogeny of partial putative PhoX alkaline phos-
phate protein sequences inferred from GOS samples. Next to
the sequence ID is listed the organism and locus most similar
to the paired-end sequence mate. The sequence region cor-
responds to nucleotide position 1 to 835 in Marinomonas
MWYL1 3309. The tree is calculated using a distance-based
neighbour-joining method and bootstrap values are esti-
mated using neighbour-joining and maximum likelihood.
*Best match to phoX and therefore non-informative in terms
of which lineage the gene is situated in.

Fig. S2. Phylogeny of partial putative PhoA alkaline phos-
phate protein sequences inferred from GOS samples. Next to
the sequence ID is listed the organism and locus most similar
to the paired-end sequence mate. The sequence region
corresponds to nucleotide position 673 to 1338 in Prochloro-
coccus MED4 PMMO0708. The tree is calculated using a
distance-based neighbour-joining method and bootstrap
values are estimated using neighbour-joining and maximum
likelihood. *Best match to phoA and therefore non-informative
in terms of which lineage the gene is situated in.

Fig. S3. Relationship between phosphate concentration and
average occurrence in GOS samples of phoA and phoX
genes putatively associated with Prochlorococcus and
SAR11. Abundance of individual genes is determined by
reciprocal best BLAST hit and normalized against length. The
frequency is calculated as the length normalized occurrence
of a specific gene divided by the length normalized mean
occurrence of single copy core Prochlorococcus MED4 and

Pelagibacter ubique HTCC7211 genes at each site (Martiny
etal, 2009a; 2010). Phosphate concentration monthly
average values for each site are retrieved from the World
Ocean Database (Boyer et al., 2006).

Fig. S4. pH optimum of Prochlorococcus (GOS consensus),
Synechococcus WH8102 (SYNW1799) phoX alkaline phos-
phatase activity. The activity of E. coli containing narB was
used as control. Enzyme activity of a crude extract of heter-
ologously expressed protein was measured colorimetrically
using pNPP as substrate.

Fig. S5. Relative inhibition effect of zinc and nickel divalent
cations on Prochlorococcus (GOS consensus) and Synecho-
coccus WH8102 (SYNW1799) phoX alkaline phosphatase
activity. Enzyme activity of a crude extract of heterologously
expressed PhoX protein was measured colorimetrically using
pNPP as substrate. We added 0.1 mM of calcium and then
0.01-5mM of zinc and nickel divalent cations to test the
relative inhibition effect compared with calcium. No EDTA
was added in this assay.

Table S1. List of GOS fragments and their paired-end mates
associated with phoA and phoX genes in Prochlorococcus,
SAR11 and cyanophages. *Genes associated with the
genomic island ISL5 in Prochlorococcus(sensu Coleman
et al., 2006). *Genes associated with the pho regulon in
Prochlorococcus (Martiny et al., 2006).

File S1. GOS consensus sequences of phoA and phoX in
Prochlorococcus, SAR11 and cyanophages.

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.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



	emi_2310 1..10

