Environmental Microbiology (2022) 24(5), 2259-2269

Society for

applied microbiology

doi:10.1111/1462-2920.15877

Dissolved organic phosphorus utilization by the marine
bacterium Ruegeria pomeroyi DSS-3 reveals chain
length-dependent polyphosphate degradation

Jamee C. Adams ©,! Rachel Steffen,??
Chau-Wen Chou,* Solange Duhamel ©°
Julia M. Diaz ©"-2*

'Geosciences Research Division, Scripps Institution of
Oceanography, University of California San Diego, La
Jolla, CA, 92093.

2Depan‘ment of Marine Sciences, Skidaway Institute of
Oceanography, University of Georgia, Savannah, GA,
31411.

3Depan‘ment of Marine Sciences, University of Georgia,
Athens, GA, 30602.

“Proteomics and Mass Spectrometry Core Facility,
University of Georgia, Athens, GA, 30602.

SDepartment of Molecular and Cellular Biology, The
University of Arizona, Tucson, AZ, 85721.

and

Summary

Dissolved organic phosphorus (DOP) is a critical
nutritional resource for marine microbial communi-
ties. However, the relative bioavailability of different
types of DOP, such as phosphomonoesters (P-O-C)
and phosphoanhydrides (P-O-P), is poorly under-
stood. Here we assess the utilization of these P
sources by a representative bacterial copiotroph,
Ruegeria pomeroyi DSS-3. All DOP sources
supported equivalent growth by R. pomeroyi, and all
DOP hydrolysis rates were upregulated under phos-
phorus depletion (—P). A long-chain polyphosphate
(45polyP) showed the lowest hydrolysis rate of all
DOP substrates tested, including tripolyphosphate
(3polyP). Yet the upregulation of 45polyP hydrolysis
under —P was greater than any other substrate ana-
lyzed. Proteomics revealed three common P acquisi-
tion enzymes potentially involved in polyphosphate
utilization, including two alkaline phosphatases,
PhoD and PhoX, and one 5-nucleotidase (5'-NT).
Results from DOP substrate competition experiments
show that these enzymes likely have broad substrate
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specificities, including chain length-dependent reac-
tivity toward polyphosphate. These results confirm
that DOP, including polyP, are bioavailable nutritional
P sources for R. pomeroyi, and possibly other marine
heterotrophic bacteria. Furthermore, the chain-length
dependent mechanisms, rates and regulation of
polyP hydrolysis suggest that these processes may
influence the composition of DOP and the overall
recycling of nutrients within marine dissolved
organic matter.

Introduction

Phosphorus (P) is a fundamental nutrient for all living
organisms. While inorganic phosphate (Pi) is considered
the preferred form of P, the capacity to utilize dissolved
organic phosphorus (DOP) provides marine microorgan-
isms with the ability to thrive in regions where low Pi con-
centrations may otherwise preclude significant growth,
particularly in oligotrophic regions where DOP comprises
the majority of the total dissolved P pool (Karl, 2014; Karl
and Bjérkman, 2015; Duhamel et al., 2021). Yet DOP uti-
lization supports microbial P nutritional requirements
even in coastal and nutrient-replete regions, including
areas with excess nitrogen due to nutrient overloading
(Dyhrman and Ruttenberg, 2006; Lin et al., 2016; Davis
and Mahaffey, 2017), making DOP a critical resource
across diverse marine habitats. Indeed, microbial DOP
utilization supports primary productivity, nitrogen fixation
and carbon export on global and regional scales
(Duhamel et al., 2021). Furthermore, microbial DOP deg-
radation helps control the composition of dissolved
organic matter (DOM) by driving the preferential
remineralization of P (Letscher and Moore, 2015). How-
ever, the relative utilization of different types of DOP is
not completely understood.

DOP is commonly categorized into three major bond
classes. First, phosphoesters (P-esters) contain one
(monoester) or two (diester) P-O-C bonds and make up
approximately 80% of total (high + low molecular weight)
marine DOP (Young and Ingall, 2010). Highly labile P-
monoesters include adenosine monophosphate (AMP)
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and adenosine triphosphate (ATP), which both contain
an alpha Pi group linked to the adenosine structure
(Moore et al., 2005; Dyhrman and Ruttenberg, 2006; Diaz
et al., 2018). Next, phosphonates contain a direct C-P
bond and account for approximately 10% of marine DOP
(Young and Ingall, 2010). Finally, phosphoanhydrides
(P-anhydrides) contain P-O-P bonds and make up the
final ~10% of marine DOP (Young and Ingall, 2010).
P-anhydrides include inorganic polyphosphate (polyP),
as well as organic compounds such as ATP, which has
P-anhydride bonds linking the alpha-beta and the
beta-gamma Pi groups. Inorganic polyP is a polymer
consisting of at least three and up to thousands of Pi mol-
ecules, which is made by every cell in nature (Kornberg
et al., 1999) and is ubiquitous in the marine environment
(Paytan et al., 2003; Sannigrahi and Ingall, 2005; Diaz
et al., 2008; Martin et al., 2014; Diaz et al., 2016; Martin
et al., 2018). A common method for quantifying polyP
(Martin and Van Mooy, 2013) can only detect chains with
at least 15 P atoms (Diaz and Ingall, 2010), suggesting
that a substantial fraction of marine polyP is composed of
larger polymers (Martin and Van Mooy, 2013; Martin
et al., 2014, 2018; Diaz et al., 2016).

Each DOP bond class is bioavailable to some degree
(Bjérkman and Karl, 2005; Martin et al., 2014, 2018; Sosa
et al., 2020). For example, P-ester utilization is wide-
spread across prokaryotic and eukaryotic plankton and is
thought to be driven mainly by the enzyme alkaline phos-
phatase (AP) (Duhamel et al., 2021), which is usually
assumed to target only P-O-C bonds. On the other hand,
phosphonate utilization is generally regarded as a pro-
karyotic process (Cui et al., 2016; Repeta et al., 2016;
Sosa et al., 2020), with some exceptions (Wang
et al., 2016; Whitney and Lomas, 2019), and includes
mechanisms such as the C-P lyase pathway (Sosa
et al., 2019). PolyP is bioavailable to eukaryotic phyto-
plankton (Diaz et al., 2016, 2019), cyanobacteria (Moore
et al., 2005) and natural marine microbial communities
(Benitez-Nelson and Buesseler, 1999; Alexander
et al., 2015; Nausch et al., 2018); however, mechanisms
of polyP utilization are generally unknown. The enzyme
5'-nucleotidase (5'-NT) is widespread in the ocean and
targets both P-ester and P-anhydride bonds through the
degradation  of nucleotides  (Ammerman  and
Azam, 1985). However, whether 5'-NT is involved in inor-
ganic polyP degradation remains unclear. Additionally,
very little is known about the cycling of marine polyP with
varying chain lengths.

In order to expand our understanding of polyP bioavail-
ability and cycling in the context of other labile DOP
sources, we examined the utilization of representative P-
esters and P-anhydrides by the marine heterotrophic bac-
terium Ruegeria pomeroyi DSS-3. R. pomeroyi belongs
to the Roseobacter clade of Alphaproteobacteria, which

can represent up to 30% of marine bacterial communities
(Buchan et al., 2005). Furthermore, R. pomeroyi is a rep-
resentative copiotroph of coastal and carbon-rich environ-
ments where DOP is dynamically cycled and can
contribute to microbial P demand, even when Pi is avail-
able (Benitez-Nelson and Buesseler, 1999; Nausch
et al., 2018). Here we examine the relative preferences
of R. pomeroyi for P-esters (e.g. AMP, ATP) and P-
anhydrides (ATP, 3polyP, 45polyP) under Pi-replete
(+Pi) and P-depleted (—P) conditions. Additionally, we
conducted proteomic analysis and DOP substrate com-
petition experiments to identify enzymes that are likely to
be involved in the degradation of polyP. Overall, results
show that the mechanisms, rates and regulation of polyP
utilization are chain length-dependent, yet polyP supports
similar levels of growth as highly labile P-monoesters,
regardless of chain length. These findings have implica-
tions for DOP composition and dynamics as well as
microbial nutritional physiology.

Results
Growth on alternative P sources

In order to test the ability of R. pomeroyi to grow on dif-
ferent forms of DOP, representative P-esters or P-
anhydrides were provided as P sources in culture media.
Based on daily optical density (OD), final cell concentra-
tions and growth rates, all model DOP sources supported
the same level of growth by R. pomeroyi as Pi (Fig. 1).
As a control, we grew cultures in —P media. These —P
cultures confirmed a substantial lack of growth when
compared to cultures provided with Pi or DOP. This find-
ing confirms that the growth observed in DOP-amended
cultures was indeed due to growth on DOP, rather than
on any other P source present in the media. Final cell
counts were observed following the plateau in OD values
during stationary phase. Final cell counts were ~3—
4 x 108 cells mI~"' for +Pi and +DOP cultures, and
~1 x 107 cells ml~" for —P cultures. Growth rates were
0.2 h™" for +Pi and +DOP cultures, and 0.1 h~" for —P
cultures. Pi concentrations in +Pi cultures decreased
over the course of growth from 18 pM (starting media
concentration) to ~1.7 pM (midlog, T4), and were below
detection (<800 nmol L~") by stationary phase (T7).

DOP hydrolysis

DOP hydrolysis rates were quantified based on the con-
version of model DOP substrates to Pi (fmol Pi
cell”" h™"). DOP hydrolysis was measured during midlog
and stationary phase in +-Pi and —P cultures. In addition,
DOP hydrolysis was measured in a subset of culture
samples that were filtered (0.2 um) to partially isolate any
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Fig. 1. Ruegeria pomeroyi growth on phosphoester and phos-
phoanhydride substrates.

A. Growth curve represented by changes in optical density over time.
Arrows show time of sampling at midlog (T4) and stationary phase
(T7) for subsequent analysis.

B. Final cell yield (T7).

C. Growth rates. Error bars indicate one standard deviation of the
mean of three biological replicates. P sources lacking a shared letter
are significantly different (p < 0.05) (ANOVA with Tukey HSD post
hoc test).

cell-free P-hydrolase enzymes present. All DOP sub-
strates were degraded during both growth phases and in
each media type (Fig. 2). Removing the cells by filtration
substantially decreased the hydrolysis rates by ~97%
(£~4%), which is consistent with the majority of P-
hydrolase enzymes being cell-associated (Fig. 2). How-
ever, the filtered cultures, or filtrates, still showed mea-
surable levels of DOP hydrolysis (Fig. 2B and D),
suggesting that some cell-free P-hydrolases were pre-
sent, likely due to a combination of processes, including
release from cells during filtration, and natural production.
DOP hydrolysis rates increased in filtrates during station-
ary phase compared to mid log (Fig. 2B and D),

consistent with an enhanced degradation of cells and/or
upregulation of enzymes due to elevated P stress.

The cultures exhibited signs of increasing P stress
going into stationary phase and as a function of media
type. For example, in midlog growth phase, DOP hydroly-
sis rates in the whole culture were similar in +Pi and —P
cultures (Fig. 2A, S1), however, by the time the cultures
reached stationary phase, DOP hydrolysis was signifi-
cantly higher in —P than +Pi cultures (Fig. 2C). The
degree to which the hydrolysis of each DOP source was
upregulated as a function of P status was assessed by
normalizing the hydrolysis rate of —P treatments to that
of +Pi treatments (fold change) in stationary phase.
Based on this analysis, long-chain polyphosphate
(45polyP) hydrolysis was upregulated much more (~six-
fold) in the whole culture than any other DOP source
(<threefold; Fig. 3A).

To determine potential DOP substrate preferences, we
normalized the hydrolysis rate of each DOP source to the
hydrolysis rate of AMP measured at the same time and
in the same media type (Fig. 4A). This analysis revealed
that most DOP sources were utilized to a similar degree
as AMP (~75%—-80% of AMP rate), except for 45polyP,
which was hydrolyzed significantly less, at only ~40% of
the rate of AMP (p < 0.05). This result suggests that
although 45polyP hydrolysis was the most highly
upregulated, 45polyP was the least preferred DOP
source overall. Despite being the least preferred DOP
source, 45polyP still supported the full growth demand of
R. pomeroyi (Fig. 1B). Assuming a cell quota of 0.08—
0.24 fmol P cell”" under replete conditions (Zimmerman
et al., 2014; Posacka et al., 2019), and the growth rates
measured during growth on DOP (~0.2 h™ "), the cellular
P demand was between ~0.02—0.05 fmol Picell™" h".
These cellular P assimilation rates are lower than all of
the DOP hydrolysis rates measured (~0.08-
0.16 fmol Picell™" h™"), including 45polyP (Fig. 2A and
B), confirming that all DOP hydrolysis rates were suffi-
cient to sustain the observed levels of growth.

Proteomics: extracellular P hydrolases

The degradation of DOP sources in filtered cultures
(Fig. 2B and D) suggests the presence of cell-free P-
hydrolases involved in nutritional DOP utilization. In order
to identify these enzymes, proteomic analysis of cell-free
filtrates was performed in stationary phase. We observed
several expected enzymes that have known roles in
microbial DOP utilization: the APs PhoX and PhoD, and
5-NT. Abundances of each of these P-hydrolases were
significantly upregulated under —P compared to +Pi con-
ditions (Fig. 5), which is consistent with DOP hydrolysis
rates (Fig. 2B-D). The full exoproteome did not reveal
any other enzymes with putative phosphatase activity nor
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Fig. 2. Hydrolysis rates of DOP sources in +Pi
and —P cultures. Whole culture (A, C) and
cell-free filtrate (B, D) in midlog (A, B) and sta-
tionary phase (C, D). In the case of cell-free fil-
trates, hydrolysis rates are normalized to the
cell abundance determined prior to filtering the
cultures. Error bars indicate one standard devi-
ation of the mean of three biological replicates.
Significant differences between +Pi and —P
conditions are represented by stars above
bars: p <0.05 (*), p <0.0002 (**), p < 0.0001
(***) (ANOVA with Tukey HSD post hoc test).

Fig. 3. Degree of DOP hydrolysis upregulation calcu-
lated from cell-normalized rates, under —P conditions
A A during stationary phase for (A) whole culture and
(B) cell-free filtrate. Error bars indicate one standard
deviation of the mean of three biological replicates. P
sources lacking a shared letter are significantly different
A (p < 0.05) (ANOVA with Tukey HSD post hoc test).

Fig. 4. Relative DOP hydrolysis rates in
(A) whole cultures and (B) cell-free filtrates.
The hydrolysis rate of each DOP source was
normalized to the hydrolysis rate of AMP. Error
bars indicate one standard deviation of the
mean of three biological replicates. P sources
lacking a shared letter are significantly different
(p <0.05) (ANOVA with Tukey HSD post
hoc test).
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Fig. 5. Average protein abundances (A.U.) in +Pi and —P cell-free
filtrates in stationary phase. Error bars indicate one standard devia-
tion of the mean of three biological replicates. Significant
upregulation under —P condition represented by stars above bars
p < 0.05 (*), p < 0.01 (**) (Student’s t-test).

did it reveal any intracellular canonical polyP enzymes
like polyphosphate kinase (ppk1 or ppk2) and exo-
polyphosphatase (ppx) (Dataset S1), which are present
in the R. pomeroyi genome (Table S1).

APA substrate versatility

In order to assess the substrate versatility of R. pomeroyi
P-hydrolases, we measured alkaline phosphatase activity
(APA) in whole cultures and cell-free filtrates with the
addition of competing DOP substrates. APA was mea-
sured from the hydrolysis of the fluorogenic probe methyl-
umbelliferyl phosphate (MUF-P), and any inhibition of
MUF-P hydrolysis by another DOP source reflected com-
petition for the enzyme active site. Results from these
competition experiments showed that all tested DOP
sources inhibited MUF-P hydrolysis in a concentration-
dependent fashion. Across growth phases, media types,
and in whole cultures and cell-free filtrates, AMP showed
the greatest inhibition of MUF-P hydrolysis, while
tripolyphosphate (3polyP) showed the least (Fig. 6, S2).
ATP and 45polyP had a similar, intermediate inhibiting
effect on APA (Fig. 6, S2). Half-maximal inhibitory con-
centrations (ICsg) of each DOP source, which correspond
to the molecular concentration of substrate responsible
for 50% inhibition of MUF-P hydrolysis, were consistent
with these trends and exhibited values ranging from ~1.6
to 7.5 uM (Fig. S3). Finally, Pi also inhibited APA in whole
cultures and cell-free filtrates (Fig. S4). Stationary phase
samples generally showed a greater sensitivity to DOP
inhibition compared with midlog; however, the overall
substrate trends remained the same between midlog and
stationary phases (Fig. 6, S2).

Discussion

The goal of this study was to assess the relative bioavail-
ability and utilization of model DOP sources, including

inorganic polyP of different chain lengths, to the marine
bacterium R. pomeroyi. Representative molecules from
P-ester and P-anhydride bond classes were rapidly
hydrolyzed in excess of cellular P demand, resulting in
equivalent levels of growth on all P sources. However,
beneath these comparable growth trends, results also
revealed that the hydrolysis of long-chain polyphosphate
(45polyP) by R. pomeroyi was unique among all of the
other P sources examined. First, 45polyP showed the
lowest relative hydrolysis rate among all of the P sources
tested (Fig. 4A), indicating that it was the least preferred
P source. Despite this status, the hydrolysis of 45polyP
exhibited the largest degree of upregulation under —P
conditions compared to any other P substrate tested
(Fig. 3A), suggesting that the relative affinity for 45polyP
is greatly enhanced under P stress. A short-chain polyP
source (3polyP) did not show these same trends,
suggesting that polyP utilization is chain length-
dependent in R. pomeroyi.

Microorganisms naturally produce inorganic polyP at a
range of chain lengths from three up to thousands of P
atoms (Kornberg et al., 1999). The range of chain lengths
in marine pools of polyP remain largely unknown; how-
ever, previous studies have shown that 3polyP is bio-
available to mixed plankton communities (Bjérkman and
Karl, 1994), bacteria-enriched assemblages (White
et al., 2012), cultures of Prochlorococcus and Syn-
echococcus (Moore et al., 2005) and cultures of eukary-
otic phytoplankton (Diaz et al., 2016, 2019). Although
investigations of long-chain polyP bioavailability are rela-
tively rare, one other study (Diaz et al., 2016) docu-
mented the ability of the diatom Thalassiosira oceanica
to use multiple polyP chain lengths as sole P sources, in
agreement with current results from R. pomeroyi
(Fig. 1A). Overall, chain length does not seem to affect
microbial growth on polyP, but chain length does impact
polyP hydrolysis rates by R. pomeroyi. This finding
implies that microbial polyP hydrolysis may shape the
composition of environmental polyP pools by preferen-
tially targeting different polymer lengths.

Particulate long-chain polyP (>~15 P atoms) is prefer-
entially recycled in the Indian Ocean and Sargasso Sea
relative to other organic P sources (Martin et al., 2014,
2018). In contrast, we did not observe any preference for
polyP by R. pomeroyi. Differences between these field
studies and our culture work could potentially be
explained by a number of factors. For instance, the other
environmental P sources measured in these field studies
may have been more recalcitrant than our highly labile
alternative P substrates accounted for. In addition, the
discrepancy may suggest species- versus community-
level differences in DOP substrate preferences (niche
partitioning). For example, in contrast to R. pomeroyi, the
diatom Thalassiosira spp. preferentially degrades polyP
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Fig. 6. Concentration-dependent inhibition of
APA by competing DOP substrates in station-
ary phase. Substrate concentrations are in
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molecular units. Each point represents the
B average of three biological replicates. Whole
- culture (A, B) and filtrate (C, D) in +Pi (A, C)
and —P (B, D) media. Error bars omitted for
- clarity. Biological replicates typically agreed to
within +6.8%.
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relative to P-esters (Diaz et al., 2018, 2019). Moreover,
R. pomeroyi is not a significant component of the micro-
bial communities in the Sargasso Sea or Indian Ocean
regions where preferential polyP utilization was found
(Martin et al., 2018). Indeed, we hypothesize that
oligotrophs may have a stronger preference for polyP
than R. pomeroyi, which is a copiotroph typically found in
high carbon, high nutrient coastal zones. This potential
ecosystem-driven adaptation would suggest community-
level dynamics in DOP preference that may shape the
DOP pool differently in functionally distinct ocean
regions; however, further research is needed to reconcile
this hypothesis with the uniform DOP compositions
reported previously across diverse ocean environments
(Young and Ingall, 2010). Yet overall, the capacity of R.
pomeroyi 1o utilize DOP (Sebastian and
Ammerman, 2011) suggests a functional advantage und-
erscoring the importance of DOP as a nutritional resource
for microorganisms adapted to ocean regions that are not
typically thought of as P limited. This observation is in
agreement with studies noting that DOP is actively cycled
in coastal zones (Benitez-Nelson and Buesseler, 1999;
Alexander et al., 2015; Nausch et al., 2018).

Within marine microbial communities, DOP acquisition
is mediated via two general pathways, which may coexist
in the same organism (Li et al., 2015; Luo et al., 2017;
Zhang et al., 2017): (i) the extracellular hydrolysis of

40

60 80 100

Substrate Concentration (uM)

DOP by cell surface or cell-free P hydrolases and subse-
quent uptake of Pi and/or (ii) the uptake of low-molecular-
weight (<600 Da) DOP (Weiss et al., 1991) and subse-
quent intracellular hydrolysis of Pi. Unlike the majority of
DOP sources investigated here, 45polyP is a relatively
large molecule (>3 kDa) that is likely to be utilized by
extracellular P hydrolases, such as APs and nucleotid-
ases, which are thought to target P-monoesters and
nucleotides, respectively. To determine potential
enzymes involved in exogenous polyP utilization by R.
pomeroyi, we investigated active cell-free P-hydrolases
that were partially isolated from cultures via filtration. Pro-
teomic results revealed the presence of three P-
hydrolases across all replicates and media types, includ-
ing two APs (PhoX and PhoD) and one nucleotidase (5'-
NT). We observed significant upregulation of these
enzymes under —P conditions (Fig. 5), consistent with
the observed upregulation of DOP hydrolysis rates
(Fig. 2B-D). The results for 5'-NT are not consistent with
previous field investigations, which showed that 5-NT
activity is unaffected by Pi concentrations (Ammerman
and Azam, 1985). This inconsistency may reflect funda-
mental differences in community- versus species-level
regulation of 5-NT expression and/or activity. On the
other hand, APA is inhibited by Pi (Dyhrman and
Ruttenberg, 2006; Mahaffey et al., 2014), which is consis-
tent with our results. Indeed, AP expression is thought to
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be transcriptionally regulated by Pi (Dyhrman, 2016). Yet
the inhibition of cell-free APA by Pi (Fig. S4) indicates that
enzyme-level product inhibition may also play a role, in
agreement with pure enzymes studies (Dean, 2002; Zhang
et al., 2004). Beyond the APs and 5-NT, we did not
observe any polyP-specific intracellular enzymes such as
ppk1 or ppk2, which catalyze the synthesis (forward reac-
tion) and degradation (reverse reaction) of polyP (Parnell
et al., 2018), or ppx, which degrades polyP. Although
these genes are more dominant in Pi limited ocean waters
and are thought to drive dynamic polyP cycling in those
regions (Temperton et al., 2011), our results suggest that
ppk and ppx may not be involved in the extracellular
hydrolysis of polyP. Yet this finding does not rule out the
possibility that low-molecular-weight polyP sources may
be small enough to be taken up directly and hydrolyzed by
intracellular enzymes such as ppk or ppx.

Given the presence of the common P-hydrolases AP
and 5'-NT in our dataset, and the absence of any polyP-
specific enzymes, we hypothesize that known P-
hydrolases may be involved in polyP cycling via broad
substrate versatility, in agreement with previous work
illustrating broad DOP substrate utilization by a bacterial
marine AP (Srivastava et al., 2021). To evaluate this
hypothesis, we examined the ability of various DOP sub-
strates to compete with the probe MUF-P for reaction
with APs from R. pomeroyi. Results revealed inhibition of
MUF-P hydrolysis by all DOP substrates tested, con-
firming that R. pomeroyi APs have broad substrate versa-
tility (Fig. 6). Consistent with a previous study (Sebastian
and Ammerman, 2011) we observed that the P-monoester
AMP exhibited the greatest degree of competition against
MUF-P, which is expected based on the structural similar-
ity between these two molecules. In further agreement with
this prior study, ATP also strongly outcompeted MUF-P
hydrolysis. Of the two polyPs tested, 45polyP showed
roughly equivalent levels of inhibition as ATP, suggesting
a relatively strong affinity of R. pomeroyi AP for 45polyP
(Fig. S4). In contrast, 3polyP showed the weakest impact
on MUF-P hydrolysis, suggesting that R. pomeroyi APs
have a greater affinity for 45polyP than 3polyP (Fig. S4).
This chain length dependence contradicts hydrolysis
results from the bulk culture (Fig. 4A), in which 3polyP was
preferentially degraded over 45polyP. Together these
results suggest that AP is not the only enzyme involved in
polyP degradation. For example, the 5-NT may play a role
in polyP cycling and if so, may potentially account for this
discrepancy.

Our results on AP-dependent polyP degradation sup-
port a previously hypothesized pathway of polyP cycling
in the field. For example, Martin et al. (2018) observed
interbasin differences in polyP content and APA (Diaz
et al., 2016; Martin et al., 2018), leading to the hypothesis
that APA exerts a strong degree of control over polyP

recycling in marine systems. Indeed, previous studies of
pure enzymes also support this hypothesis by showing
that APs from calf intestine and Escherichia coli exhibit
strong reactivity toward polyP, including chain length-
dependent hydrolysis by some APs (Lorenz and
Schréder, 2001; Sharma et al., 2014; Rader, 2017). How-
ever, the potential involvement of AP in marine polyP
cycling does not necessarily rule out contributions from
other enzymes like 5'-NT, as suggested here. Addition-
ally, studies of polyP utilization in cultures of the diatom
Thalassiosira spp. revealed that APs may not be involved
in polyP degradation and that alternative enzymes likely
play a role (Diaz et al., 2018). Taken together, these lines
of evidence suggest that mechanisms of polyP utilization
are diverse and dependent on organism functional
capacity and polyP chain length.

Overall, this study demonstrates that inorganic polyP is
a bioavailable nutritional P resource for R. pomeroyi,
which supports equivalent levels of growth as model P-
monoesters, regardless of chain length. Yet underlying
hydrolysis kinetics reveal substantial chain length depen-
dencies in the mechanism, rate and regulation of polyP
utilization by R. pomeroyi. Therefore, results from this
study suggest that microbes control the composition of
natural polyP by degrading it in a polymer size-
dependent manner. The true composition of natural polyP
in seawater reflects a balance of microbial production
and degradation processes. Yet, the composition of
marine polyP remains largely uncharacterized. Future
studies should consider supporting an effort to character-
ize the range of inorganic polyP chain lengths in marine
systems. Due to the roles of polyP in geologic P seques-
tration (Diaz et al., 2008; Huang et al., 2018; Wan
et al., 2019a, 2019b, 2021) and microbial nutritional phys-
iology, a greater understanding of the molecules that
make up the polyP component of particulate and dis-
solved marine P pools may have larger implications for
marine P cycling, DOM biogeochemistry and ecosystem
functioning.

Experimental procedures
Culture conditions and growth tracking

Ruegeria pomeroyi DSS-3 was cultured in media modi-
fied from the recipe of Rivers et al. (2016). Briefly, media
(100 ml) were prepared using 0.2 pm-filtered natural sea-
water collected from the Scripps Institution of Oceanogra-
phy pier that was autoclaved (121°C, 20 min) in 125 ml
acid-washed glass Erlenmeyer flasks. Sterile-filtered
(0.2 pm) glucose and nutrient stocks, including P
sources, were aseptically added to the sterile seawater
base in a laminar flow hood. Phosphate-replete media
(+Pi) contained 18 uM P. P depleted media (—P) were
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prepared by adding phosphate to a final concentration of
1.8 pM P. ATP (Millipore Sigma), AMP (Fisher Scientific),
3polyP (Millipore Sigma), or 45polyP (Millipore Sigma)
were added to —P media at a final concentration of 18 pM
P. All media were inoculated with 50 ul of R. pomeroyi
grown to stationary phase in +Pi media, in order to limit
the carryover of P. Cultures were grown in a Thermo
shaker/incubator at 30°C with shaking at 150 rpm for
10 days. Samples for optical density (600 nm) and flow
cytometry were taken daily. Flow cytometry samples were
prepared by sampling 2 ml of cultures into cryovials, pre-
served with a final concentration of 0.5% glutaraldehyde at
4°C for 10 min, and frozen at —80°C until analysis. Growth
rates were calculated over the interval of log-linear growth
in +Pi cultures. Growth rates in —P cultures were calcu-
lated over the same time period as +Pi cultures. All growth
experiments were performed in triplicate.

DOP hydrolysis

DOP hydrolysis rates were determined by following the
production of Pi, as described previously (Diaz
et al., 2018, 2019). Ruegeria pomeroyi culture samples
were collected at the same time from both +Pi and —P
media, according to the time period of midlog and station-
ary phases for +Pi cultures. Two types of samples were
prepared from each culture. First, whole culture samples
were diluted 1:10 or 1:20 with sterile-filtered (0.2 pm) natu-
ral seawater (Diaz et al., 2019). Second, cultures were fil-
tered (0.22 um) in order to generate the cell-free filtrates.
Diluted whole culture and filtrate samples were then added
to clear 96-well plates and amended with the DOP sources
ATP, AMP, 3polyP, 45polyP, or MUF-P (18 pM, final
molecular concentration) or Pi (18 uM, final). Briefly, Pi
was quantified as soluble reactive phosphorus following
the method of Hansen and Koroleff (1999) using a
multimode plate reader (Molecular Devices) with a detec-
tion limit of 800 nmol L~ P (Diaz et al., 2018). Samples
were reacted at 4-6 specific timepoints up to 24 h. Each
Pi measurement that was derived from a diluted whole cul-
ture sample was corrected for cellular Pi uptake as
described previously (Diaz et al., 2019), and hydrolysis
rates were calculated as the slope of Pi production over
time using a simple linear regression (typically R® > 0.95).
Hydrolysis rates in diluted whole culture samples were
corrected for dilution after regression analysis. To assess
abiotic DOP hydrolysis, culture samples were filtered
(0.2 pm) and boiled (99°C, 15 min). DOP hydrolysis in
these controls was negligible.

APA competition plates

APA was assessed at midlog and stationary phases in
undiluted whole culture samples and cell-free filtrates in

the presence and absence of DOP sources by following
hydrolysis of the fluorogenic substrate MUF-P (Millipore
Sigma). MUF-P hydrolysis was tracked using a
multimode plate reader (Molecular Devices), using
359 and 449 nm as the excitation and emission wave-
lengths respectively. Final molecular concentrations of
DOP substrates were 0-100 uM (Pi as a control, ATP,
AMP, 3polyP and 45polyP). The final concentration of
MUF-P was 10 pM. Experiments were run in kinetic mode
for 15 min collecting data every 30s. Enzyme activity
was calculated as a percentage of the control hydrolysis
rate (no DOP added) to illustrate inhibition of MUF-P by
the unlabelled DOP substrates. IC5, values for each
inhibiting DOP substrate were calculated from the linear
regression of log normalized substrate concentrations
versus the percent inhibition of MUF-P by each substrate
(R® typically >0.90). ICs, values were calculated
according to the formula: ICso = (0.5-b)/a, where b is the
y-intercept and a is the slope of the linear regression.

Flow cytometry

For cell counts, culture samples were preserved in fil-
tered (0.22 um) glutaraldehyde (0.5% final concentration),
left to fix at 4°C for 10 min, and frozen at —80°C until
analysis. Preserved samples were thawed and counted
on a Guava EasyCyte HT flow cytometer (Millipore), and
instrument calibration was performed using instrument-
specific beads (Luminex). Prior to running on the flow
cytometer, samples were prepared in clear, round-bottom
96 well plates (Fisher Scientific) and diluted with filtered
(0.22 pm) seawater either 100x (TO, T1) or 1000x (T2—
T8). Triplicate blanks prepared with filtered (0.22 pm)
seawater and glutaraldehyde (0.5% final concentration)
were run with samples, and the average blank cell count
was subtracted from all samples. Blanks and diluted
samples were stained with diluted SYBR Green nucleic
acid gel stain (diluted in deionized water to 100x; Fisher
Scientific) and left in the dark for 30 min. After staining,
bacterial cell concentrations were analysed at a low flow
rate (0.24 ul s~) for 3 min, and cells were counted based
on diagnostic forward scatter versus green fluorescence
signals.

Proteomics

To generate samples for exoproteome analysis, +Pi and
—P cultures were sampled in stationary phase. Cultures
were filtered (0.2 pm), and cell-free filtrates (200 ml) were
concentrated (0.5 ml) and exchanged twice into 5 mM
Tris (pH 8.0) using a 10 kDa Centricon Plus-70 centrifu-
gal filtration device (Millipore Sigma). Total protein con-
centrations were determined using a Bradford Protein
Assay Kit (Bio-Rad), and concentrated exoproteome
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samples were processed with a tryptic in-solution diges-
tion kit (Thermo Scientific), following the manufacturer’'s
instructions. Tryptic peptides were desalted prior to anal-
ysis with Pierce C-18 spin columns (Thermo) following
the manufacturer’s instructions.

Peptide samples were analyzed at the Proteomics and
Mass Spectrometry (PAMS) facility at the University of
Georgia on a Thermo-Fisher LTQ Orbitrap Elite mass
spectrometer coupled with a Proxeon Easy NanoLC sys-
tem (Waltham, MA, USA). Enzymatic peptides were
loaded into a reversed-phase column (self-packed col-
umn/emitter with 200 A 5 uM Bruker MagicAQ C18 resin)
and directly eluted into the mass spectrometer. Briefly,
the two-buffer gradient elution, following Diaz et al. (2018)
(0.1% formic acid as buffer A and 99.9% acetonitrile with
0.1% formic acid as buffer B), starts with 5% B, holds at
5% B for 2 min, then increases to 25% B in 60 min, to
40% B in 10 min, and to 95% B in 10 min.

Xcalibur software (version 2.2, Thermo Fisher Scientific)
was used for data-dependent acquisition of MS data. A sur-
vey MS scan was acquired first, and then the top five ions
in the MS scan were selected following collision-induced dis-
sociation and higher-energy collisional dissociation MS/MS
analysis. Both MS and MS/MS scans were acquired by the
Orbitrap mass spectrometer at resolutions of 120 000 and
30 000 respectively, following Diaz et al. (2018).

Protein identification was performed using Thermo Pro-
teome Discoverer (version 1.4) with Mascot (Matrix Sci-
ence). The reference database consisted of the
translated whole genome of R. pomeroyi (NCBI
Bioproject PRJNA281) (Moran et al., 2004; Moran
et al., 2007; Rivers et al., 2014) amended with a list of
common contaminants, such as human keratin. Data-
bases included a reversed ‘decoy’ version for false dis-
covery rate (FDR) analysis. The FDR of identified
peptides was ~1%. Finally, in order to determine the rela-
tive abundances of proteins under +Pi and —P condi-
tions, the peak area of each protein was normalized to
the total protein content in the sample, reported as arbi-
trary units (A.U.), and the average of three replicates was
calculated for each protein of interest.

BLASTP analysis

The R. pomeroyi DSS-3 genome was searched for a
variety of query sequences from Protein Data Bank
(PDB; https://www.rcsb.org) using the National Center for
Biotechnology Information (NCBI) online BLASTP suite
with default parameters (https://blast.ncbi.nim.nih.gov).
Query sequences included the polyP specific intracellular
enzymes: bacterial ppk1 and ppk2 from E. coli and Fran-
cisella tularensis respectively. PDB IDs for query
sequences: ppk1: 1XDO, ppk2: 5LLB and ppx: 2FLO.

Statistical analyses

Statistical analyses were performed in JMP Pro (15.2.0).
Growth vyields, growth rates, DOP hydrolysis and
upregulation (fold change) were compared using
repeated-measures ANOVA followed by Tukey’s Honest
significant difference (HSD) test. Protein abundances
were compared using Student’s t-test. p-values <0.05
were considered significantly different.
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