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Summary

Heterotrophic Proteo- and Actinobacteria were isolated from Lake Matano, Indonesia, a stratified,
ferruginous (iron-rich), ultra-oligotrophic lake with phosphate concentrations below 50 nM. Here,
we describe the growth of eight strains of heterotrophic bacteria on a variety of soluble and
insoluble sources of phosphorus. When transferred to medium without added phosphorus (P), the
isolates grow slowly, their RNA content falls to as low as 1% of cellular dry weight, and 86-100%
of the membrane lipids are replaced with amino- or glycolipids. Similar changes in lipid
composition have been observed in marine photoautotrophs and soil heterotrophs, and similar
flexibility in phosphorus sources has been demonstrated in marine and soil-dwelling heterotrophs.
Our results demonstrate that heterotrophs isolated from this unusual environment alter their mac-
romolecular composition, which allows the organisms to grow efficiently even in their extremely
phosphorus-limited environment.
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Introduction

Phosphorus (P) is essential to biological information storage and transfer, energy
metabolism, and membrane integrity. In bacteria, P limitation often results in fewer
ribosomes and slower growth rates (Zimmerman et al., 2014), up-regulation of transcripts
related to P acquisition and storage (Lamarche et al., 2008; Martin et al., 2012; Palenik,
2015), and altered membrane lipid composition (Van Mooy et al., 2009; Geiger et al., 2010;
Carini et al., 2015). Bacteria in environments with chronically low nutrient concentrations
may also have streamlined genomes (Dufresne et al., 2005; Giovannoni et al., 2005), more
frequent lateral gene transfer (Souza et al., 2008), and modified genome and proteome
structures (Elser et al., 2011). Here, we test the hypothesis that heterotrophs isolated from
the chronically P-limited Lake Matano, Indonesia, have reduced P requirements and utilize
diverse P sources.

To reduce their P requirement, bacteria must synthesize fewer P-rich macromolecules. The
major P pools in bacteria are RNA, lipids, and DNA, with smaller pools of free nucleotides
(Mitchell and Moyle, 1954). In response to P limitation, microbes may reduce the size of
DNA pool by maintaining fewer genome copies (Zerulla et al., 2014); longer-term P
starvation often results in microbes with small genomes (Dufresne et al., 2005; Giovannoni
et al., 2005). RNA is usually the largest pool of P in cells (Mitchell and Moyle, 1954;
Mundry and Kuhn, 1991), so reducing the amount of RNA is common when P is limiting
(Elser et al., 2003). The number of ribosomes is correlated with growth rate, and bacterial
cells living in nutrient-limited conditions tend to have fewer ribosomes and thus smaller
RNA pools (Condon et al., 1995; Elser et al., 2008). The relationship between P availability,
P demand, carbon metabolism, and growth efficiency is still not completely understood
(Lipson et al., 2008; Godwin and Cotner, 2015; Roller and Schmidt, 2015). Carbon and
phosphorus cycling are linked through microbial growth, but flexibility in P demand can
change the degree to which they are coupled under different conditions (Keiblinger et al.,
2010; Scott et al., 2012; Godwin and Cotner, 2015).

Some bacteria reduce their P demand by synthesizing membrane lipids with P-free head-
groups (Hélzl and Dérmann, 2007; Van Mooy et al., 2009; Carini et al., 2015), since as
much as 21% of cellular P may be in membrane lipids (Mitchell and Moyle, 1954).
Although planktonic marine heterotrophs do not typically alter their lipid headgroups in
response to P starvation (Van Mooy et al., 2008, 2009; Van Mooy and Fredricks, 2010;
Popendorf et al., 2011), a Pelagibacter strain isolated from the Sargasso Sea replaces
phospholipids with amino- and glycolipids when grown with methylphosphonate or low
phosphate (Carini et al., 2015). Similarly, a variety of soil-dwelling heterotrophs substitute
amino lipids for phospholipids when P is limiting (Geiger et al., 2010; Vences-Guzman et
al., 2012; Parsons and Rock, 2013). Altering the sizes and compositions of P-rich
macromolecular pools allows the cells to reduce their P demand and recycle intracellular P
(Condon et al., 1995; Vences-Guzman et al., 2012; Parsons and Rock, 2013).

Lake Matano, Indonesia, is a stratified, ferruginous (iron-rich), ultra-oligotrophic tropical
lake, located in South Sulawesi, Indonesia (Crowe et al., 2008). It is ~2-4 million years old,
and is located in a steep-sided graben 380 m above sea level on the Matano Fault (Brooks,
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1950; Hamilton, 1979). It has a total area of 164 km?, and, with a depth of about 590 m, is
one of the ten deepest lakes in the world (Crowe et al., 2008; Vaillant et al., 2011); its depth
and steep sides prevent efficient mixing by wind, and because the water temperatures are
stable, thermal mixing is rare, though possible (Katsev et al., 2010). Water inflows include
three tributaries and groundwater input, but the primary input is precipitation (Katsev et al.,
2010). Unlike most other freshwater systems, Lake Matano does not undergo seasonal
mixing, so the dissolved P below the chemocline stays trapped (Crowe et al., 2008). Nutrient
inputs from land and atmospheric deposition are small (Katsev et al., 2010), and the
particulate iron minerals in the surface water adsorb any soluble P (Crowe et al., 2008). The
permanent stratification, iron content, and extremely low nutrient inputs make Lake
Matano’s P deficiency unusually severe (Crowe et al., 2008; Sabo et al., 2008).

Lakes with P concentrations < 4 pg L™ (< 129 nM) are classified as “ultra-oligotrophic”
(\Vollenweider, 1982), and the P in Lake Matano is, at most, 50 nM (Crowe et al., 2008). In
deep tropical lakes comparable to Lake Matano, dissolved P ranges from 70 to 760 nM,
while in temperate stratified lakes, dissolved P is typically 100 to 160 nM (Hecky et al.,
1993). In comparison, the surface water of Lake Matano is chronically P-limited, making
this lake an effective natural laboratory for analyzing the effects of long-term nutrient
limitation on planktonic microbes.

The extremely low phosphate concentrations in Lake Matano suggest that heterotrophic
bacteria there might need additional strategies for acquiring P or reducing the cellular P
requirements to survive in the near-absence of this essential nutrient. Additionally, the C:P
ratio in freshwater bacteria has been shown to be highly variable (Cotner et al., 2010),
indicating that freshwater heterotrophs may have extremely flexible P requirements and a
range of growth efficiencies. To examine the P requirements and metabolic flexibility of the
heterotrophic microbial community, we isolated heterotrophic bacteria from Lake Matano,
characterized their growth on different concentrations and types of P sources, and assessed
the P-containing macromolecular pools of cells grown under different conditions. To
investigate the effect of P limitation alone, cultures were provided with abundant C and N;
the effects of C and N limitation are not discussed here.

Strain isolation and identification

Surface water from Lake Matano was spread on to solid minimal medium amended with 0.1
to 1% organic carbon to isolate aerobic heterotrophs. Based on morphological characteristics
and taxonomic identity, eight axenic strains were selected for further study (Table 1). Of
these, one (LM-2, most closely related to Microbacterium testaceum) is Gram-positive.
Three are Alphaproteobacteria in the Agrobacterium/Rhizobium group (LM-1, LM-5, and
LM6-1), but differ in their growth rates and ability to use organophosphates. The strain LM-
P is most closely related to Methylobacterium podarium. The remaining three strains are
Gammaproteobacteria related to Acinetobacterand Pantoea spp.
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Growth on dissolved P sources

To identify the types of phosphorus-containing compounds that can serve as P sources for
the Lake Matano isolates, cultures were grown in the National Botanical Research Institute’s
phosphate growth medium (NBRIP, Nautiyal et al., 1999) with no additional P, 0.2 mM
KoHPOy, or 0.2 mM organic phosphorus [para-nitrophenylphosphate (p-NPP), an organic
phosphate ester, or 2-amino-ethylphosphonic acid (2-AEP), a phosphonate]. Maxi- mum
growth rates varied depending on the P source (Fig. 1A, Fig. S1), but all strains had similar
growth yields when supplied with inorganic soluble phosphate or p-NPP (Fig. 1B). Although
maximum growth rates and growth yields were much lower in the absence of P, only two
strains failed to grow under these conditions, suggesting that most of these isolates need very
little phosphorus to grow.

All isolates used p-NPP as a P source, showing that all are capable of cleaving phosphoester
bonds (Fig. 1). In fact, the growth rates of all the Rhizobacterial isolates on p-NPP were
close to the growth rates on an equivalent amount of soluble inorganic phosphate. Similarly,
three strains, LM-1, LM-5, and LM6-1, grow at similar rates when inorganic phosphate, p-
NPP, and 2-AEP are available (Fig. 1). LM-Y grows at similar rates on phosphate and 2-
AEP, but more slowly on p-NPP. LM-P has similar maximum growth rates on all of these P
sources, but its growth yield is much lower on 2-AEP than on the others. Two strains, LM-2
and 2-LM-22, seem unable to utilize 2-AEP as a P source, since the ODggg nm Of these
cultures did not change over the course of the experiment (Fig. 1B, Fig. S1A-G).

Growth on insoluble P

Intracellular

To determine whether mineral-associated P can be accessed by planktonic microbes in Lake
Matano, all strains were grown with ~0.2 mM P provided as phosphate co- precipitated with
hydrous ferric oxide (HFO-P). In all cases, growth in medium with HFO-P was much faster
than growth with no additional phosphate (Fig. 1A): all strains except LM-2 are capable of
obtaining P from HFO-P. As a biological control, £. coliwas grown in the same conditions,
and solution pH, P, and Fe were quantified after 6 days. The solution pH, P, and Fe in the £.
coli culture were similar to those of LM-1 and LM6-1, and higher than those of LM-P and 2-
LM-22 (Fig. 2). LM-2 is the only strain apparently unable to acquire P from HFO-P: it
neither grows (Fig. 1) nor releases P or Fe into solution, and the pH in this culture stays
close to neutral (Fig. 2). In contrast, LM-Y catalyzes rapid dissolution of the mineral and
releases large amounts of Fe and P compared to all of the other strains (Fig. 2). To explore
whether additional phosphate might inhibit the dissolution of the HFO-P by LM-Y,
phosphate (0.2 mM) was added to the medium along with HFO-P. The growth rate of LM-Y
was the same with or without additional phosphate (not shown), but ~35% more Fe was
released in the presence of excess phosphate (Fig. 2).

polyphosphate storage

Polyphosphate granules may comprise up to 10% of bacterial dry weight (Deinema et al.,
2011) or even higher (Nakamura et al., 1995), and storage of P as polyphosphate provides
cells with a pool of phosphate that can be easily converted to ATP or GTP (Zhang et al.,
2002). After an extended period of P-starvation followed by K,HPO,4 addition,
polyphosphate accumulation in the Lake Matano isolates was assessed with Neisser staining
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and light microscopy. Two strains, LM-2 and LM-P, accumulate intracellular polyphosphate
granules after this treatment (Fig. 3; see Fig. S3 for images of other strains).

Intact polar lipids of P-starved strains

Although the polyphosphate storage pool can be quite large, the major non-nucleotide pool
of phosphorus in microbial cells is usually the lipid membrane (Mitchell and Moyle, 1954).
When cells were grown with 0.2 mM phosphate in the medium, the membranes of the Lake
Matano isolates were 66 to 100% phospholipids (Fig. 4A and Supplementary Table 1).
Betaine lipids (DGTS type) comprised 4 to 25% of the lipids in the Alphaproteobacteria and
2-LM-22, a Gammaproteobacterium (Fig. 4A). Under P-replete conditions, LM-2, the only
Gram-positive organism isolated, was the only organism in which glycolipids comprised
more than 1% of the total lipids (Fig. 4 and Supplementary Table 1).

In contrast, in P-limited medium (P <2.5 uM), no phospholipids were detected in two
isolates, and phospholipid content in 6 of 8 strains was less than 2% (Fig. 4B). Instead,
lipids in the Gram-negative isolates had primarily betaine headgroups (27 to 93%; Fig. 4B).
Glycosylated headgroups such as monoglycosyl diacylglycerol (MGDG) and diglycosyl
diacylglycerol (DGDG) were found in every isolate, and constituted the majority of the
lipids in LM-2 (Fig. 4B). Only strain LM-P had an appreciable quantity of phospholipids
(~14%; Fig. 4B and Figs. S3 and S4). Because the limits of detection for the lipids analyzed
here are 1-10 pg (Table S1), anything below those detection limits is likely not synthesized
by these cultures. Overall, growing cells without additional P resulted in a change from
primarily phospholipids to almost entirely amino-lipids in the Gram-negative isolates, and to
primarily glycolipids in the Gram-positive isolate (Fig. 4, bottom panel). All strains are
capable of a dramatic reduction of P demand by replacing all or nearly all of the
phospholipids with non-phospholipids.

RNA content of P-starved strains

The largest pool of phosphate in bacterial cells is usually the RNA pool, which may have up
to 75% of the cellular P (Mitchell and Moyle, 1954). To assess the RNA pools in P-replete
and P-starved cultures, isolates were grown with 0.2 mM phosphate or without additional P
(< 2.45 uM) until mid-exponential or early stationary phase, and the RNA content of the
cells was quantified with GC-MS (Long and Antoniewicz, 2014). For 5 of 7 strains tested,
RNA made up 10-18% of the total dry weight of the cells in phosphate-replete conditions
(Fig. 5). In the absence of additional P, however, the RNA pool was less than 5% of the dry
weight of the cells, a 2- to nearly 6-fold reduction (Fig. 5).

Discussion

Because they can replace all or nearly all of their phospholipids, and reduce the sizes of their
RNA pools dramatically, the heterotrophic bacteria isolated from Lake Matano have very
low P requirements. Although bacteria with flexible C:P ratios are often oligotrophs
(Godwin and Cotner, 2015), we demonstrate that in some Lake Matano isolates, these
changes occur whether the strains are copiotrophic or oligotrophic. A better understanding
of the relationship between P availability and growth characteristics in individual isolates is
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crucial to understanding how carbon and P cycling are coupled in natural environments
(Godwin and Cotner, 2015).

Changing the type of P available has little effect on growth rates and growth yields of the
isolates described here. The potential P-bearing compounds available in Lake Matano
include orthophosphate, organophosphates or phosphonates, or mineral-associated
phosphate. In fact, in oligotrophic systems, organophosphates and phosphonates may be the
most common P sources (Smith and Prairie, 2004; White and Metcalf, 2007). The algae,
fish, invertebrates, and microbes present in the lake are potential sources of organic
phosphate esters, which are common in lipids and ubiquitous in nucleic acids. Phosphonates
are found in all domains of life, in phosphono-lipids, polysaccharides, and proteins, as well
as in bioactive small molecules (Metcalf and van der Donk, 2009; McGrath et al., 2013; Yu
et al., 2013). Genomic analysis indicates that ~10% of microbes in aquatic environments
may synthesize phosphonates, and that representatives of the Proteobacteria, Firmicutes,
Actinobacteria, Cyanobacteria, Euryarchaea, and Thaumarchaea encode at least one
phosphonate biosynthetic gene (Yu et al., 2013). Similar (meta)genomic analyses have also
identified a variety of freshwater bacteria capable of phosphonate uptake (Ilikchyan et al.,
2009) and utilization (Livermore et al., 2014). Due to Lake Matano’s high iron content,
phosphate-adsorbing iron oxyhydroxides are also present in the Lake Matano surface waters
(Crowe et al., 2008; Zegeye et al., 2012). We tested growth on representatives of all of these
classes of P sources. The growth rate data indicate that all of the isolates described here can
grow using either inorganic or organic P provided in either the +3 or +5 oxidation state (Fig.
1), although two strains, LM-2 and 2-LM-22 (an Actinobacterium and
Gammaproteobacterium, respectively) do not grow on 2-AEP, and LM-2 does not grow on
HFO-P. Acidification of the medium by normal respiration appears to release enough P from
HFO-P to support some growth by most isolates (Fig. 1A, Fig. 2). Uniquely among this
group of isolates, LM-Y catalyzes rapid dissolution of HFO-P, releasing much more P than it
utilizes. The suite of isolates described here, therefore, have the genes necessary to access a
variety of P sources without affecting growth efficiency, and LM-Y may even be able to
facilitate P supply to other organisms in its vicinity.

One mechanism for sustained growth when P is limiting is flexibility in P demand. Recent
work has demonstrated that freshwater heterotrophs have extremely flexible P requirements
(Elser et al., 2003; Cotner et al., 2010; Scott et al., 2012; Godwin and Cotner, 2014, 2015).
However, very few of these studies have characterized individual intracellular P pools under
different conditions. Here, we demonstrate that both lipid and nucleic acid pools in
heterotrophic bacteria isolated from Lake Matano change in response to environmental
conditions, providing a physiological explanation for the previously-reported results.

In bacteria isolated from freshwater lakes, Elser ef a/. demonstrated that 70-97% of cellular
P was in the RNA pool (Elser et al., 2003; Makino et al., 2003), implying that phospholipid
content was quite low in those strains. More specifically, heterotrophic bacteria isolated
from a variety of environments have been shown to replace phospholipids with amino-,
sulfo-, or glyco-lipids (Grant, 1979; Batrakov et al., 1996; Geiger et al., 2010; Vences-
Guzman et al., 2012, 2013; Geske et al., 2013; Carini et al., 2015). In the isolates described
here, 66% to 100% of their membrane lipids are phospholipids under P-replete conditions
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(Fig. 4A). All isolates are capable of replacing 86-100% of these phospholipids with amino-
or glycolipids when P is limiting (Fig. 4B), though both major lipid classes and the degree of
replacement vary between experiments (see tables S2 and S3). This variability between
experiments may be due to apparently minor differences in P, which was below our limit of
detection in both experiments, differences in inoculum size, or variability in lysis rates,
which were not measured. However, even under P-replete conditions, the lipids in bacteria
constitute a relatively small fraction (< 21%) of the cellular P (Mitchell and Moyle, 1954).

In most environments, the RNA pool is likely the major P pool in the cell.

In fact, the size of the RNA pool drives both P demand and growth rate when P is limiting in
freshwater environments (Elser et al., 2003), indicating that changing the size of the RNA
pool can have a large effect on the total cellular P demand. Of the isolates characterized
here, 5 of the 7 synthesize less RNA when P is limiting. Some of these changes are quite
large in magnitude: the RNA content of LM-5 goes from 13.6% of the dry weight of the cell
in P-replete conditions to less than 3% in P-limiting conditions, an 80% reduction. Although
a relationship between RNA content and growth rate in a variety of organisms has been
reported (Elser et al., 2003), there was no apparent correlation of these two factors in our
experiments. However, changes in cellular P demand can affect how efficiently cells grow, or
how much biomass is produced per unit nutrient (Keiblinger et al., 2010; Sinsabaugh et al.,
2013; Roller and Schmidt, 2015). Because it is the largest P pool in the cell, especially in
oligotrophic freshwater environments (Elser et al., 2003; Makino and Cotner, 2004; Cotner
et al., 2010), and has a large effect on both P requirement and growth rate (Elser et al.,
2003), RNA content likely plays a major role in environmental nutrient cycling (Elser et al.,
2003).

Growth efficiency is defined as biomass produced per unit resource, and integrates
evolutionary history, physiological state, and environmental parameters (Azam and Malfatti,
2007; Keiblinger et al., 2010; Sinsabaugh et al., 2013; Roller and Schmidt, 2015). Both
growth rate and growth efficiency have been correlated with P availability (Smith and
Prairie, 2004). In general, oligotrophs are more efficient: they grow slowly but consistently
over a wide range of conditions and have less RNA (Lauro et al., 2009; Keiblinger et al.,
2010). Heterostoichs, organisms with biomass C:P ratios that vary as environmental C:P
ratios vary, also typically have low P contents even when P is not limiting (Godwin and
Cotner, 2015). Of our isolates, LM-P appears to be an oligotroph and heterostoich, as it has
the slowest growth rates but consistently high growth yields (Fig. 1), and low RNA content
even in P-replete conditions (Fig. 5). This slow but more efficient strategy is usually more
useful in biofilms than in planktonically-growing cells (Lipson et al., 2008; Lauro et al.,
2009), which may explain why only one oligotroph was isolated: the water used for isolation
was filtered in the field to remove eukaryotes and large particles, where bio-films would be
hosted.

In contrast, copiotrophs, although they are less efficient, typically grow rapidly in favorable
conditions and have higher RNA contents (Lauro et al., 2009; Keiblinger et al., 2010). They
are also often more easily isolated from planktonic populations (Lauro et al., 2009).
Copiotrophs are typically homeostoichs, whose biomass C:P ratios stay constant at a range
of environmental C:P ratios (Godwin and Cotner, 2015). Almost all of the isolates described
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here grow quickly for short periods, followed by long, stable stationary phases (Fig. S1).
LM-Y and LM-1, which do not grow when no P is added to the medium, may be the most
extreme examples of copiotrophs in this suite of isolates. However, all of the isolates
described here can alter their lipid profiles, and to some degree their RNA contents.
Although they were isolated under conditions that would most likely select for homeostoichs
(Godwin and Cotner, 2014, 2015), the P requirements and P uptake characteristics of these
strains clearly vary under different conditions.

These variations in efficiency mean that different species may grow better at different times:
their niches are separate in time, rather than in space or substrate. Aquatic environments are
micro-structured in both space and time (Yawata et al., 2014), and variation of resources in
time allows oligotrophs and copiotrophs to coexist (Roller and Schmidt, 2015). Variable
growth rates, similarly, would contribute to separation of niches in time (Azam and Malfatti,
2007), while internal storage of P (Fig. 3) could change the time frame over which some
strains can utilize P that is only transiently available outside the cell.

We demonstrate here that both oligotrophic and copiotrophic bacteria exist among the
planktonic bacteria in Lake Matano. Isolates belonging to the same genus had similar growth
phenotypes and lipid compositions (Fig. 1, Fig. S1, Fig. 4). Other work has also found that
growth efficiency primarily depends on species identity, not environmental factors
(Keiblinger et al., 2010). Despite differences between taxa, isolates from all groups have a
low P demand and show remarkable flexibility in the P content of their lipid and RNA pools,
characteristics which make growth more efficient in the chronically P-limited Lake Matano.
The enhanced ability of one strain to release P from minerals additionally suggests a
potential mechanism for sharing of P resources, and the fact that not all strains can use 2-
AEP as a P source indicates that some substrate specialization also exists. Taken together,
the reduced demand, substrate specialization, and range of growth efficiencies allow a
variety of heterotrophic bacteria to coexist in a chronically P-limited environment.

Experimental Procedures

Study site

Lake Matano is one of the ten deepest lakes in the world, located in South Sulawesi,
Indonesia. It belongs to the Malili Lakes system, which includes Lakes Matano, Towulti,
Mahalona, Masapi, and Lontoa (Vaillant et al., 2011). Water inflows include three tributaries
as well as rainwater and groundwater input (Katsev et al., 2010). Water for cultivation, DNA
sequencing, and other analyses was collected from 10 m depth at the main sampling station,
2°28’00” S and 121°17°00” E.

Isolation and identification of heterotrophs

Water (100 uL) collected from 10 m depth in Lake Matano was spread on plates containing
NBRIP (Nautiyal, 1999), Luria-Bertani medium (Sambrook and Russell, 2001), or Lake
Matano synthetic surface water. NBRIP medium contains, per liter, MgCl,*6H,0 5 g,
MgS0O,47H50 0.25 g, KCI 0.2 g, (NH4)2S04 0.1 g, glucose 10 g, hydroxyapatite 5 g
(Nautiyal, 1999). Lake Matano synthetic surface water medium contains, per liter,
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MgCl,+6H,0 0.133 g, MgSO4¢7H,0 0.0037 g, NaHCO3 0.0235 g, CaCl,*2H,0 0.04267 g,
Na,S0,4 0.0025 g, KCI 0.0003 g and 0.1% (w/v) freshly prepared yeast extract. Where
appropriate, medium was solidified with 1.5% agar. Plates were incubated at 30°C until
colonies appeared (3-5 days). All colored colonies and several colorless colonies were
restreaked on fresh medium until they were pure, as determined by microscopy and 16S
rDNA sequencing.

Genomic DNA was extracted from cultures using either the MoBio Power Soil kit (Mo-Bio,
Carlsbad, CA, Cat. No. 12888, for LM6-1 only) or the method described in (Frigaard et al.,
2004). Following DNA extraction, 16S rRNA genes were amplified, cloned, and sequenced.
16S rDNA genes were amplified using primers 8F and 1492R (Reysenbach et al., 1994). The
PCR conditions were as follows: 94°C for 3 min.; 34 cycles of 94°C 30 sec., 48.5°C 30 sec.,
and 68°C 1:30 min.; final extension at 68°C for 5 min. PCR products were ligated into the
TOPO TA vector (Life Technologies, catalog #450071) and the 16S rRNA gene inserts in
the plasmids were sequenced by Sanger sequencing at the University of Delaware
Sequencing and Genotyping Center. Sequences were compared to the GenBank non-
redundant nucleotide database using BLAST (Altschul et al., 1997) and have been deposited
in GenBank under accession numbers KM884890 to KM884897. Isolates with unique 16S
rRNA sequences were selected for further analysis.

Growth conditions

NBRIP without added P was used as the base medium for all experiments, and all glassware
was acid-washed in 0.1N hydrochloric acid to remove trace phosphate. For P-limited
medium, no additional P was added, though some may have been introduced via the water
used in the medium or as a minor contaminant in other reagents. However, P in this medium
was below the detection limit of the ICP-OES system, 0.076 ppm (~2.45 uM). For reference,
1.5-3 uM P has been used as a “limited P” concentration in studies of pure cultures and
natural systems (Cotner et al., 2010; Erb et al., 2012; Reaves et al., 2012) and the conditions
imposed in our laboratory are P-limited by this standard.

For P-replete liquid media, KoHPQy4, para-nitrophenylphosphate (p-NPP), or 2-amino-
ethylphosphonic acid (2-AEP) was added to P-free NBRIP to a final concentration of 0.2
mM. The model organophosphate p-NPP is commonly used to demonstrate production of
extracellular phosphatases by isolates or in natural environments (e.g. Zhou et al., 2011;
Stout et al., 2014). The concentration of free phosphate in a 0.2 mM solution of p-NPP was
measured, and is ~2 pM. The model phosphonate 2-aminoethylphosphonate (2-AEP) is
often used to test general ability to cleave phosphonate bonds, since it can be degraded by
multiple pathways (e.g. Martinez, Tyson, & Delong, 2010; Muscarella, Bird, Larsen,
Placella, & Lennon, 2014). The pH of the media was adjusted to 7.0 with a 1 mM solution
of NaHCO3 and acetic acid. Cells were grown at 30°C with shaking at ~150 rpm, and
growth was monitored by measuring optical density at 660 nm.

Prior to growth measurements, isolates were transferred to the medium to be used for the
growth curve and adapted for 2 days. After adaptation, cultures were diluted to an ODggp nm
of ~0.04 in the same medium and optical density was monitored until cultures reached
stationary phase. Growth rates and yields were calculated from the averages of three
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replicate samples. Maximum growth rates were calculated based on the difference between
ODggo nm at the end of the lag phase and ODggg nm at the end of exponential growth phase
(see Fig. S1 for details). Strains were determined to be unable to utilize a substrate if no
change in ODggo nm Was observed over the course of 1 week.

Phosphorus and iron quantification

Soluble P and Fe concentrations were quantified by inductively coupled plasma optical
emission spectrometry (ICP-OES). Solutions or culture supernatants were filtered through
0.2 um filters and acidified with nitric acid (1% final concentration). Standard curves for P
and Fe were made using commercial standards (999 + 3 mg P L'1; Fluka Analytical, Sigma-
Aldrich, or 100.0 + 0.5 mg Fe L1; HACH), and absorbance of the standards at 213.618 nm
for P, or 238.201 nm for Fe was measured by ICP-OES to determine the relationship
between concentration and emission intensity. The limits of detection are 2.45 uM and 0.8
UM for P and Fe, respectively. The ICP-OES system was a Perkin-Elmer Optima 7300 DV.

Co-precipitation of phosphate and hydrous ferric oxide (HFO-P)

The co-precipitation method was modified from Smith et a/. (Smith et al., 2008). Briefly, a
2-L solution of 1 mM ferric chloride in 100 uM Nay,HPO,4 was prepared. The pH was
adjusted to 6.0 with NaOH and stirred for 24 hours, then the precipitate was centrifuged and
washed 3X with ddH,0O. Then ddH,0 was then added to the precipitate to a total volume of
30 mL. For cultures that used HFO-P as a P source, 1 mL of the HFO-P solution was added
to 30 mL NBRIP medium (final volume), for a final P content of ~0.2 mM. The P and Fe
concentrations in the solution supernatants in each step were quantified by ICP-OES, and
were all below the detection limit (~2.45 uM and 0.8 uM, respectively).

For growth on HFO-P, colonies were transferred from NBRIP plates to liquid NBRIP
without P, washed, resuspended in NBRIP with no additional P, and transferred to flasks
with 30 mL NBRIP + HFO-P prepared as described above. All cultures started with ~10°
cells mL™1, and growth was monitored by plate counting rather than optical density because
the particulate HFO-P increases light-scattering in the culture. The abiotic control was
NBRIP medium with HFO-P, and the supernatant of this solution was used to quantify the
abiotic dissolution of the minerals under the experimental conditions. To assess the extent of
mineral dissolution in the presence of any actively respiring bacteria, £. co/i (DH10B) was
grown in NBRIP with HFO-P and leucine (20 pg mL™1), with or without additional
phosphate (0.2 mM). P or Fe concentrations in the supernatants of all cultures were
determined by ICP-OES after a 6-day incubation period.

Growth and staining for polyphosphate analysis

Strains were tested for the ability to store poly-phosphate by incubating them in phosphate-
free NBRIP medium for 48 - 90 hours to promote consumption of intracellular phosphate
(Harold, 1964), then adding phosphate to a final concentration of 0.2 mM. For Neisser
staining (Seki et al., 2013), cell cultures (50-100 ul) were air-dried on slides and fixed with
gentle heat. The fixed cells were stained with a solution of two parts solution A (0.1 g
methylene blue, 2 mL ethanol, 5 mL acetic acid, 95 mL ddH,0) and one part solution B (0.1
g crystal violet, 1 mL ethanol, 30 mL ddH,0) for 20 seconds, and rinsed with ddH20. Cells
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were then stained with chrysoidin (0.3% w/v in ddH,0) for three minutes and rinsed with
ddH,0. The slides were air-dried and observed with a light microscope (Zeiss Axio-plan 2).
Images were acquired with the AxioCam HR color CCD camera and AxioVision software.
All solutions were filtered through a 0.2 um filter before use.

Quantification of RNA

Cells for RNA quantification were grown in NBRIP with 0.2 mM K,;HPO, at 30°C with
shaking (~150 rpm) for 60 h (LM-P only) or 40 h (all other strains), corresponding to mid-
exponential to early stationary phase (see Fig. S1). Samples equivalent to 1 mL of ODggp=1
were harvested at this time and pelleted for analysis. Simultaneously, 50 mL of culture was
concentrated by centrifugation and dried in glass tubes at 80°C to determine dry weight.

The RNA content of cells (as a percentage of dry weight) was measured by GC-MS as
described previously (Long and Antoniewicz, 2014) using [U-13C] (fully labeled) £. colias
an internal standard (Leighty and Antoniewicz, 2012). GC-MS analysis was performed on
an Agilent 7890B GC system equipped with a DB-5MS capillary column (30 m, 0.25 mm
i.d., 0.25 um-phase thickness; Agilent J&W Scientific), connected to an Agilent 5977A mass
spectrometer operating under electron impact ionization (EI) at 70 eV. Helium flow was
maintained at 1 mL min-L. The source temperature was maintained at 230°C, the quadrupole
temperature at 150°C, the interface temperature at 280°C, and the inlet temperature at
250°C. The RNA in crude cell extracts was processed by acid hydrolysis followed by
aldonitrile propionate derivatization of the ribose monomers (Long and Antoniewicz, 2014);
1 pL of the resulting solution was injected into the GC-MS in splitless mode. The column
was started at 80°C for 2 min, increased to 280°C at 10°C/min, and held for 12 min. The
mass isotopomer distribution of aldonitrile propionate derivative of ribose was obtained by
integration of the m/z 173 fragment (Antoniewicz et al., 2011), which contains the last two
carbon atoms of ribose. Mass isotopomer distributions were corrected for natural isotope
abundances for data analysis (Crown and Antoniewicz, 2013).

Intact polar lipids extraction and analysis

Cells for lipid analysis were grown in NBRIP media with 0.2 mM K,HPO4 until stationary
phase, or in NBRIP with no additional P for about 10 days. The cells were pelleted, washed
three times with ddH,O and stored at -20°C until analysis. Lipids from each batch were
extracted following a modified Bligh & Dyer protocol using PC-C»,4 (phosphatidylcholine
with two C21:0 fatty acid side chains; Avanti Polar Lipids, Alabaster, AL, USA) as an
internal standard (Sturt et al., 2004). The total lipid extract was dried under a stream of N2
and stored at -20°C until measurement. Intact polar lipids were quantified by injecting
5-10% of the total lipid extract dissolved in dichloromethane:methanol (9:1, v:v) into a
Dionex Ultimate 3000RS ultra-high performance liquid chromatography (UHPLC) system
connected to a Bruker maXis Ultra-High Resolution quadrupole time-of-flight tandem mass
spectrometer which was equipped with an ESI ion source operating in positive mode (Bruker
Daltonik, Bre-men, Germany). Analyte separation was achieved using normal phase UHPLC
on an Acquity UPLC BEH Amide column (1.7 um, 2.1 x 150 mm; Waters Corporation,
Eschborn, Germany) maintained at 40°C as described by Wormer et al. (2013). Lipids were
identified by retention time, accurate molecular mass, and MS? fragmentation as described
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previously (Sturt et al., 2004; Wormer et al., 2013). Integration of peaks was performed on
extracted ion chromatograms of +10 mDa width and included the [M+H]*, [M+NH,4]*, and
[M+Na]* ions. Lipid abundances were corrected for headgroup-specific response relative to
the internal standard using external calibration curves of commercially available standards.
The abundances of diacylglycerol (DAG) lipids with phosphatidylglycerol (PG), PE,
monomethyl PE (PME) and dimethyl PE (PDME), were corrected by the relative responses
of commercial DAG-C1¢:0/16:0 Standards with the respective headgroup (Avanti Polar Lipids
Inc., Alabaster, AL, USA). The abundances of diacylglycer-yl- N, N, N-trimethylhomoserine
(DGTS), diphosphatidylglycerol DAG (DPG), monoglycosyl DAG (MGDG) and diglycosyl
DAG (DGDG) lipids were corrected by the relative responses of DGTS-C1g:0/16:0. DPG-
C18:1/18:1/18:1/18:1, MGDG-C16:0/16:0-cyclopropyl (Avanti) and DGDG-Cg:0/18:0 (Matreya
LLC, Pleasant Gap, PA, USA) standards, respectively. Due to a lack of appropriate
standards, ornithine and glucuronosyl DAG (GIcA-DAG) lipid abundances were corrected
for the response of DGTS-Cy6:0/16:0 and MGDG-Cy6:0/16:0-cyclopropy! Standards, respectively.
The lower limit of detection as determined for authentic standards was in the range of 1 to
10 pg for intact polar lipids, depending on compound class and considering a signal-to-noise
ratio of greater than 3 (Table S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bacterial growth rates and growth yields with different phosphorus sources
Cells were grown in NBRIP medium without additional P (black bars), with 0.2 mM

phosphate (dark gray bars), 0.2 mM p-NPP (gray bars), 0.2 mM 2-AEP (light gray bars), or
with hydrous ferric oxide co-precipitated with phosphate (HFO-P; white bars).
Measurements are averages of 3 biological replicates for soluble P sources, and 2 biological
replicates for HFO-P, and error bars indicate standard deviations. All strains were grown
until stationary phase was reached. Growth was monitored by optical density at 660 nm for
growth on soluble sources of P, and by plate counting for growth on HFO-P; asterisks
indicate conditions in which no growth was observed. The 16S rRNA sequences for isolates
LM6-2 and 2-LM-22 are nearly identical, and because they had similar growth patterns, only
the results for 2-LM-22 are plotted here. (A) Maximum growth rates calculated from time
points taken during exponential growth. See Supplementary Figure 1 for individual growth
curves. (B) Growth yields were calculated by subtracting starting optical density from
maximum optical density at 660 nm. Because growth on HFO-P was monitored by plate
counts, the maximum optical density for those experiments is not included here.
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Figure 2. Growth of isolates with HFO-P as the only P source
Both P (white bars) and Fe (gray bars) are released from the minerals by all strains, and all

strains except LM-2 lower the pH to ~4. Samples for pH, Fe, and P quantification were
taken after 6 days’ incubation and were averages of 2 biological replicates; error bars
indicate standard deviations between biological replicates. The limits of detection for P and
Fe are 2.45 uM and 0.08 pM, respectively. The limit of detection of P is indicated by the
dashed line. AC = Abiotic control; DH10B = £. colistrain DH10B. Columns annotated with
“+P” had both HFO-P and 0.2 mM K,;HPOy, in the solution.

Environ Microbiol. Author manuscript; available in PMC 2018 March 28.

I
(8]
pH after incubation




1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Yao et al.

Page 19

Figure 3. Polyphosphate storage by LM-2 and LM-P
Polyphosphate granules were synthesized during and after P-starvation by LM-2 (A) and

LM-P (B). Photos were taken 21.5 and 24.75 hours after transfer into medium with no
additional P, respectively. Polyphosphate was stained with methylene blue and appears as
dark spots in cells visualized with brightfield microscopy.
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Figure 4.
Intact polar lipid (IPL) composition of heterotrophic isolates when grown (A) with 0.2

mM phosphate or (B) without added phosphate (< 2.45 uM). Although all strains are capable
of phospholipid production, phospholipids are almost completely absent in cells grown with
<2.45 uM P in the medium. Colored boxes indicate percent of total lipids. Data for LM6-2
and LM-Y in panel B was obtained separately from data for other strains, because of low-
biomass samples. These samples were analyzed ~6 months apart and some variability within
strains was observed between samples. See supplemental tables S1-S3 for details on the
differences between the analyses.

Abbreviations: MGDG: monoglycosyl diacylglycerol; DGDG: diglycosyl diacylglycerol;
GlcA-DAG: glucuronosyl diacylglycerol; DGTS (betaine): diacylglyceryl-N,N,N-
trimethylhomoserine; lyso-DGTS (betaine): monoacylglyceryl-N, N, N-trimethylhomoserine;
OL.: ornithine lipid; PE: phosphatidylethanolamine; PME: N-methylated PE; PDME: N-
dimethylated PE; PG: phosphati-dylglycerol; PC: phosphatidylcholine; DPG:
diphosphatidylglycerol.

Environ Microbiol. Author manuscript; available in PMC 2018 March 28.

B 3

S 8838888



1duosnuepy Joyiny

1duosnuely Joyiny

Yao et al. Page 21

N
(&)

Bl no additional phosphate
0.2 mM phosphate

il

) 2 N
S

N
o

——

il
O

N IR I
S N g
O

NI\

N i
N
i v

Figure 5. RNA contents of heterotrophic bacteria grown with 0.2 mM (light gray bars) and <2.45
UM (dark gray bars) phosphate

Values reported are the amount of RNA per cell as a percentage of cellular dry weight and
are the averages of two independent experiments.
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Table 1

16S rRNA identification of strains isolated from Lake Matano surface water.

Strain ID Closest cultivated organism in NCBI (accession number) % identity —Query coverage Accession number
Actinobacteria
LM-2 Microbacterium testaceum (HE716908) 99% 100% KM884890
Alphaproteobacteria
LM-1 Agrobacterium tumefaciens (HQ871877) 99% 99% KM884891
LM-5 Rhizobium sp. (HG518323) 99% 99% KM884892
LM6-1 Agrobacterium tumefaciens (HQ871877) 99% 99% KM884893
LM-P Methylobacterium podarium (AY468363) 99% 100% KM884894
Gammaproteobacteria
LM6-2 Acinetobacter sp. (GU566324) 99% 99% KM884895
2-LM-22 Acinetobacter sp. (GU566324) 99% 99% KM884896
LM-Y Pantoea ananatis (DQ195523) 99% 99% KM884897
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