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Summary

Marine bacterioplankton face stiff competition for lim-
ited nutrient resources. SAR11, a ubiquitous clade of
very small and highly abundant Alphaproteobacteria,
are known to devote much of their energy to synthesiz-
ing ATP-binding cassette periplasmic proteins that bind
substrates. We hypothesized that their small size and
relatively large periplasmic space might enable them to
outcompete other bacterioplankton for nutrients. Using
uptake experiments with '“C-glycine betaine, we dis-
covered that two strains of SAR11, Candidatus
Pelagibacter sp. HTCC7211 and Cand. P. ubique
HTCC1062, have extraordinarily high affinity for glycine
betaine (GBT), with half-saturation (K;) values around
1nM and specific affinity values between 8 and
14 L mg cell' h~'. Competitive inhibition studies indi-
cated that the GBT transporters in these strains are
multifunctional, transporting multiple substrates in
addition to GBT. Both strains could use most of the
transported compounds for metabolism and ATP pro-
duction. Our findings indicate that Pelagibacter cells
are primarily responsible for the high affinity and
multifunctional GBT uptake systems observed in sea-
water. Maximization of whole-cell affinities may enable
these organisms to compete effectively for nutrients
during periods when the gross transport capacity of the
heterotrophic plankton community exceeds the supply,
depressing ambient concentrations.

Introduction

Competition is extreme among osmotrophic bacterioplankton
occupying the oligotrophic open ocean. Osmotrophic
bacterioplankton live freely suspended in the water column
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and have access only to the nutrients that diffuse to them,
making them reliant on their ability to sequester molecules
from the environment at the nutrient concentrations that
surround them. In this situation, there are several possible
scenarios by which cells can compete. For example, cells
may evolve to rapidly transport dissolved compounds dur-
ing short intervals of peak resource availability, or may
use surface enzymes to degrade macromolecules into
monomeric compounds that can be transported. However,
the simplest strategy a cell can use to compete for nutri-
ents is by transporting them efficiently at ambient concen-
trations. As an illustration of the ambient oligotrophic
conditions facing bacterioplankton in the open ocean,
average concentrations of dissolved free amino acids, an
important component of dissolved organic matter (DOM),
are usually in the low nanomolar range, about 10 times
lower than near coasts (Lee and Bada, 1977; Thurman,
1985). Microbes that can more rapidly bind and transport
substrates from the environment at these prevailing condi-
tions will, in principle, out-compete other microbes for the
nutrients needed for growth.

The SAR11 clade of Alphaproteobacteria are among
the most successful groups of bacterioplankton in the
ocean, making up about a third of all bacterioplankton in
surface waters (Morris et al., 2002). The success of
SAR11 cells has been attributed to their cell-surface prop-
erties that enable predator evasion (Dadon-Pilosof et al.,
2017), specialization in the metabolism of low-molecular-
weight compounds, including volatile compounds (Halsey
et al., 2017) and minimization of cell architecture, which
reduces the amount of resources required for replication
(Giovannoni, 2005). It has been observed that SAR11 cells
devote a large proportion of their energy to producing
substrate-binding proteins (SBPs) for ATP-binding cassette
(ABC) transporters (Sowell et al., 2009). Unlike TonB trans-
porters, which are more common in Gammaproteobacteria
(Tang et al., 2012), ABC transporters utilize periplasmic
SBPs, which first bind the substrate before interacting with
the transmembrane transporter protein (Bosdriesz et al.,
2015). SAR11 cells have large periplasmic spaces, making
up 25%—-35% of cell volume (Nicastro et al., 2006).
According to theory developed by Bosdriesz et al. (2015),
the production of large numbers of SBPs by SAR11 cells


https://orcid.org/0000-0001-7895-3846
mailto:steve.giovannoni@oregonstate.edu

2560 S. E. Noell and S. J. Giovannoni

should increase the probabilities that diffusing substrates
will be bound, thus increasing transport rates and affinities.

The Michaelis—Menten kinetic parameter K is some-
times used to compare whole-cell affinities of bacteria for
their substrates. K is the half-saturation constant,
defined as the concentration of substrate (S) where the
uptake rate of S is half of the maximum uptake rate
(Vmax)- Ks is @ measure of the concentration of S that is
saturating for the transporter and so measures the con-
centrations at which a transporter functions efficiently
(Button, 1998). Most reported values of K for bacterial
transport of specific organic substrates by individual
species are in the micromolar range (Schut et al., 1995;
Lendenmann et al., 1996; Button et al., 1998; Choquet
et al., 2005). However, the reported K values for bulk
marine microbial communities for organic substrates are
in the picomolar to nanomolar range (Kiene and Williams,
1998). The cells responsible for these low K transport
functions in the ocean have yet to be identified.

Specific affinity (a°s) is a more wholistic measure of
affinity than Ks. The whole-cell uptake kinetics of micro-
bial cells have been found to deviate from traditional
Michaelis—Menten kinetics, due to the presence of cellu-
lar components that can affect kinetics (e.g., porin size
and number, SBP number, cell surface area, etc.) (Koch
and Wang, 1982; Button et al., 2004; Flynn et al., 2018).
Button developed the concept of a° to describe the abil-
ity of whole cells to sequester substrates, with more effi-
cient oligotrophs having higher a° values (Button, 1998).
a® is calculated from Va/Ks (Button, 1998). V. and
Ks are determined experimentally by measuring uptake
rates (V) at a range of concentrations and using non-
linear modelling to fit the Michaelis—Menten equation to a
plot of V versus S (Greco and Hakala, 1979). As Vihax
measurements require accurate biomass measurements,
which can be difficult and time-consuming (Cermak et al.,
2017), K is often used instead of a° to compare the
affinities of different species (Flynn et al., 2018).

In this paper, we set out to determine how the most abun-
dant lineage of SAR11 cells, Pelagibacter, compare with
other bacteria in their ability to sequester nutrients from the
environment. We hypothesized that Pelagibacter cells
would have high a° values and low K; values for organic
substrates compared with other bacteria, given the large
percentage of their proteome devoted to transporters and
their success in oligotrophic surface waters around the
world (Morris et al., 2002; Sowell et al., 2009). We also
hypothesized that SAR11 transporters are multifunctional,
capable of transporting numerous structurally similar com-
pounds and metabolizing them. We based this hypothesis
on the observation that SAR11 cells have highly stream-
lined genomes, among the smallest for a free-living organ-
ism (1.3 Mbp), yet are highly successful in oligotrophic
ecosystems (Giovannoni, 2005). Pelagibacter cells have

been shown to have multifunctional enzymes before (Green
et al., 2011; Ferla et al., 2017). In obligate pathogenic and
endosymbiotic bacteria, a reduction in genome size has
been found to be associated with an increased functional
complexity in enzymes (Kelkar and Ochman, 2013). It
is possible that a similar evolution towards increased
multifunctionality has enabled bacteria with streamlined
genomes, such as SAR11, to thrive in the open ocean.
Pelagibacter cells have unique growth requirements, spe-
cifically glycine, pyruvate, a reduced sulfur source and
vitamins (Carini et al., 2013). As these compounds are
found in low concentrations in the ocean and have high
turnover rates (Obernosterer et al., 1999; Kiene and Linn,
2000; Carini et al., 2014; Lu et al., 2014), it has been
suggested that Pelagibacter cells are able to substitute a
variety of compounds to meet their unique requirements,
but the full range of substitutable compounds has not
been determined (Giovannoni, 2017).

For this work, we used glycine betaine (GBT) as the
organic substrate. GBT is used by cells either for osmotic
regulation (Rudulier and Bouillard, 1983) or as a glycine
source (King, 1984; Diaz et al., 1992). GBT is known to be
produced by marine phytoplankton (Kiene et al., 1998; Kel-
ler et al., 1999), can substitute for glycine in Pelagibacter
growth (Carini et al., 2013) and is transported and metabo-
lized by marine bacterioplankton in general (Kiene et al.,
1998). The GBT ABC transporter is one of the top 25 most
abundant transport proteins expressed by SAR11 cells
(Sowell et al., 2009). Marine bacterioplankton have been
observed to have promiscuous GBT transporters, with
osmolytes similar in structure to GBT, such as dim-
ethylsulfoniopropionate (DMSP), choline, and proline beta-
ine, showing moderate to strong competition for the GBT
transporter (Kiene et al., 1998). Pelagibacter cells are
known to oxidize several common osmolytes, including
DMSP, an osmolyte known to be produced by phytoplank-
ton and bacteria (Sun et al., 2016; Curson et al., 2017),
and taurine, an osmolyte known to be secreted by zoo-
plankton (Carini et al., 2013; Clifford et al., 2017).

Our research strategy is to explore ecologically relevant
metabolic processes with genomes, cell cultures and field
experiments (Sun et al., 2011; Halsey et al., 2017;
Giovannoni et al., 2019). This approach addresses proper-
ties of cells that are not predictable from omics data but
contribute to activities observed at the ecosystem level.
We studied two Pelagibacter strains, HTCC1062 and
HTCC7211, which represent the 1a.1 and 1a.3 ecotypes of
Pelagibacter respectively. Their biogeographical distribu-
tions vary with latitude: the 1a.1 ecotype is found in cool
temperate and polar waters, whereas the 1a.3 ecotype is
abundant in warm equatorial and sub-tropical waters
(Brown et al., 2012). In some temperate regions, these two
ecotypes oscillate seasonally (Eren et al., 2013). We mea-
sured whole-cell transport kinetics for GBT and congeneric
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compounds, demonstrating superior transport kinetics and
multifunctionality in this transport system. We then showed
that the cells were able to use many of the transported
organic substrates as substitutes for growth requirements.

Results

Kinetics experiments. The best-fit Michaelis—Menten non-
linear regression model for uptake of GBT had a correla-
tion value of 0.86 for HTCC1062 and 0.95 for HTCC7211
(Fig. 1). Vmax was calculated to be 12.60 nmoles mg
cells™" h™" (1.48 pg S mg cells™ h~") for HTCC1062 and
14.92 nmolesmg cells™'h™" (1.75ugSmg cells™' h™)
for HTCC7211. K; was calculated to be 0.89nM
(0.104 ug S L") for HTCC1062 and 1.85 nM (0.217 pg S L)
for HTCC7211. The calculated a° from these values, using
Vinax/Ks, is 142 Lmg cells™' h™' for HTCC1062 and
8.06 Lmg cells™" h™'for HTCC7211. These values are
higher than most reported specific affinity values for bacte-
rial species and a single organic substrate (Table 1), but
are lower than the highest ever-reported value, which is
20 L mg celis™" h™" for the marine bacterium Cycloclasticus
oligotrophus, substrate toluene (Button et al., 1998).

The measured K values for HTCC1062 and HTCC7211
with GBT are extraordinarily low, indicating that substrate
saturation occurs at very low concentrations. The measured
Ks values are the lowest that we could find for a pure cul-
tured microbe and its organic substrate (Table 1). On the
other hand, the Vo« values of both SAR11 strains are lower
than other reported values for V... and are far below the
highest reported values for Vo« in Table 1. Vi« values are
difficult to measure for environmental samples, as the bio-
mass of the microbial community and background concen-
trations of the substrate are generally unknown, making it
difficult to compare the measured V., values from this
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study to environmental values. One of the few V.« values
reported for seawater (with leucine as the substrate) was
calculated to be 45.74 nmoles mg cells™" h™', which is
closer to the values measured for Pelagibacter cells (13-15
nmoles mg cells™' h™") than values measured for other axe-
nic cultures of bacteria from Table 1, all except two of which
are above 500 nmoles mg cells™ h™" (Button, 1998).

Competition assay. To determine the compounds that
could compete for uptake via the GBT transporter in
Pelagibacter cells, a competition assay was used, where
unlabelled competitor compounds were added to
Pelagibacter cells in addition to '*C-GBT (Fig. 2). A list of
competitor compounds used, along with their chemical
characteristics, is given in Table 2. The '“C-GBT uptake in
the competitor treatments was calculated as a percentage
of "*C-GBT uptake in the ‘None’ control that had no com-
petitor compounds added. In both strains of Pelagibacter,
the positive control with unlabeled GBT as the competitor
showed a significant decrease (P < 0.05, one-sided
Dunnett’s test) in '*C-GBT uptake, with only 14% or 25%
(HTCC1062 or HTCC7211 respectively) of the uptake
observed in the ‘None’ control (Fig. 2). In both strains, the
negative control with glucose as competitor showed about
85% of the uptake in the ‘None’ control.

In HTCC1062, addition of nine compounds (not includ-
ing the positive control) was found to result in a significant
decrease (P < 0.05, one-sided Dunnett's test) in uptake
compared with the negative control, indicating competition
for the same transporter as the '*C-GBT (Fig. 2). In
HTCC7211, only six competitors were significant competi-
tors (P < 0.05, one-sided Dunnett’s test). Out of those six,
five were also significant competitors for '“C-GBT in
HTCC1062. The sixth significant competitor in HTCC7211,

butyrobetaine, was not a significant competitor in
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Fig. 1. Uptake rate versus substrate concentration for '*C-glycine betaine ("“C-GBT) uptake by (A) HTCC1062 and (B) HTCC7211 cells. Cells
were grown to mid-exponential phase, harvested and washed via centrifugation, starved for 2 h and incubated with varying concentrations of
4C-GBT. Uptake was measured at 0, 5 and 10 min using azide and ice to stop uptake, filtration to capture cells, and liquid scintillation to count
4C levels in the cells. Linear regression was used to calculate the uptake rate (V) at each concentration, normalized by biomass (see Methods
for conversion factors used). Results from separate experiments are shown in the same plot. Non-linear regression was used to fit a Michaelis—
Menten equation to the data. From this regression, for HTCC1062, the maximum uptake rate (Vhax) Was calculated to be 12.60 nmoles mg
celis™ h™" (1.48 g S mg cells™ h™") and for HTCC7211, 14.92 nmoles mg cells™" h™ (1.75 ug S mg cells™" h™"); the half-saturation constant
(Ks) was calculated to be 0.89 nM (0.104 ug S/L) for HTCC1062 and 1.85 nM (0.217 pg S/L) for HTCC7211; the calculated specific affinity (a°)
from these values, using Vimax/Ks, is 14.2 L mg cells™" h™" for HTCC1062 and 8.06 L mg cells™" h™" for HTCC7211.
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Table 1. Comparison of kinetic constants for the uptake of organic substrates by microbes, in order of increasing K; values.

Vimax (hmol mg Specific affinity

Species Substrate K, (nM) cells™" h™) (Lmgcells™"h™")  Reference

Seawater, bay samples GBT 0.86 - - (Kiene and Williams, 1998)
C. P. ubique HTCC1062 GBT 0.89 12.63 14.2 This study

C. P. ubique HTCC7211 GBT 1.85 14.92 8.06 This study

Seawater samples Glucose 2.3 - - (Azam and Hodson, 1981)
Marinobacter arcticus Glutamate 10.6 23.1 0.373 (Button et al., 2004)
Seawater, Resurrection Bay Leucine 19.82 4574 2.31 (Button, 1998)

Seawater, estuary samples Toluene 20.62 - - (Button et al., 1998)
Oligotrophic marine bacterium strain LNB-155  Glucose 40 - - (Nissen et al., 1984)

Soil enrichment culture Methane 56 - - (Dunfield et al., 1999)
Rhizobium leguminosarum L-histidine 78 29.3 0.375 (Hosie et al., 2002)

E. coli Ribose 277.5 2819.6 8.5 (Lendenmann et al., 1996)
Pseudomonas sp. strain T2 Toluene 477.5 1519.4 3.2 (Button, 1998)
Cycloclasticus oligotrophus Toluene 651.2 13023.7 20 (Button, 1998)

Marine ultramicrobacterium strain RB2256 Alanine 1300 1200 0.923 (Schut et al., 1995)
Erwinia chrysanthemi GBT 1600 968.4 0.605 (Choquet et al., 2005)

L. monocytogenes L-carnitine 10 000 505.3 0.051 (Verheul et al., 1995)

Substrate concentrations were converted into molarity to permit direct comparisons of Ks and Vo« Specific affinity values were calculated using the
formula Vihax/Ks in all cases. Where necessary, cell biomass values were converted into milligrams of wet weight using the conversion factors 3 g wet
weight g~' dry weight, 5.7 g wet weight g~ protein and 0.55 g carbon g~ dry weight (Martens-Habbena et al., 2009).

HTCC1062, likely due to the loss of one of the replicates
during the experiment with HTCC1062.

All compounds that showed significant competition with
GBT share structural similarities (Table 1). They are all
zwitterions, having a negatively charged carboxylic acid at
one end and a positive charge at the other (either N or S).
However, they differ in the number of carbons separating
the positive and negative ends, the presence of a five- or
six-member ring or the addition of various functional
groups (alcohol or methyl). They also have a range of
pKas (1.8—4.2) and molecular weights (117-160 g mol™").
No connection was observed between chemical proper-
ties of the compounds and strength of competition.

ATP assay. Both strains of SAR11 were able to use sev-
eral of the GBT congeneric compounds as ATP sources
(Fig. 3). In HTCC1062, addition of four of the eleven
compounds tested (DMSP, ectoine, L-camitine and
propionobetaine) resulted in cellular ATP levels signifi-
cantly above that of the negative control (no added com-
pound) based on a one-sided Dunnett's test (P < 0.05).
Addition of four other compounds (betonicine, GBT, proline
betaine and trigonelline) resulted in cellular ATP levels that
were greater than the negative control, but that difference
was not significant (P = 0.31, 0.19, 0.14 and 0.12 respec-
tively). In HTCC7211, addition of seven of the eleven test
compounds (trimethylalanine, betonicine, ectoine, GBT,
L-carnitine, propionobetaine and trigonelline) resulted in
cellular ATP levels significantly greater than that of the neg-
ative control (one-sided Dunnett’s test, P < 0.05) (Fig. 3).
The ATP levels observed in this study (5-15 ag ATP/cell)
are similar to those observed previously for HTCC1062
(5—20 ag ATP/cell) (Steindler et al., 2011), but are about

100x larger than those observed in one study with
HTCC1062 (Sun et al., 2011) and about 100x smaller than
those observed for HTCC2181 (400-800 ag ATP/cell), a
member of the OM43 group of coastal bacterioplankton
(Halsey et al., 2012). The ATP contents per cell were
higher for HTCC7211 than HTCC1062, likely reflective of
the larger cell size of HTCC7211 (Cermak et al., 2017).

Growth experiments. The competitor compounds in
HTCC1062 and HTCC7211 were examined for their potential
metabolism as glycine or pyruvate sources using growth
experiments, where the compounds were substituted for
either glycine or pyruvate in ASW media and the resulting
growth compared with a negative control with no pyruvate or
glycine (Fig. 4). Both maximum cell density and growth rate
were measured and reported. Treatments where both the
maximum cell density and growth rate were significantly
higher than the negative control (one-sided Dunnett's test,
P < 0.05) are referred to as ‘strong’ substitutes, while treat-
ments where only one of the two metrics were significantly
higher than the negative control are referred to as ‘weak’ sub-
stitutes. Some compounds, when added at higher concentra-
tions, resulted in growth rates below that of the negative
control. For those compounds (proline betaine, trigonelline,
ectoine, propionobetaine, L-pipecolate and butyrobetaine),
the added concentrations were lowered until no inhibition of
growth was observed (100 nM final concentration).

In HTCC1062, five compounds were strong pyruvate
substitutes, with both the growth rate and maximum cell
density being significantly higher than the negative control
(one-sided Dunnett's test, P < 0.05): trimethylalanine,
betonicine, L-carnitine, trigonelline and ectoine (Fig. 4 and
Supporting Information Tables S3 and S4). In HTCC7211,
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Uptake (% of control)

Fig. 2. Competition screening experi-
ment to identify compounds that com-
pete with GBT for uptake in
(A) HTCC1062 and (B) HTCC7211.
Cells were harvested and washed in
mid-exponential phase, and then incu-
bated with "*C-GBT and an unlabelled
competitor compound (or no competi-
tor, in the case of the ‘None’ control)
for 10 min. Glucose was used as a
negative control and unlabelled GBT
as a positive control. Uptake in all
treatments was calculated as a per-
centage of uptake of '*C-GBT in the
‘None’ control. Treatments are ordered

A by increasing pKa value for the com-
pound used. Stars indicate signifi-
& cantly lower uptake of '“C-GBT than
@\\ in the glucose negative control for that
§ species (P < 0.05, one-sided Dunnett’s
\,0 test). Error bars represent the standard
deviation of triplicate samples.
150+
o
£ 1254
8
w 1004
2
(=]
S 751 . I
2 I
® 50- * !
° * * * I * *
= 25- I I T I
ne
2 o ) Q ) o ]
< 2 Q@ ¢ £ o o <
B 6 58 8T FTESSsELSs
SRR FTFSLTSLEFLTFgsFEF s
v FoErE F OITFTES
s & § 8§ 3K 9 & & 5
£ O S ¢ & ¢ I &
N QI\ X /\k\& Q
¢ < Q
N
Treatment

betonicine was a weak pyruvate substitute, with cultures
having a maximum cell density (but not growth rate) signif-
icantly greater than the negative control (Fig. 4 and
Supporting Information Tables S3 and S4).

As expected, GBT was a strong glycine substitute in both
strains (Fig. 4 and Supporting Information Tables S3 and S4).
In HTCC1062, propionobetaine was the only other strong gly-
cine substitute. Butyrobetaine and betonicine were both weak
glycine substitutes, with growth rates (but not maximum cell
densities) that were significantly higher than the negative con-
trol. In HTCC7211, L-camitine and trimethylalanine were both
weak glycine substitutes, with cultures having growth rates
(but not maximum cell densities) significantly greater than the
negative control (0 and —0.02 day™" for L-carnitine and tri-
methylalanine, respectively, compared with —0.09 day~" for
the negative control).

Bioinformatics. The competition assay data indicated
differences between the two strains in the GBT SBP-

binding specificity, as four of the competitor compounds
in HTCC1062 were not significant competitors in
HTCC7211 (trimethylalanine, betonicine, L-carnitine and
L-pipecolate) (Fig. 2). A phylogenetic tree was con-
structed for the SBP gene for the GBT ABC transporter in
SAR11, proX, using sequences from SAR11 subgroup
1a.1 and 1a.3 (Supporting Information Fig. S1). The phy-
logenetic tree branching order indicated vertical inheri-
tance of proX, with clear divergence between the 1a.1
and 1a.3 subgroups. We further investigated proX amino
acid sequence divergence between the 1a.1 and 1a.3
ecotypes, using a multiple-sequence alignment (MSA),
finding conserved amino acid differences between the
two subgroups of SAR11 strains (Supporting Information
Fig. S2). We used SWISS-MODEL to identify the closest
matching protein structure to SAR11 proX and aligned
the proX sequences from HTCC1062 and HTCC7211 to
the template. We reasoned that, if the binding specificity
of proX is different between the 1a.1 and 1a.3 ecotypes,
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Table 2. Chemical characteristics of compounds used in competition
assay, ordered by increasing pKa value.

Molecular
Competitor weight
compound pKa (g mol™) Structure
Taurine 0.96 125.15
GBT 1.84 117.15
Betonicine 2.06 159.18
) ) °
Proline betaine 2.26 143.18 ch\ /CHS
N
* _
T
Ergothioneine 2.49 229.3 o
W g
HNTNHHZC/N\KCW
CH,
S
L-pipecolate 2.51 129.16 o
N
-
Trigonelline 2.78 137.14 o
(T
I
N
L,
Ectoine 2.87 142.16 o
CH3
Arsenobetaine 2.90 178.0 CHs
”JC\A*\)k
DMSP 3.35 134.20 o

(Continues)

Table 2. Continued

Molecular
Competitor weight
compound pKa (gmol™) Structure
L-carnitine 4.20 161.19 CH,
HSC\N\M
N,N,2-trimethylalanine 2.02 131.17 [}
H,C.
OH
CH,
N.
He” CH,
Propionobetaine 4.24 130.2 ]
H,C.
\&A)Lo’
H;C/ \(:H3
Butyrobetaine 4.46 145.20 CHy
e~ M
TMAO 466 75.1 T‘
N,
He” \ "/CHs
CHs
Glucose 11.8 180.16
Choline 13.9 104.17 CHs
HC—_ 1,
Hac/ \/\o’

DMSP: dimethylsulfoniopropionate. TMAO: trimethylamine N-oxide

then we would expect to see conserved variation in the
ligand-binding pocket in the protein model. The variant
amino acid positions were not within 4 A of the ligand,
GBT, and were concentrated in an alpha helix below the
binding pocket, indicating these variant residues are
likely not involved in ligand binding (Supporting Informa-
tion Fig. S3).

Discussion

Kinetics experiments. The very low K (around 1 nM) and
large a°% (14.2 L mg cells™ h™" for HTCC1062, 8.06 L mg
cells™" h™" for HTCC7211) values for Pelagibacter cells indi-
cate that these organisms are adapted to competing for
GBT at extremely low nutrient concentrations (Fig. 1). The
maximum a° value for Pelagibacter cells may be even
higher, as experimental procedures have been reported to
depress Vmax values (Robertson and Button, 1979; Flynn,
1998). In addition, the highest reported a°s values were
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Fig. 3. Intracellular ATP response to organic compound addition, for two SAR11 strains. ATP contents of starved (A) HTCC1062 or
(B) HTCC7211 cells were measured via luminescence 5 h after addition of 100 uM pyruvate (positive control to ensure cell activity), no addition
(negative control), or one of 11 test compounds. GBT, DMSP, trimethylalanine, L-carnitine, betonicine, trigonelline and ectoine were added at
1 uM final concentration, while propionobetaine, proline betaine, L-pipecolate and butyrobetaine were added at 100 nM, since at higher concen-
trations, ATP levels decreased below the negative control. Treatments are ordered by increasing pKa value for the compound used. Error bars
represent the standard deviation of triplicate cultures. The asterisk indicates that the ATP levels in the treatment were significantly greater than
those in the negative control (one-sided Dunnett’s test, P < 0.05).

measured using very low biomass samples that were sam-
pled from continuous cultures (Button, 1998). Pelagibacter
cultures in these experiments were not grown with GBT prior
to washing, as Pelagibacter cells are known to constitutively
express most carbon metabolism genes (Sun et al., 2011).

The K values we report for Pelagibacter are the lowest
reported for any microbe in pure culture with an organic sub-
strate (excluding micronutrients such as vitamins) (Table 1).
Pelagibacter Ks values are in the range of reported K
values from bulk seawater samples with a variety of organic
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Fig. 4. Growth experiments were used to determine if the competitor compounds substitute for glycine or pyruvate in HTCC1062 and HTCC7211.
Either 100 pM pyruvate or 50 uM glycine, 25 pM methionine, and 1x vitamin mix were added to all cultures in addition to either 50 pM (positive
control, trimethylalanine, L-carnitine and betonicine), 1 uM (GBT) or 100 nM (proline betaine, trigonelline, ectoine, propionobetaine, L-pipecolate
and butyrobetaine) of the test compound. For some compounds, lower concentrations were used if higher concentrations inhibited growth below
the negative control. The maximum cell densities shown were calculated as a percentage of the maximum cell densities of negative control cul-
tures with no glycine or no pyruvate added. Treatments are ordered by increasing pKa value for the compound used. A one-sided Dunnett’s test
was used to determine if the maximum cell density or growth rate in each treatment was higher than the negative control for that experiment
(P < 0.05). The double asterisk indicates that both the maximum cell density and growth rate for a treatment were significantly higher than in the
negative control. The section symbol indicates that only the maximum cell density was significantly greater than the negative control. The asterisk
indicates that only the growth rate was significantly higher than the negative control. Raw data for average maximum cell densities and growth
rates are given in Supporting Information Tables S1-S4.
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substrates (between 1 and 20 nM for GBT, glucose, leucine
and toluene), and are almost identical to those observed by
Kiene and Williams using bulk seawater samples and GBT
as the substrate (Kiene and Williams, 1998). This same
study observed that cells in the size range 0.2-1.0 pm,
which includes Pelagibacter (Giovannoni, 2017), were
responsible for a majority (63%) of the observed GBT
uptake in seawater samples. Thus, SAR11 cells were likely
responsible for the GBT uptake observed in that study.

The very low K; and high a° values for GBT in
Pelagibacter cells are likely related to the reliance of
these organisms on ABC transporters. ABC transporters
are often the prominent transport strategy in Gram-
negative cells, allowing them to proliferate SBPs in the
periplasm, relative to the number of membrane sites,
which are limited by the cell membrane surface area.
This alters the probability of binding substrate molecules
that enter the periplasm, raising the effective substrate
concentration by increasing the number of SBP-substrate
complexes (Bosdriesz et al., 2015). SAR11 cells have
been shown to allocate a large percentage of their prote-
ome to SBPs, in both culture and the environment
(Sowell et al., 2008, 2009). The high ratio of SBPs to
other proteins in SAR11 is related to their small cell vol-
umes, which range from 0.025 to 0.045 pm® (Giovannoni,
2017). The high surface-area-to-volume ratio of these
cells likely results in a competitive advantage in nutrient
acquisition in oligotrophic systems (Nicastro et al., 2006;
Flynn et al., 2018). As much as 35% of Pelagibacter cell
volume is periplasm in stationary phase (Nicastro et al.,
2006), compared with 8% to 16% in Escherichia coli cells
(Graham et al., 1991). These features of cytoarchitecture
appear to be adaptations that can partly explain the effec-
tiveness of Pelagibacter in transporting DOM resources.

It is notable that the V,,ax values for the two SAR11
strains we studied (12.6 and 14.9 nmol mg cells™ h~" for
HTCC1062 and 7211 respectively) are the lowest among
the values in Table 1. However, they are quite similar to
rates of DMSP uptake by HTCC1062 calculated from data
reported in Sun et al. (2016), which are between 11.5 and
28.2 nmoles DMSP mg cell~" h™'. Those experiments were
done under different conditions but are suggestive of simi-
larly low rates of DMSP uptake by HTCC1062. Whole-cell
Vmax Values are indicative of the transport capacity of cells
for that substrate (Button et al., 2004). These findings imply
that Pelagibacter GBT transporters have a low maximum
transport rate, and are possibly related to the low maximal
growth rates and minimal regulation of carbon metabolism
observed in Pelagibacter cells (Sun et al., 2011).

The specific affinity values we measured for
Pelagibacter are relatively close to theoretical maximum
values calculated using the method of Koch and Wang
(1982), who converted measured affinity values into effi-
ciency of uptake (units of s~') by multiplying by the density

of cells. The maximal efficiency of uptake is calculated
assuming a spherical cell, regardless of morphology, using
the equation 3D/R?, where D is the diffusion coefficient of
the substrate and R is the radius of the spherical cell. Tak-
ing SAR11 cells to be spherical, the radius is calculated to
be 2.06 x 10™° c¢cm, based on a cell volume of 0.037 um®
(Zhao et al., 2017). The diffusion coefficient for GBT has
been measured to be 9.4 x 107" cm® s~' (Grant and
Blackband, 2002). Thus, the theoretical maximal efficiency
for Pelagibacter cells is 6645 s~'. The measured efficiency
of uptake, calculated as above using the specific affinity,
was 3932 s~ for HTCC1062 and 2240 s~ for HTCC7211.
These measured values are 60% and 34% of the theoreti-
cal maximum respectively. These values are closer to the
theoretical maximum than other measured uptake efficien-
cies: 3.83s™' for a Pseudomonas sp. growing on lactate
(0.04% of the theoretical maximal value of 9250 s™) (Koch
and Wang, 1982); 54 s~ for E. coli with glucose as the
substrate (2% of the theoretical maximal value of 2800 s™")
(Koch and Wang, 1982); 5600s~' for Cycloclasticus
oligotrophus, the microbe with the highest measured spe-
cific affinity, with toluene as the substrate (20% of the theo-
retical maximal value of 28 700 s™") (Button et al., 1998).
These calculations illustrate that Pelagibacter cells are
operating closer to the maximum theoretical transport effi-
ciency than other microbes.

Specificity of the GBT transporter in SAR11. Enzyme—
substrate interaction has long been thought to be specific,
as the lock and key analogy of Emil Fischer postulated
(Fischer, 1894). This model of enzyme specificity has
recently been challenged, with multifunctionality being
postulated to be the rule, not the exception, to enzyme
functionality (Ferla et al., 2017). SBPs in bacterial ABC
transporters are usually thought of having high affinity and
specificity for their substrates. There are some ABC trans-
porters that have a broader substrate range than average,
including some amino acid, maltose and oligopeptide
SBPs, and the opuABC GBT transporter systems in Bacil-
lus subtilis (Schiefner et al., 2004; Davidson et al., 2008;
Hoffmann and Bremer, 2017). The opuABC GBT trans-
porter in B. subtilis is known to transport 15 separate sub-
strates, including GBT; however, such multifunctionality is
unusual for an ABC SBP (Hoffmann and Bremer, 2017).
The GBT transporters in HTCC1062 and HTCC7211
can transport at least 10 and 7 different substrates,
respectively, including GBT (Fig. 2). The proX SBP in
E. coli, which the SAR11 GBT transporter is more closely
related to (Lidbury et al., 2014), is known to bind several
substrates with high affinity (Ks = 1.3 pM), including GBT,
ectoine and proline betaine (Jebbar et al., 1992; Lucht
and Bremer, 1994; Schiefner et al., 2004). Compara-
tively, the SAR11 proX SBP is much higher affinity and
much more multifunctional than its E. coli homologue.
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The competitive inhibition we observed likely stems from
competition for binding to the SBP, as opposed to different
SBPs competing for the same permease membrane com-
ponent. This is evidenced by the presence of only one
GBT SBP in the HTCC1062 and HTCC7211 genomes,
proX (WP_006997122.1 in HTCC1062, WP_008545035.1
in HTCC7211). The other SBP in the HTCC1062 genome
annotated as a “glycine/betaine ABC transporter SBP” is
opuAC (WP_006997986.1), identified by Lidbury et al.
(2014) as being a homologue to the trimethylamine N-oxide
(TMAO) SBP in Ruegeria pomeroyi. As TMAO was not
one of the compounds that showed competition with GBT
for uptake by HTCC1062 or HTCC7211, it seems likely that
the proXYZ ABC transporter system is solely responsible
for the multifunctional transport of GBT in SAR11 cells.

ATP experiments. Having determined that several of the
compounds used were competing for uptake, we tested
whether Pelagibacter cells could use these compounds
as energy sources. One of the competitor compounds,
DMSP, is already known to be used by HTCC1062 cells
as a reduced sulfur source (Sun et al., 2016). However,
the metabolism of most of the competitor compounds
had not been studied in Pelagibacter. Pelagibacter cells
are unique in that they have requirements for a reduced
sulfur source, glycine and pyruvate, and thus cannot be
grown on a compound as a sole carbon source (Sun
et al., 2011). ATP assays were used to determine if star-
ved Pelagibacter cells were stimulated to produce ATP
by the addition of the significant competitor compounds
from Fig. 2.

In HTCC1062, at least four compounds (DMSP,
ectoine, L-carnitine and propionobetaine) stimulated ATP
levels (Fig. 3). Addition of four other compounds (GBT,
proline betaine, betonicine and trigonelline) resulted in
ATP levels above the negative control, but that difference
was not significant based on Dunnett’s test (Fig. 3). As
previous studies have found that HTCC1062 cells use
GBT for ATP, that result was likely a false-negative. Dur-
ing method development, the trigonelline and betonicine
treatments usually had higher ATP levels than the nega-
tive control, with a significant difference for trigonelline in
several experiments (P = 0.048 and 0.01, one-sided
Dunnett’s test; data not shown). Proline betaine rarely
increased ATP and the increase was never significant
(data not shown).

In HTCC7211, seven of the eleven compounds tested (tri-
methylalanine, betonicine, ectoine, GBT, L-camitine,
propionobetaine and trigonelline) enhanced cellular ATP
(Fig. 3). Unlike HTCC1062, ATP was not elevated by DMSP
addition with strain HTCC7211 (Fig. 3). There is only one
gene in HTCC7211 genomes that has any similarity to
DMSP lyases, dddP, and that enzyme, when cloned into
E. coli, had minimal DMSP lyase activity (Sun et al., 2016).
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Pyruvate substitutions. We also explored the role of the
significant competitor compounds from Fig. 2 in the
growth of Pelagibacter cells as substitutes for glycine or
pyruvate. As mentioned previously, Pelagibacter cells
are incapable of synthesizing glycine, while pyruvate is
required in Pelagibacter growth partially for its use as an
alanine source, as they are incapable of synthesizing ala-
nine (Carini et al., 2013). However, alanine alone does
not substitute for pyruvate, indicating that SAR11 cells
require pyruvate also for its use in central carbon metab-
olism (Carini et al., 2013).

In HTCC1062, five compounds (trimethylalanine,
betonicine, L-carnitine, trigonelline and ectoine) were
strong pyruvate substitutes, yielding both growth rate and
maximum cell densities significantly higher than in the
negative control (Fig. 4). The canonical metabolic path-
ways for four of these five compounds, excluding tri-
methylalanine, produce pyruvate precursors or pyruvate
itself. L-carnitine is known to be metabolized into malate,
a pyruvate precursor and trimethylamine (TMA) in
Acinetobacter baumannii (Wargo and Meadows, 2015).
Malate alone is not able to substitute for pyruvate in
HTCC1062 cells (Carini et al., 2013), but TMA is known to
be used as an ATP source by HTCC1062 via
tetrahydrofolate-mediated oxidation (Sun et al., 2011),
which could explain why L-carnitine is a pyruvate substi-
tute but malate alone is not. Similarly, trigonelline is
known to be metabolized to malate by rhizobacteria via
nicotinic acid (Joshi and Handler, 1962; Jimenez et al.,
2008), but none of the genes responsible for this meta-
bolic pathway have homologues in either species of
Pelagibacter. Ectoine is known to be converted into L-
aspartate, an oxaloacetate precursor, in Halomonas elon-
gate (Schwibbert et al., 2011). Oxaloacetate is able to
fully substitute for pyruvate in HTCC1062 (Carini et al.,
2013). Betonicine is known to be metabolized to
glyoxylate and pyruvate in eukaryotes (Watanabe et al.,
2012). Glyoxylate is predicted to be converted into glycine
in HTCC1062 when cellular glycine levels are low (Carini
et al., 2013), which would explain the weak glycine substi-
tution observed with addition of betonicine (Fig. 4).

For ectoine and L-camitine, there are homologues in
HTCC1062 and HTCC7211 for almost all the necessary
enzymes in canonical catabolic pathways, with over 90%
cover and above 25% identity. For betonicine and tri-
gonelline, there are few or no homologues, respectively, for
the canonical catabolic pathways. To our knowledge, there
is no canonical metabolic pathway for trimethylalanine.
Since trimethylalanine differs from alanine by only a few
methyl groups, we speculate that there may be an enzyme
in HTCC1062 capable of demethylating trimethylalanine to
alanine, supplying cells with their required alanine source as
well as a source of energy from oxidizing the cleaved methyl
groups. On the other hand, HTCC1062 cells did not appear
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to produce ATP from trimethylalanine (see Fig. 3). It is pos-
sible that HTCC1062 cells use the methyl groups from tri-
methylalanine in methionine regeneration instead, as they
do with the first methyl group from GBT (Sun et al., 2011).

Unexpectedly, in HTCC7211, none of the compounds
tested were able to substitute for pyruvate, with
betonicine alone a weak pyruvate substitute (see Fig. 4).
There are no genetic differences between the two strains
in the pyruvate metabolism pathways that would explain
the observed difference.

Glycine substitutions. In both strains of SAR11, GBT was
able to substitute for glycine (see Fig. 4); the growth rate of
HTCC1062 with GBT as a glycine source that was
observed in this paper (0.28 day') is somewhat higher
than those observed before (0.18 day™') (Carini et al.,
2013), but was still lower than the positive control
(0.36 day™") (Fig. 4). The two strains of SAR11 were able
to substitute several other compounds for glycine, although
most (butyrobetaine and betonicine in HTCC1062; L-
carnitine and trimethylalanine in HTCC7211) were weak
substitutes (only growth rate significantly higher than
negative control, not maximum cell density), with
propionobetaine alone being the only other strong glycine
substitute, and only in HTCC1062. The metabolic pathway
for propionobetaine is a mystery. The predicted metabolic
pathway for betonicine as a glycine source in HTCC1062 is
discussed above. It is not clear why betonicine is not a gly-
cine substitute in HTCC7211 also, as all the homologous
genes in the betonicine metabolic pathway in HTCC1062
are also present in HTCC7211. The other three com-
pounds that were glycine substitutes, butyrobetaine in
HTCC1062 and trimethylalanine and L-carnitine in
HTCC7211, were all weak glycine substitutes, with no clear
genetic differences between the two strains that would
explain the differential use of the three compounds. The dif-
ferences in growth rates and maximum cell densities
between these treatments and the negative controls were
so slight (although still statistically significant) that it is
doubtful whether these compounds are truly substituting for
glycine in these two strains (Supporting Information
Tables S3 and S4).

Butyrobetaine, proline betaine and L-pipecolate were
the three competitor compounds that were not glycine or
pyruvate substitutes in either strain (except butyrobetaine
as a weak glycine substitute in HTCC1062) and were not
used to produce ATP (except, perhaps, proline betaine
by HTCC1062). It is possible that these compounds are
used in other ways by the cells, maybe as osmolytes, as
the native osmolytes used by SAR11 cells for osmo-
protection are unknown. All three compounds are known
be used as an osmolyte or oxidized by cells (Rajagopal
Rao and Rodwell, 1962; Gouesbet et al., 1994; Amin
et al., 1995; Wargo and Meadows, 2015). It is odd that

proline betaine, which is structurally similar to betonicine,
was not metabolized by SAR11 cells. It is also odd that
butyrobetaine was not utilized as an ATP source by both
strains, as both strains of Pelagibacter have a homo-
logue for the enzyme for converting butyrobetaine into
L-carnitine, gamma-butyrobetaine dioxygenase. It is pos-
sible that these homologues in these two strains have a
different function and are not capable of converting
butyrobetaine into L-carnitine.

Overall, out of the 10 competitor compounds, seven
are clearly being metabolized by both strains of SAR11:
trimethylalanine, betonicine, DMSP (only in HTCC1062),
ectoine, L-camnitine, propionobetaine and trigonelline. Tri-
methylalanine, betonicine, ectoine, L-caritine and tri-
gonelline are used by HTCC1062 as pyruvate sources,
propionobetaine is used by HTCC1062 as a glycine
source, and DMSP is used by HTCC1062 as a reduced
sulfur source. This metabolic data adds to the picture of
SAR11 cells as scavengers, using a range of compounds
to fulfil their complex metabolic requirements.

Differential proX specificity between HTCC1062 and
HTCC7211. The observed different substrate specificities
of the proXYZ transporters in HTCC1062 and HTCC7211
may not be significant; three of the four compounds that
were competitors in HTCC1062 but not in HTCC7211
were used by HTCC7211 cells, as indicated by the
increase in ATP in the trimethylalanine, L-carnitine and
betonicine treatments in HTCC7211 ATP assays (Fig. 3).
Although there are conserved differences between SAR11
subgroup 1a.1 and 1a.3 proX sequences, they do not
appear to correlate with residues involved in substrate
binding (Supporting Information Fig. S3). However, the
SWISS-MODEL alignment of the HTCC1062 proX protein
with the template had only 18% similarity, so until the
actual structures of the proX proteins in HTCC1062 and
HTCC7211 are determined, it is impossible to be certain.
There are no known transporters for trimethylalanine or
betonicine, and the only known transporter for L-camnitine,
OpuC in Listeria monocytogenes (Fraser et al., 2000), has
no homology to HTCC7211 genes. Thus, it is most likely
that these three compounds were transported via the
proXYZ transporter in HTCC7211, but their competition
with GBT was low enough that it was not detected in our
competition assay, a problem that could be addressed by
increasing the concentration of these three competitor
compounds relative to the "C-GBT in future experiments.

Conclusion. A recent report estimates that SAR11 cells
consume up to 37% of Gross Ocean Primary Production
(White et al.,, 2019), raising anew the question of how
these cells achieve success with minimal genomes. Here,
we report that Pelagibacter transporter kinetic properties
favour competitive success at the low end of substrate
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concentrations, a strategy that Tilman (1981) proposed
could lead to competitive displacement of organisms with
less advantageous transport characteristics. Paradoxically,
minimization of cell size contributes to maximization of
specific affinity (Flynn et al., 2018), while in principle
decreasing the range of substrates a cell can use and the
rate at which those substrates can be metabolized. Accu-
mulating evidence suggests that Pelagibacter cells have
evolved to retain a competitive edge at the extremes of
oligotrophy while sacrificing a minimum in substrate range.

The experiments presented here were done with two
strains of SAR11, using compounds transported by a sin-
gle transport system, under conditions that are different
from what cells may experience in the open ocean. How-
ever, the close alignment of the K values we measured
with those measured by Kiene et al. (1998) in seawater
with GBT as the substrate suggest that this controlled liv-
ing system is a good example of the transport systems
that dominate DOM transport in the oceans in the range
of ambient oligotrophic conditions. These experiments
mark several competitor compounds as potentially impor-
tant forms of labile, DOM. Environmental concentrations
for most of these compounds, including GBT, have not
been measured in the ocean, with the exception of
DMSP, which is found in low nanomolar concentrations
(Turner et al., 1995; Kiene and Linn, 2000). These com-
pounds may constitute an important part of the labile
DOC pool, but that remains unknown since sources,
sinks and rates of utilization for many of these com-
pounds are unmeasured.

It seems likely that the kinetic parameters we measured
in Pelagibacter cells will be assimilated into ecological
models (Vallino et al., 1996; Vallino, 2000; Payn et al.,
2014; Reinhold et al., 2019) and theoretical models
(Hellweger, 2018). Kinetic parameters such as Ks and a°
determine rates of DOM ultilization by bacteria, which in
turn constrain the growth rates of cells in models. Such
models, when populated with realistic numbers determined
experimentally, have promise for advancing our under-
standing of how cells evolve to compete at extremely low
nutrient environments. Such oligotrophic environments are
becoming more common in the oceans as they warm.

Experimental procedures

Growth and washing of cultures. Candidatus Pelagibacter
sp. HTCC7211 and C. P. ubique HTCC1062 cultures
were started from frozen 10% glycerol stocks and grown
to mid-exponential phase at 20°C or 16°C, respectively,
in 12 h light/dark cycles on sterile artificial seawater
(ASW) amended with 100 pM pyruvate, 50 uM glycine,
10 pM methionine and 1x vitamin mix (Carini et al.,
2013). Cells were then pelleted via centrifugation on a
Beckman J2-21 Centrifuge at 10°C at 30 000g for
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90 min, followed by washing in ASW with no added
organics in a Beckman-Coulter Ultracentrifuge at 12°C at
48 000 g for 60 min (Sun et al., 2016). The cell pellets
were re-suspended in un-amended ASW to the final vol-
ume and cell density needed for the experiment.

Kinetic experiments. Washed cells were re-suspended in
un-amended ASW to a final concentration between 4 and
7E6 cells mL™". Cells were incubated for 2 h in the original
incubation conditions to allow cells to remove any intracel-
lular stores of nutrients or extracellular traces of organics.
Then, the culture was subdivided into the volume needed
for detection of uptake at the concentration being used in
those cultures. Aliquoted cells were placed either on ice or
at 4°C (HTCC1062 and HTCC7211 respectively) to slow
metabolic activity. '*C-GBT (obtained from American
Radiolabeled Chemicals, ARC 0748-50 pCi) was added
to the cultures at the desired final concentration. Cultures
were then incubated for 0, 5 or 10 min at either 16°C or
20°C (HTCC1062 or HTCC7211) in a water bath in the
dark. Incubation times were kept short to minimize the
effects of intracellular feedback mechanisms (Flynn et al.,
2018). HTCC7211 cells were warmed at 20°C for 10 min
prior to addition of '*C-GBT, as this was found to maxi-
mize uptake (data not shown). Killed-cell controls for each
concentration of "*C-GBT had 0.1% (v/v) final concentra-
tion formaldehyde added, followed by 1-h incubation to
ensure all cells were killed before addition of '*C-GBT.
Killed-cell controls showed no uptake. A portion of the
killed-cell controls was removed to count the total '*C
activity added.

Once the incubations were complete, uptake was
stopped via addition of 10 mM sodium azide and place-
ment on ice (Sun et al., 2016). Cultures were then filtered
on 0.1 pm PTFE Omnipore Membrane filters; vacuum
was kept < 10 in Hg to minimize cell lysis (Kiene et al.,
1998). Filters were washed three times with 3 ml of un-
amended ASM to remove extracellular "*C-GBT. Filters
were then placed in scintillation vials with 5 ml of scintilla-
tion fluid (Ultima Gold XR, Perkin Elmer) and stored in
the dark for at least 18 h prior to counting on a Beckman
Coulter LS 6500 Scintillation Counter (Halsey et al.,
2012). Raw data from a blank filter was subtracted from
each sample, and then the measured counts were
converted into units of pg mg cell™ using a cell biomass
(dry weight) of 11.9 fg per cell, converted into 35.7 fg wet
weight per cell using a conversion factor of 3 g wet
weight g dry weight™ (Button, 1998; Cermak et al.,
2017). Uptake rates (V) were calculated using the R soft-
ware environment (R Core Team) by fitting a linear
regression line to the averages of time points; if the
regression line had an R? value less than 0.95, data from
that concentration was discarded. Non-linear regression
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was used to fit the Michaelis—Menten equation to a plot
of V versus S (Greco and Hakala, 1979).

Kinetic data from the literature were converted into mg
wet weight for cell biomass using the following conver-
sion factors: 5.7 g wet weight g protein~', and 0.55 g car-
bon g dry weight™' (Martens-Habbena et al., 2009).
Specific affinities were calculated from the formula
Vimax/Ks, where Vi is the maximal uptake rate
(nmol S mg cells™ h™") and K is the half-saturation con-
stant (nM) (Button et al., 2004).

Competition assay. Following washing as described
above, cells were re-suspended in un-amended ASM
and incubated for 1 h in the original incubation condi-
tions. Cells were then divided into 5 ml aliquots and met-
abolic activity slowed as described above. Cultures were
removed from ice or 4°C in triplicate and 100 nM final
concentration of an unlabeled competitor compound was
added (see Table 1 for a list of competitors used),
followed by 25 nM final concentration '*C-GBT. A ‘None’
control treatment had no competitor compound added.
Unlabeled GBT was used as a positive control competitor
and glucose as a negative control competitor, as glucose
does not use the same transporter as GBT (Azam and
Hodson, 1981). Following addition of "*C-GBT and com-
petitor, cultures were incubated for 10 min at either 16°C
or 20°C (HTCC1062 or HTCC7211 respectively) in a
water bath in the dark. Two separate triplicate sets of
‘None’ controls were run, one at the beginning and one
at the end of the experiment, to identify drift (decreases
in uptake of 'C-GBT) caused by time on ice or at 4°C,
presumably due to decreasing activity of cells. In cases
where uptake in the second set differed more than 30%
from the first set, all samples, except those run simulta-
neously with the control cultures, were discarded. Killed-
cell controls were used as described above, and uptake
of "C-GBT was detected as detailed above using liquid
scintillation.

Uptake in the competitor treatments was calculated as
a percentage of the uptake in the ‘None’ control. A one-
sided Dunnett’'s Test for comparing multiple treatments
against a single control was used (P < 0.05) as a more
powerful method for detecting differences between the
treatment groups and the control than other multiple-
comparison procedures (Dunnett, 1955; Lee and Lee,
2018). A one-sided test was used instead of two-sided,
because we were testing for reduction of uptake by the
competitor compounds. The glucose negative control
was used as the negative control to account for lowering
of "*C-GBT uptake due to non-competitive reasons.

Competitor compounds were picked based off their
structural similarity to GBT, their use in similar competi-
tion experiments in other similar experiments (Jebbar
et al., 1992; Gouesbet et al., 1996; Kiene et al., 1998)

and their general properties as osmolytes (Burg and Fer-
raris, 2008; Vit et al., 2015) and represent a subsample
of all possible competitor compounds.

ATP assay. The procedure used for the ATP assays was
adapted from Sun et al., 2011. Briefly, HTCC1062 and
HTCC7211 cultures were grown as described above.
The 11 competitor compounds found to be significant
from the competition assay (including GBT) were added
at a final concentration of 100 nM in early log phase to
batch cultures to acclimate cells to the compounds, simi-
lar to Sun et al. (2011). When the test compounds were
added at the beginning of growth, cultures did not grow
up to the requisite cell densities. At early stationary
phase, cultures were washed as described above and re-
suspended in ASM with 1x vitamin mix added and then
split into 300 pl portions. Cultures were starved for 20 h
in the dark at the original incubation temperature prior to
addition of the treatment compound in triplicate cultures.
For the negative control treatment, nothing was added;
for positive control, 100 uM pyruvate (the concentration
added to cultures during normal growth) was added to
check for metabolic activity of cells.

All competitors were added at 1 pM final concentration,
as used in similar ATP experiments (Sun et al., 2011;
Halsey et al., 2012). For propionobetaine, proline betaine,
L-pipecolate and butyrobetaine, addition of 1 pM of those
compounds resulted in decreases in ATP contents in
cells, implying they are inhibitory to SAR11 growth at
high concentrations. The concentrations of these four
compounds were lowered until no inhibition of ATP pro-
duction was observed (100 nM final concentration). Cells
were incubated for 5 h in the dark at original incubation
temperatures following additions of compounds. ATP
contents were measured using a luciferase-based assay
(BactTiter Glo, Promega, Madison, WI) by adding 20 pl of
culture to 90 pl of BactTiterGlo reagent in a white 96-well
plate (Tissue culture-treated, Falcon, Corning, NY) and
running on a multi-functional plate reader (TECAN, Infi-
nite M200) after 3 s shaking and 4 min waiting time,
using 1 s integration and 10 ms settle time. An ATP stan-
dard curve using standards in ASW was used to calcu-
late the concentration of ATP in the samples. As in the
competition assay, a one-sided Dunnett’s test (P < 0.05)
was used to detect significant increases in ATP content
in the experimental treatments compared to the negative
control.

Growth experiments. Growth experiments were con-
ducted to determine if the competitor compounds found
to be significant from the competition assay were used
by HTCC1062 and HTCC7211 as either a pyruvate or
glycine source. Washed cells were grown with the same
media as described above, except without pyruvate or
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glycine. Test compounds were initially added at 50 pM
final concentration, which is roughly the concentrations of
pyruvate or glycine usually used for growing these cells.
For many of the compounds (proline betaine, ectoine, tri-
gonelline, L-pipecolate, butyrobetaine and
propionobetaine), 50 uM final concentration caused inhi-
bition of growth (lower growth than the negative control)
in both strains. Thus, the concentrations for those com-
pounds were lowered until no inhibition of growth was
observed (100 nM final concentration). 1 yM GBT was
used as in previous experiments (Sun et al., 2011; Carini
et al., 2013). Negative controls were included lacking
either pyruvate or glycine, and a positive control with both
pyruvate and glycine.

Triplicates of each treatment were grown at 16°C or
20°C (HTCC1062 or HTCC7211 respectively) in 12h
light/12 h dark. Cell counts were measured twice a week
and growth rates were calculated as described elsewhere
(Carini et al., 2013). The maximum cell densities and
growth rates of the triplicate experimental treatments were
averaged and compared with the negative controls using a
one-sided Dunnett’s test (as explained previously) to detect
significant increases in maximum cell density or growth
rate compared to the negative control (P < 0.05).

Bioinformatics. Amino acid sequences for proX genes
from SAR11 genomes were downloaded using Geneious
and an MSA generated using the Clustal Omega
webserver, with the results visualized using the MView
webserver (Brown et al., 1998; McWilliam et al., 2013;
Sievers et al., 2014; Li et al., 2015). An RaxML tree was
constructed using an MAFT alignment of the sequences.
To visualize the conserved amino acid differences between
the two subgroups of SAR11, the proX amino acid
sequence for HTCC1062 and HTCC7211 were searched
against the SWISS-MODEL database (Guex et al., 2009;
Benkert et al., 2011; Bertoni et al., 2017; Bienert et al.,
2017; Waterhouse et al., 2018). The top model for both
sequences, the GBT-substrate binding protein from E. coli,
was used to visualize the differential amino acid sites.
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Table S1 Growth data from an experiment to determine if
the competitor compounds from the competition assay could
substitute for glycine or pyruvate in HTCC1062 growth.
Either 100 pM pyruvate or 50 pM glycine, 25 pM methionine,
and 1x vitamin mix were added to all cultures, in addition to
either 50 pM glycine or 100 uM pyruvate (positive control); or
50 pM trimethylalanine, L-carnitine, or betonicine; or no addi-
tion (negative control). Cultures were grown at 16°C in 12 h
light/12 h dark. Reported growth rates and maximum cell
densities are the average of triplicate cultures + standard
deviation.

Table S2 Growth data from an experiment to determine if the
competitor compounds from the competition assay could sub-
stitute for glycine or pyruvate in HTCC1062 growth. Either
100 pM pyruvate or 50 pM glycine, 25 uM methionine, and 1x
vitamin mix were added to all cultures, in addition to either
50 uM glycine or 100 pM pyruvate (positive control); or 100 nM
proline betaine, trigonelline, ectoine, propionobetaine, or L-
pipecolate; or 1 pM glycine betaine; or no addition (negative
control). Cultures were grown at 16°C in 12 h light/12 h dark.
Reported growth rates and maximum cell densities are the
average of triplicate cultures + standard deviation.

Table S3 Growth data from an experiment to determine if
the competitor compounds from the competition assay could
substitute for glycine or pyruvate in HTCC1062 growth.
Either 100 uM pyruvate or 50 uM glycine, 25 pM methionine,
and 1x vitamin mix were added to all cultures, in addition to
either 50 uM glycine or 100 pM pyruvate (positive control); or
100 nM butyrobetaine; or 1 pM glycine betaine; or no addi-
tion (negative control). Cultures were grown at 16°C in 12 h
light/12 h dark. Reported growth rates and maximum cell
densities are the average of triplicate cultures + standard
deviation. The growth rates of the experimental treatments
were compared against the growth rates of the negative con-
trol cultures to determine if their growth rate was significantly
greater (one-sided Dunnett’s test).

Table S4 Growth data from an experiment to determine if
the competitor compounds from the competition assay could
substitute for glycine or pyruvate in HTCC7211 growth.
Either 100 uM pyruvate or 50 uM glycine, 25 pM methionine,
and 1x vitamin mix were added to all cultures, in addition to
either 50 uM (trimethylalanine, L-carnitine, and betonicine),
1 pM (glycine betaine), or 100 nM (proline betaine, tri-
gonelline, ectoine, propionobetaine, L-pipecolate, and
butyrobetaine) of the test compound; or no addition (negative
control). Positive control had 100 pM pyruvate and 50 uM
glycine added. Cultures were grown at 20°C in 12h
light/12 h dark. Reported growth rates and maximum cell
densities are the average of triplicate cultures + standard
deviation. The growth rates of the experimental treatments
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were compared against the growth rates of the negative con-
trol cultures to determine if their growth rate was significantly
greater (one-sided Dunnett’s test).

Fig. S1. RaxML tree of proX genes from selected SAR11
genomes. Green, SAR11 subgroup 1A.1; Orange, subgroup
1A.3. The proX sequence from Dinoroseobacter shibae was
used as the outgroup. The sequences were aligned with
MAFT. The pattern in the tree suggests vertical inheritance
of proX within the SAR11 clade. AAl between the
HTCC7211 and HTCC1062 proX genes is 93.4%.

Fig. S2 A multiple-sequence alignment of proX genes from
SAR11 genomes, aligned using Clustal Omega and visualized
using MView. Amino acid residues are coloured by identity.
Fig. S3 Locations of the amino acid residues that differ
between the SAR11 subgroups 1a.1 and 1a.3 based on the

SAR11 glycine betaine transporter 2575

protein sequence that most closely matches the HTCC1062
proX sequence from SWISS-MODEL, 1r9l.1.A (Glycine
betaine-binding periplasmic protein from E. coli). Red
arrows point to the variable residues, which are concen-
trated in an alpha helix directly below the binding pocket.
The red circle is around the position of GBT when bound.
The template had 18.6% identity with the HTCC1062 proX
sequence. A similar alignment with the HTCC7211 proX
sequence returned similar results. According to the SWISS-
MODEL Template Library, there are nine residues that are
within 4 A of the ligand, between 17 and 188. None of
these correspond to any of the variable amino acid resi-
dues identified above; the variations are concentrated in
residues 266—-313.

Appendix S1: Supplement Figures
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