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Summary

Plants and phytoplankton are natural sources of the
volatile organic compounds (VOCs) acetone and iso-
prene, which are reactive and can alter atmospheric
chemistry. In earlier research we reported that, when
co-cultured with a diatom, the marine bacterium
Pelagibacter (strain HTCC1062; ‘SAR11 clade’)
reduced the concentration of compounds tentatively
identified as acetone and isoprene. In this study,
experiments with Pelagibacter monocultures con-
firmed that these cells are capable of metabolizing
acetone and isoprene at rates similar to bacterial
communities in seawater and high enough to con-
sume substantial fractions of the total marine ace-
tone and isoprene budgets if extrapolated to global
SAR11 populations. Homologues of an acetone/
cyclohexanone monooxygenase were identified in
the HTCC1062 genome and in the genomes of a wide
variety of other abundant marine taxa, and were
expressed at substantial levels (c. 10~ * of transcripts)
across TARA oceans metatranscriptomes from ocean
surface samples. The HTCC1062 genome lacks the
canonical isoprene degradation pathway, suggesting
an unknown alternative biochemical pathway is used
by these cells for isoprene uptake. Fosmidomycin, an
inhibitor of bacterial isoprenoid biosynthesis,
blocked HTCC1062 growth, but the cells were res-
cued when isoprene was added to the culture, indi-
cating SAR11 cells may be capable of synthesizing
isoprenoid compounds from exogenous isoprene.
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Introduction

Acetone (C3HgO) and isoprene (CsHg) are abundant vol-
atile organic compounds (VOCs) produced by ocean phy-
toplankton (Shaw et al., 2003; Colomb et al., 2008;
Halsey et al., 2017; Moore et al., 2020). Movement of
these VOCs across the sea—air interface initiates com-
plex chemical reactions in the atmosphere that influence
climate (Hense et al., 2017). Acetone is a major source
of ozone in the troposphere (Miller and Brasseur, 1999;
Folkins and Chatfield, 2000) and is sometimes the domi-
nant non-methane atmospheric VOC (Singh et al., 1994).
Acetone flux between the ocean and atmosphere is
concentration-dependent and variable in direction and
magnitude over time and space. Acetone sea-—air flux
ranges from —7 to +8 Tgyr~ ', with the ocean typically
acting as a sink for acetone in temperate latitudes and a
source in the tropics and sub-tropics (Sinha et al., 2007;
Fischer et al., 2012; Beale et al., 2013; Yang
et al., 2014). Biological isoprene emissions contribute to
about half of the 1000 Tg C global VOC budget
(Guenther et al., 2012), are involved in secondary aerosol
formation and impact the oxidative capability of the atmo-
sphere (Andreae and Crutzen, 1997; Liakakou
et al., 2007). Marine isoprene emissions are estimated at
0.1-11.6 TgCy ' (Palmer and Shaw, 2005; Sinha
et al., 2007; Hackenberg et al., 2017), two to three orders
of magnitude lower than terrestrial emissions. Discrepan-
cies between measured and modelled flux rates suggest
that there is a significant unknown sink for isoprene in
the ocean (Palmer and Shaw, 2005; Booge et al., 2017).
Microbial heterotrophic consumption of acetone and
isoprene has been hypothesized to account for
unexplained variability in sea—air flux rates and VOC bud-
gets. Monthly acetone oxidation rates in the ocean range
from 1 to 380 pmol L=' h™" (Dixon et al., 2013, 2014;
Beale et al., 2015). Oxidation rates were highest in the
winter or when ‘low nucleic acid’ bacteria, a classification
that includes the ubiquitous clade of alphaproteobacteria
SAR11, were at their highest cell densities and dominant
in the community (Dixon et al., 2014). In soil systems,
bacterial acetone metabolism occurs through a variety of
biochemical pathways that are typically initiated by an
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acetone monooxygenase enzyme that converts acetone
to acetol or methyl acetate (Levine and Krampitz, 1952;
Taylor et al., 1980; Kotani et al., 2007). Acetol can be fur-
ther converted to methylglyoxal, then to pyruvate (Taylor
et al., 1980), to formaldehyde and acetic acid (Hartmans
and de Bont, 1986), or possibly to formaldehyde and
acetaldehyde (Levine and Krampitz, 1952), but this latter
pathway has not been verified (Hausinger, 2007). Methyl
acetate, the alternative product of the monooxygenase,
can be further converted to methanol and acetic acid
(Kotani et al., 2007).

Isoprene degrading bacterial communities have been
described in estuarine surface water and sediments
where heterotrophic consumption of isoprene was suffi-
cient to prevent isoprene emission into the atmosphere
(Alvarez et al., 2009; Johnston et al., 2017). A microbial
pathway for isoprene metabolism that requires isoprene
monooxygenases has been described (van Hylckama
Vlieg et al., 2000), and alternative pathways reliant on
promiscuous enzymatic reactions have been proposed in
cells lacking known isoprene degradation pathways
(Patel et al., 1982; Johnston et al., 2017). Although iso-
prene incorporation from the environment, or isoprene as
an intermediate for isoprenoid synthesis, have not been
observed, isoprene is commonly present in both soil and
marine systems (Dawson et al., 2021), and therefore
metabolic strategies reliant on isoprene as a public good
could in principle be an effective strategy for cells.

Algal production of VOCs, including acetone and iso-
prene (Mckay et al., 1996; Shaw et al., 2003; Colomb
et al., 2008; Bonsang et al., 2010; Halsey et al., 2017)
and their metabolism by heterotrophs, are predicted to
impact the net fluxes of these VOCs between the ocean
and atmosphere (Alvarez et al., 2009; Dixon et al., 2013;
Yang et al., 2014; Booge et al., 2017; Davie-Martin
et al., 2020). Complex abiotic photochemistry also
impacts sea-air fluxes (Kieber et al., 1990; Mopper
et al., 1991; de Bruyn et al., 2011), but these processes
cannot fully explain in situ observations. Thus, identifying
the microbial taxa and metabolisms acting upon these
VOCs is needed to explain how and to what extent VOC
fluxes are biologically controlled.

Pelagibacter is a cultured representative of the SAR11
clade of alphaproteobacteria, the most abundant hetero-
trophic bacterial family in the ocean (Morris et al., 2002).
Recent reports show that Pelagibacter metabolizes a
wide variety of volatile and methylated compounds,
including acetone, for energy generation (Sun
et al., 2011; Halsey et al., 2017; Giovannoni et al., 2019;
Moore et al., 2020), but evidence for isoprene consump-
tion was less certain (Moore et al., 2020). A role for
Pelagibacter in controlling sea—air acetone fluxes has
been suggested (Dixon et al., 2014), but the rates of con-
sumption by Pelagibacter and mechanisms involved
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were not known. Here, we demonstrate that dissolved
acetone and isoprene are metabolized by Pelagibacter
strain HTCC1062 and explore the biochemical mecha-
nisms involved. We also show that homologues of the
Pelagibacter acetone/cyclohexanone monooxygenase
comprise about 10~* of transcripts in ocean surface
samples.

Experimental procedures
Culturing

For all experiments described, Pelagibacter strain
HTCC1062 (SAR11 group la.1) was grown in f/2 artificial
seawater medium (Guillard and Ryther, 1962) with the
following modifications to support growth of HTCC1062:
0.939mM KCI, 0.802mM NOz~, 1.0mM NH,4CI,
0.05 mM glycine, 0.01 mM methionine, 0.078 mM pyru-
vate, 0.84 M pantothenate, 0.985uM 4-amino-
5-hydroxymethyl-2-methylpyrimidine, 0.3 pM thiamine,
0.002 pM biotin, 0.117 uM FeCl; - 6H,0, 0.009 pM MnCl,
4H,0, 0.0008 M ZnSO, - 7H,O, 0.0005 pM
CoCl, - 6H,O, 0.0003 pM NasMo0,4-2H,0, 0.001 pM
Na,SeO, and 0.001 pgM NiCl, - 6H,O (Moore
et al., 2020). Cultures were maintained in exponential
growth at 16°C, 25 pE light on a 12 h light/dark cycle and
shaken gently. Cultures were grown in sterile, acid-
washed polycarbonate flasks, or in 10-20 ml glass vials
treated with a 5% solution of bovine serum albumin for
8 h, rinsed with Nanopure water then autoclaved. Cell
enumerations were conducted by staining 200 pl samples
of culture with SYBR Green | for 1-2 h then measured
using a Guava flow cytometer.

Acetone incorporation/oxidation

Incubations of cells with radiolabeled acetone (1,3 'C
acetone, American Radiolabeled Chemicals, St. Louis,
MO, USA) were performed to quantify rates of acetone
incorporation into biomass (‘Incorporation’) and oxidation
to CO, (‘Oxidation’) by HTCC1062. This method has
been used extensively to study oxidation and assimilation
of VOCs (Sun et al., 2011; Halsey et al., 2012). Cultures
of HTCC1062 were grown until the late exponential
phase. A portion of the culture was heat killed at 55°C for
45 min. Cell enumerations done immediately and 2 days
following heat treatment showed no change in cell density
compared to cell counts done immediately before heat
treatment. 1 uCi (1 pM) acetone was spiked into the live
and killed cells, activity samples were taken, then 10 ml
live cells and killed cells were aliquoted into 20 ml BSA-
treated sterile vials and sealed with Teflon faced butyl
stoppers. Partitioning of acetone to the headspace of the
vial at 16°C was calculated using a dimensionless
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Henry’s constant (EPA, 2016) to be less than 1% and
was therefore considered negligible. Vials were incubated
at 16°C in the dark for 0, 2, 5 and 12 h before the incuba-
tions were terminated. For measurements of acetone
incorporation into biomass, incubations were terminated
by adding 1.1 ml of 100% wt./vol. trichloroacetic acid
using a syringe. For measurements of combined acetone
oxidation and incorporation to biomass, incubations were
terminated by adding 0.5 ml 1 M sodium hydroxide,
0.25 ml 0.1 M sodium carbonate and 0.5 ml 1 M barium
chloride. Killed cell incubations were terminated after
12 h. Cultures were stored at 4°C for 12 h prior to filtering.
The contents of each vial were filtered through 0.1 pm
polycarbonate filters and washed three times with either
100% wt./vol. trichloroacetic acid (for ‘Incorporation” sam-
ples) or 0.2 um filtered artificial seawater (for total acetone
utilization, ‘Incorporation + Oxidation’ samples). Filters
were submerged in Ecoscint scintillation cocktail over-
night, sonicated to disrupt and homogenize the contents
of the filter, then measured using a scintillation counter
(Beckman-Coulter, Brea, CA, USA). Acetone oxidation
rates were calculated by subtracting the rate of ‘Incorpo-
ration’ from the total utilization measurement.

Primary growth substrate replacement with acetone

To test whether acetone could substitute for pyruvate or
glycine, which represent two branches of HTCC1062 nutri-
tional requirements (Carini et al., 2012), triplicate 5 ml cul-
tures of HTCC1062 were grown in BSA prepared vials
(see above) for each of the following conditions: negative
control (growth medium lacking either pyruvate or glycine);
positive control [pyruvate (100 uM) and glycine (50 pM)
provided]; test conditions (pyruvate or glycine omitted from
the medium with acetone supplied at 0.5, 5, 50, 500, or
5000 pM). Cultures were sealed with Teflon-faced butyl
septa and incubated at 16°C under gentle shaking with
25 umol photonsm™2 s~' on a 12h /D cycle. 200 pl
samples were taken with a sterile syringe approximately
every other day for cell enumerations.

Inactivation of the isoprenoid biosynthetic pathway

To test if HTCC1062 could utilize isoprene to meet its
isoprenoid requirements for growth, the antibiotic
fosmidomycin (Life Technologies, Eugene, OR, USA)
was added to HTCC1062 cultures to block the methyl-
erythritol phosphate (MEP) pathway for isoprenoid bio-
synthesis. The minimum inhibitory concentration for
fosmidomycin and HTCC1062 was determined to be
20 pg mi~" (data not shown). Quadruplicate 5 ml cultures
of HTCC1062 were grown in sealed, BSA-treated glass
vials under the following conditions: positive control
1 (No isoprene or fosmidomycin added); positive control

2 [isoprene (10 pM, Sigma-Aldrich, 99.5% analytical stan-
dard) with no fosmidomycin]; negative control
(no isoprene with fosmidomycin added at 50 pg mi~");
test condition [isoprene (10 pM) and fosmidomycin
(50 uggmi~") added]. Using a Henry’s constant of
1.3 x 107* mol m~2 Pa~" (Sander, 2015), the initial con-
centration of the added isoprene in the aqueous phase
after headspace partitioning was calculated to be
2.01 uM at 16°C. Cultures were grown for several weeks
and sampled once to twice per week for cell enumera-
tions to determine the peak cell density for each culture.

Gene identification, phylogenetic distribution and
environmental abundance

The acetone monooxygenase and other genes involved
in the acetone metabolic pathway previously described in
Gordonia sp. TY-5 by Kotani et al. (2007) were used to
search for genes associated with acetone metabolism in
HTCC1062. BlastP was used to search the HTCC1062
and 19 other Pelagibacter genomes for the published
acetone monooxygenase. An acetone monooxygenase
was identified (SAR11_0845) and the functional annota-
tion of the identified gene was validated further by
predicting and comparing three-dimensional protein
structures to the Protein Data Bank using the program I-
TASSER (Yang and Zhang, 2015).

Additionally, the SAR11_0845 sequence was used in a
BlastP search of the nr protein database to identify simi-
lar sequences in other taxa. These sequences, plus two
validated sequences of phenylacetone (Q47PU3) and
cyclohexanone (P12015) monooxygenases from Swiss-
Prot, and the protein sequence of the acetone mono-
oxygenase from Gordonia sp. TY-5 (A1IHE6) were used
to construct a phylogenetic tree comparing the relation-
ships of these genes across taxa using the NGphylogeny
web service (Lemoine et al., 2019). Amino acid
sequences were aligned using MAFFT, the alignment
was curated with Noisy and a maximume-likelihood phylo-
genetic tree was constructed with PhyML using 100 boot-
strap iterations, and default settings for all programs
(Dress et al., 2008; Guindon et al., 2010; Katoh and
Standley, 2013). iTOL was used to visualize the output
tree (Letunic and Bork, 2019), which was re-rooted at the
Gordonia sp. TY-5 acetone monooxygenase (Kotani
et al., 2007).

Blast, implemented by the Ocean Gene Atlas web tool
(Villar et al., 2018), was used to search TARA Oceans
metagenomes and metatranscriptomes for homologues of
the HTCC1062 acetone monooxygenase (SAR11_0845).
The protein sequence of the top HTCC1062 homologue
(99% identity) in the Tara oceans dataset, OM-RGC.
v2.002142823, was used as a query in a BlastP search
against the Tara Oceans metatranscriptome (OM-
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RGCVv2 + T) database using default settings (¢~ '° e-value

cutoff). The resulting 7546 homologous proteins had
26 689 abundance measures across all samples. Relative
abundances of homologues were summed per sample,
and summed abundances of surface samples were plotted
according to latitude, longitude and season. Data and
code for the world map can be found online at https://
github.com/davised/moore-2021-acetone.

To identify their origin, the 7546 homologous proteins
retrieved from metatranscriptomes were aligned using
the FFT-NS-i algorithm in MAFFT v7.487 (Katoh and
Standley, 2013). Aligned sequences were used as input
to FastTree (v2.1.11 SSES, OpenMP) along with the set-
tings -Ig for the Le-Gascuel 2008 amino acid substitution
model, -pseudo 1.0 to enable pseudocounts as
suggested for highly gapped alignments and -boot 1000
to perform 1000 fast support replicates (Price
et al., 2010). The resulting approximate maximum-
likelihood tree was midpoint rooted and clades were col-
our coded according to the taxonomy data supplied for
each gene sequence from the Tara database; unlabelled
clades either had no taxonomy data supplied or lacked
resolution below the domain taxonomic level. The tree
figure was generated using the iTOL v5 web interface
and then adjusted for publication using Inkscape (Letunic
and Bork, 2021).

Results and discussion
Acetone metabolism in HTCC1062

Radiolabeled 1,3 '*C acetone was used to measure ace-
tone metabolism in HTCC1062. Cells growing in a
defined medium containing pyruvate and glycine, known
carbon sources for HTCC1062 (Carini et al., 2012),
metabolized acetone at a combined rate of 102 pmol
acetone 10" cell™! h~'. Acetone was oxidized to CO, at
85.1 pmol acetone 10" cell™ h™' (o = 0.004). Incorpo-
ration into biomass was 17.3 pmol acetone
10" cell™" h™' (p =0.008) (Fig. 1). These rates were
calculated by considering that both radiolabeled C atoms
in the acetone molecule were metabolized; hence metab-
olism of only a single radiolabeled carbon on each ace-
tone molecule would result in rate values that are twice
as fast.

We further tested the ability of HTCC1062 to incorpo-
rate acetone into biomass by asking whether acetone
could replace the known required HTCC1062 carbon
sources, glycine and pyruvate (Carini et al., 2012). Ace-
tone partially replaced glycine as a growth substrate.
When acetone was supplied at 500 and 5000 uM in the
absence of glycine, HTCC1062 grew approximately two
generations more than the negative control (p = 0.019,
0.048 respectively, Dunnett's test, n =3; Table 1).
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Fig. 1. HTCC1062 acetone metabolism. 1,3 '*C acetone was oxi-
dized to '*CO, (triangles) at 85.1 pmol acetone 10" cell™" h~'
(0 =0.004, » =0.99) and incorporated into biomass (circles) at
17.3 pmol acetone 10" cell™" h™! (p = 0.008, * = 0.98). Lines are
linear regressions of oxidized (solid line) and TCA-insoluble radioac-
tive acetone carbon (dashed line). Points are the difference between
averages of triplicate samples at each time-point and the average of
killed samples; error bars are standard deviations.

HTCC1062 supplied acetone at 0.5, 5 or 50 uM in the
absence of glycine did not reach higher maximum cell
densities than the negative control (p > 0.05, Dunnett’'s
test, n =3; Table 1). These results demonstrate that
HTCC1062 was capable of incorporating acetone into
biomass, providing clarity to the measurements of '*C-
acetone incorporation. The low rate of radiolabeled ace-
tone incorporation shown in Fig. 1 may have been due to
the preferential metabolism of glycine (50 uM) that was
supplied to the culture medium in that experiment. Ace-
tone was not able to replace pyruvate as a carbon source
at any of the concentrations tested (Table 1).

Reconstructing metabolic pathways for acetone and
cyclohexanone oxidation

Our findings that acetone could be metabolized by
HTCC1062 (Fig. 1; Table 1; Moore et al., 2020) prompted
us to investigate the mechanisms involved. A gene
related to acetone monooxygenase, but annotated as
cyclohexanone monooxygenase (SAR11_0845), was
identified in the genome of HTCC1062. Cyclohexanone
monooxygenase is part of a gene family that includes
acetone monooxygenases and proteins frequently anno-
tated less specifically as NADP/FAD oxidoreductases
(Fig. 2). The translated SAR11_0845 sequence is 32%
identical and 53% similar to an acetone monooxygenase
described in Gordonia sp. TY-5 (Kotani et al., 2007)
across 99% of its length. The predicted 3D structure of
the SAR11_0845 protein was structurally similar
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Table 1. Acetone replaced glycine as a growth substrate when supplied at 500 and 5000 pM.

Experiment 1 Experiment 2
Glycine Pyruvate Glycine Pyruvate
Treatment Mean SD Mean SD Mean SD Mean SD
Negative 4.93 x 10° 1.14 x 10° 5.16 x 10° 1.24 x 10° 3.57 x 10° 6.85 x 10° 8.91 x 10° 3.81 x 10°
Positive 1.23 x 108 3.46 x 10° 8.88 x 107 2.88 x 107 4.93 x 107 3.37 x 107 4.93 x 107 3.37 x 107
0.5 uM 5.20 x 10° 1.51 x 10° 5.16 x 10° 8.70 x 10* - - - -
5.0 uM 5.15 x 10° 1.04 x 10° 4.60 x 10° 6.35 x 104 - - - -
50 uM 5.39 x 10° 3.54 x 10° 5.67 x 10° 1.30 x 10° - - - -
500 pM - - - - 1.49 x 107 4.99 x 10° 9.06 x 10° 2.43 x 10°
5000 pM - - - - 1.08 x 107 1.86 x 10° 1.14 x 108 5.18 x 10°

Shown are the mean maximum cell densities of HTCC1062 cultures (n = 3) growing on acetone in the absence of glycine or pyruvate. Two sepa-
rate experiments tested growth on acetone in two ranges of concentration: 0.5-50 uM (Experiment 1) and 500-5000 pM (Experiment 2). Negative
control: no glycine or pyruvate supplied and no acetone supplied. Positive control: both pyruvate (100 pM) and glycine (50 pM) supplied and no
acetone supplied. Final cell densities in experimental cultures that were significantly greater than negative control are shown in bold (o < 0.05,

Dunnett’s test).

Tree scale: 1 ————
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HAB36427-1-cyclohexanone-monooxygenase-Rhodobacteraceae-bacterium-
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Fig. 2. Maximum likelihood phylogenetic tree showing the relationship of the putative SAR11 acetone monooxygenase (SAR11_0845) and the
100 most similar protein sequences in the nr protein database identified by BlastP. Tree was constructed using 100 bootstrap iterations and re-
rooted by the previously described acetone monooxygenase of Gordonia strain TY-5 (Kotani et al., 2007) shown in green. Other experimentally
validated cyclohexanone and phenylacetone monooxygenases from Swiss-Prot are included and shown in green (Chen et al., 1988; Fraaije
et al., 2005) Putative acetone/cyclohexanone monooxygenases are present in abundant marine bacteria including SAR11 (red), SAR116 (blue)
and Rhodobacteraceae (violet) (Gonzalez and Moran, 1997; Rappé and Giovannoni, 2003; Morris et al., 2012).

(TM scores greater than 95%, structural coverage greater the conversion of acetone to acetol or methyl acetate
than 98%) to cyclohexanone and phenylacetone mono- (Levine and Krampitz, 1952; Taylor et al., 1980; Kotani
oxygenases, enzymes that are commonly multifunctional et al., 2007), while cyclohexanone monooxygenase oxi-
with a variety of ketone substrates (Chen et al., 1988; dizes cyclohexanone to e-caprolactone (Donoghue and
Kotani et al., 2007). Acetone monooxygenases catalyse Trudgill, 1975).
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A search of the non-redundant protein database with
SAR11_0845 returned cyclohexanone monooxygenases,
acetone monooxygenases and NADP/FAD oxidoreduc-
tases that originated from diverse taxa and were about
50% similar with c. 98% coverage (Fig. 3). Of particular
interest were hits to genes in other bacterial taxa that are
abundant in marine epipelagic microbial communities, for
example the SAR116 clade, and Rhodobacteraceae, the
family that includes Roseobacter (Gonzalez and
Moran, 1997; Rappé and Giovannoni, 2003; Morris
et al., 2012). The topology of the phylogenetic tree shows
a close relationship between the HTCC1062 and
SAR116 monooxygenases, suggesting that this gene
was horizontally transferred among these co-occurring,
but evolutionarily distinct organisms.

To study the distribution of SAR11 acetone mono-
oxygenase genes across the SAR11 clade, we used
BLAST to search all publicly available SAR11 MAGS,
SAGS and genome sequences (Pachiadaki et al., 2019).
Acetone monooxygenases were frequently detected in
two SAR11 subclades: IB.2, which is found in the surface
waters of subtropical seas, and IA.1, which includes
strain HTCC1062 and is found at high latitudes
(Giovannoni, 2017).

We hypothesize that SAR11_0845 is a multifunctional
enzyme that is active on both acetone and cyclohexa-
none, and possibly other ketones. A related acetone
monooxygenase described in Gordonia sp. TY-5 was
highly active on a variety of ketones, especially cyclic
ketones such as cyclohexanone (Kotani et al., 2007). We
previously observed that HTCC1062 metabolized
cyclohexanol produced by the diatom Thalassiosira
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pseudonana in co-culture (Moore et al., 2020). The
Pelagibacter enzyme most likely responsible for
cyclohexanol oxidation is an alcohol dehydrogenase
[i.e. Fe-Adh (Sun et al., 2011)], which is predicted to pro-
duce the product cyclohexanone. The prediction of cyclo-
hexanone monooxygenase activity in SAR11_0845 fills
the first gap in a hypothetical pathway for cyclohexanone
oxidation, producing e-caprolactam from cyclohexanone
(Donoghue and Trudgill, 1975), which could be further
metabolized by annotated Pelagibacter enzymatic func-
tions, leading to the formation of adipate and feeding
downstream beta-oxidation pathways (Donoghue and
Trudgill, 1975).

Microbial control of acetone sea-air emissions

This study points to a number of abundant marine bacte-
ria  that encode acetone/cyclohexanone  mono-
oxygenases and could exert control on acetone
emissions to the atmosphere (Sinha et al., 2007; Fischer
et al., 2012; Beale et al., 2013; Yang et al., 2014). Ace-
tone oxidation rates in coastal waters of the UK ranged
from 1 to 42 pmol L™ h™", but these rates did not include
rates of acetone assimilation (Dixon et al., 2013). Ace-
tone oxidation rates were highest when ‘low nucleic acid’
bacteria, a classification that includes Pelagibacter, were
most abundant (Dixon et al., 2014; Yang et al., 2014).
Based on the rate of acetone metabolism in Pelagibacter
cultures (Fig. 1), acetone consumption in situ by
Pelagibacter, at an average concentration of 2 X 108
cells L™'; (Morris et al., 2002) would be just slightly
higher than 1 pmol L~ h~". This rate is at the low end of
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Fig. 3. Relative abundances of acetone/cyclohexanone monooxygenases in TARA Oceans meta-transcriptomes from surface samples. The pro-
tein sequence of the best hit to the HTCC1062 gene (99% identity) in the TARA oceans dataset, OM-RGC.v2.002142823, was used as a query
in a BlastP search against TARA Oceans metatranscriptome database, using default parameters. The phylogenetic distribution of sequences

from this analysis is shown in Fig. S1.
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Table 2. 10 uM isoprene partially rescued the growth of HTCC1062 in the presence of the MEP pathway inhibitor fosmidomycin (Fos).

No isoprene 10 pM isoprene No isoprene 10 pM isoprene
No Fos. No Fos. 50 pg ml~" Fos. 50 pg ml~" Fos.
# Cultures with positive growth 40of4 0of4 30f4
Mean final density (cells mi~") 5.01 x 107 3.02 x 107 9.67 x 10* 2.18 x 10°
SD 2.21 x 10°% (n = 4) 3.70 x 107 (n = 4) 1.45 x 10* (n = 4) 2.10 x 10% (n = 3)
Inoculation density (cells mi~") 1.00 x 10° 1.00 x 10° 1.00 x 10° 1.00 x 10°

HTCC1062 could not grow when the MEP pathway was inhibited by fosmidomycin in the absence of isoprene. Positive growth was defined as 2
or more divisions (cell density =4.00 x 10° cells mi~") above the starting concentration of the culture (1.00 x 10° cells ml™").

the oxidation rates measured in situ but was derived from
only one Pelagibacter strain in culture. Further investiga-
tions of VOC metabolism by other marine taxa
possessing acetone monooxygenases under different
environmental conditions will reveal a more comprehen-
sive understanding of microbial VOC cycling and controls
on VOC sea-—air emissions.

We examined the distribution of acetone mono-
oxygenase transcripts in TARA oceans transcriptome
data (Fig. 3) and found that genes related to SAR11 ace-
tone monooxygenases are frequently expressed in sur-
face ocean waters (c. 0.5-2.5 x 10~ of all transcripts) at
all latitudes (Villar et al., 2018). To examine phylogenetic
relationships among the acetone monooxygenase genes
retrieved from TARA oceans data, we used FastTree and
taxonomy assignments from TARA oceans. SAR11_0845
homologues were found in a diversity of taxa (Fig. S1).

In the western North Atlantic Ocean, the rates of net
acetone production were strongly positive during the
annual phytoplankton bloom climax with rates increasing
from a mean of 3.2 nmolL™" h™' in the south to
373 nmolL™" h™' in the north (Davie-Martin
et al., 2020). Net acetone production is positively corre-
lated with nanoeukaryotic phytoplankton (Beale
et al., 2015; Davie-Martin et al., 2020). Despite biological
acetone production outpacing its consumption by hetero-
trophs, seawater is under-saturated with respect to ace-
tone in the sub-polar North Atlantic and sea—air flux rates
are not sufficiently large to account for the low concentra-
tion of acetone in seawater (Beale et al., 2015). In con-
trast, rates of net acetone production were near zero in
the summer months when primary production was low,
seawater acetone concentrations at their highest (16 nM)
(Davie-Martin et al., 2020), and the turnover rate of ace-
tone is low (165 days in the summer compared to 6 days
in the winter) (Dixon et al., 2013; Beale et al., 2015).

The complex relationships between acetone in-water
concentrations and sea—air flux suggest that the abun-
dance and expression of acetone/cyclohexanone genes
shown in Fig. 3 reflect the presence and activity of the
biological sources of acetone, as well as its consumption
and use as a growth substrate by abundant heterotrophic

bacteria (Fig. 2 and Fig. S1). The identification of
SAR11_0845 homologues in other common marine bac-
terial clades, including SAR116 and Rhodobacteraceae,
suggests the genetic potential for acetone metabolism is
not particularly rare, thus large populations of bacteria
may fill a niche provided by acetone bioavailability and
collectively contribute to acetone turnover. Our findings
show that total rates of acetone catabolism by
HTCC1062 in axenic culture (Fig. 1) were not as high as
the maximum oxidation rates reported in seawater (Beale
et al., 2013; Dixon et al., 2014), suggesting additional
taxa were likely involved to achieve higher total con-
sumption rates observed in seawater. Furthermore, direct
measurements of in situ acetone metabolism have been
spatially and temporally restricted, thus future investiga-
tions that provide greater resolution on the total microbial
consumption of acetone in situ will clarify the significance
of microbial controls on marine acetone flux.

Isoprene metabolism

The data we report in this section suggest that
HTCC1062 possesses an undescribed biochemical path-
way that enables it to use freely diffusing isoprene from
the environment to meet isoprenoid biosynthesis require-
ments. We previously reported that isoprene stimulated
ATP production in HTCC1062 (Moore et al., 2020). How-
ever, unlike acetone, which supported both energy gen-
eration and growth (Fig. 1), isoprene did not support the
growth of HTCC1062 in the absence of pyruvate or gly-
cine (data not shown). We next asked whether isoprene
could meet the isoprenoid requirements of HTCC1062
under metabolic challenge. Fosmidomycin is an
antibiotic that competitively inhibits 1-deoxy-p-xylulose
5-phosphate reductoisomerase (Dxr) in the second step
of the MEP isoprenoid synthesis pathway, which is
encoded in the HTCC1062 genome (Fig. 4). Growth of
HTCC1062 was sensitive to 50 pg ml~" fosmidomycin.
Addition of 10 uM isoprene (2 uM in aqueous phase, see
Experimental procedures) rescued HTCC1062 cells in
the presence of fosmidomycin (Table 2). These results
show that HTCC1062 is able to use isoprene to bypass
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Fig. 4. The methyl erythritol phosphate (MEP) pathway for biosyn-
thesis of the isoprenoid precursors isopentyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) from pyruvate and
glyceraldehyde-3-phosphate (G-3-P) in HTCC1062. The second
enzyme of this pathway, Dxr is competitively inhibited by the antibi-
otic fosmidomycin (shown in bold/underline). Isoprene rescued
growth of HTCC1062 when this pathway was blocked with
fosmidomycin. The dashed line indicates a hypothetical reaction that
might allow HTCC1062 to use isoprene as a precursor for IPP and
DMAPP. No enzyme is known that catalyses this reaction.

the isoprenoid biosynthetic pathway when it is blocked by
fosmidomycin.

Isoprene monooxygenase, the canonical enzyme that
initiates isoprene metabolism in Actinobacteria, facilitates
its use as a carbon source for growth (van Hylckama
Vlieg et al., 2000; Johnston et al., 2017), is absent from
the HTCC1062 genome. BLAST searches that used the
Rhodococcus isoprene monooxygenase as a query
failed to detect homologues. Isoprene is not an intermedi-
ate in the MEP pathway leading to isoprenoid biosynthe-
sis, and no known pathway exists whereby isoprene can
be converted to the key isoprenoid subunits, isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP). The simplest possible route might be terminal
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oxidation of isoprene to isopentanol and sequential phos-
phorylation to form IPP and DMAPP (Fig. 4). No evi-
dence for such a path currently exists, but the global
ubiquity of isoprene including in marine environments
(McGenity et al., 2018) highlights the need for under-
standing alternative isoprene metabolism pathways.

Isoprenoids are used for biosynthesis of electron car-
riers, such as ubiquinone, porphyrin-based compounds,
and in HTCC1062, biosynthesis of the pigment retinal,
which is a key component of the light-harvesting protein
proteorhodopsin. Cells typically rely on small pools of
electron carriers, so the demand for isoprenoids in
HTCC1062 is likely small but critical, ensuring mainte-
nance of the MEP pathway in the genome, despite evolu-
tionary streamlining (Giovannoni et al.,, 2005a;
Giovannoni et al., 2005b) and the steady availability of
isoprene produced by phytoplankton (Mckay et al., 1996;
Colomb et al., 2008; Bonsang et al., 2010; McGenity
et al., 2018). For organisms like HTCC1062, bypassing
the carbon and energy requirements for isoprenoid syn-
thesis, [each isoprenoid subunit requires 6C, 1 ATP,
1 CTP and 1 NADPH; (Zhao et al., 2013)], could facilitate
growth in the dilute carbon of the open ocean. However,
the energy savings would only be 1 NADPH in our
model.

We used cell proteorhodopsin content to estimate a
minimum isoprene demand in HTCC1062. A number of
different essential compounds found within these cells
require isoprenoid precursors, but cell quotas are avail-
able for retinal, making it a useful point of reference for
evaluating the potential SAR11 cell demand for isoprene.
Four isoprene (5 C) molecules are required for biosynthe-
sis of each retinal (20 C) molecule in proteorhodopsin,
thus 40 000 isoprene molecules would be required to
supply retinal to the 10 000 proteorhodopsin in each
HTCC1062 cell (Giovannoni et al., 2005a; Giovannoni
et al., 2005b). Assuming the entire standing stock of
2.4 x 10®® SAR11 cells worldwide is capable of using
isoprene to fulfil its isoprenoid requirements, and a popu-
lation turnover rate of 0.3 d~ (White et al., 2018), the
maximum potential SAR11 contribution to global marine
isoprene uptake is 11.9 Tgy~ . This value is remarkably
similar in magnitude to the entire marine isoprene budget
of 0.1-11.6 TgCy ' (Palmer and Shaw, 2005; Sinha
et al., 2007; Hackenberg et al., 2017) but is an underesti-
mate that does not consider other essential isoprenoids,
such as quinones or porphyrins, or other taxa or meta-
bolic strategies involved in isoprene degradation. Never-
theless, our data and estimates indicate that the use of
isoprene by HTCC1062, and other heterotrophic bacteria
that potentially encode canonical isoprene mono-
oxygenase pathways, are of such magnitude that they
would likely impact isoprene concentrations and turnover
in the ocean. The identification of bacterial isoprene
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uptake activity provides an explanation for observed dis-
crepancies between predicted and measured isoprene
flux rates to the atmosphere that have implied a previ-
ously hidden bacterial sink for isoprene in the ocean.

Conclusion

We found that Pelagibacter strain HTCC1062 (SAR11)
metabolizes acetone and isoprene, two VOCs that are
produced by phytoplankion and cross into the atmo-
sphere where they are reactive and influence climate.
We show that homologues of the protein most likely
responsible for acetone oxidation in Pelagibacter are
widely expressed in ocean surface transcriptomes. We
present evidence that Pelagibacter possesses an
undescribed biochemical pathway that enables it to use
freely diffusing isoprene from the environment to meet
isoprenoid biosynthesis requirements. This suggests that
further studies are needed to identify enzymatic path-
ways catalysing isoprene metabolism and enable the
accurate annotation of VOC metabolism from genomic
signatures. Our findings extend previous work that has
sought to explain the extraordinary success of the
SAR11 clade and showed these cells evolved mecha-
nisms that enable them to compete for some of the most
labile forms of dissolved organic carbon in planktonic
systems. The potential of heterotrophic bacteria to exert
control on the emission of climate-active gasses is
receiving increased attention because dynamic variation
in the transmission of climate-active volatile compounds
to the atmosphere is germane to our overall understand-
ing of climate change and stability. Future work that dis-
sects the biochemical mechanisms underlying VOC
cycling will likely aim to mechanistically link marine micro-
bial processes to trace gas emissions and atmospheric
chemical transport models.
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Fig. S1. Maximum likelihood tree showing phylogenetic rela-
tionships of acetone/cyclohexanone monooxygenase protein
sequences retrieved from TARA Oceans
metatranscriptomes, shown in Fig. 3 in the main text. As
expected, a large number of sequences recovered were tax-
onomically assigned by TARA to alphaproteobacteria. How-
ever, among the acetone/cyclohexanone monooxygenase
homologues were many that formed distinct subclades
assigned to other taxa. Although protein activities cannot be
confidently assigned based on sequence similarities, this
evidence suggests that a wide variety of marine bacteria
might have the capacity to oxidize acetone.
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