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Understanding the temporal variations and succession of bacterial communities involved
in the turnover of one-carbon and methylated compounds is necessary to better predict
bacterial impacts on the marine carbon cycle and air-sea carbon fluxes. The ability of the
local bacterioplankton community to exploit one-carbon and methylated compounds
as main source of bioavailable carbon during a productive and less productive period
was assessed through enrichment experiments. Surface seawater was amended with
methanol and trimethylamine-N-oxide (TMAO), and bacterial abundance, production,
oxygen consumption, as well as methanol turnover and growth rates of putative
methylotrophs were followed. Bacterial community structure and functional diversity was
examined through amplicon sequencing of 16S rRNA and methanol dehydrogenase
(mxaF ) marker genes. 2-fold increase in oxygen consumption and bacterial growth
rates, and up to 4-fold higher methanol assimilation were observed in the amended
seawater samples. Capacity to drawdown the substrates was similar between both
experiments. In less productive conditions, methanol enriched obligate methylotrophs,
especially Methylophaga spp., accounted for ∼70% of bacterial cells analyzed by
fluorescence in situ hybridization and 16S rRNA gene sequencing, while TMAO
enriched taxa belonged to Oceanospirillales and putative β- and γ-Proteobacterial
methylotrophs. In the experiment performed during the more productive period,
bacterial communities were structurally resistant, suggesting that facultative organisms
may have dominated the observed methylotrophic activity. Moreover, enrichment
of distinct methylotrophic taxa but similar activity rates observed in response to
different substrate additions suggests a functional redundancy of substrate specific
marine methylotrophic populations. Marine bacterioplankton cycling of one-carbon and
methylated compounds appears to depend on the system productivity, and hence may
have predictable temporal impacts on air-sea fluxes of volatile organic compounds.
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INTRODUCTION

Marine bacteria play key roles in food webs and biogeochemical
cycles of coastal surface waters (e.g., Ducklow et al., 1986).
Bacterial community abundance, composition and function
are tightly coupled with spatiotemporal gradients of dissolved
organic carbon composition and concentration (Azam and
Malfatti, 2007) and depend on the metabolic capacities of
bacterial taxa (Mou et al., 2008; Poretsky et al., 2010). For
instance, methylotrophic bacteria that use one carbon and
methylated (hereafter C1) compounds as their sole source of
carbon and energy are widespread in the ocean (Chistoserdova
et al., 2009; Chistoserdova, 2015). C1 compounds are ubiquitous
in the ocean (Beale et al., 2011; Carpenter et al., 2012; Beale
and Airs, 2016) and therefore a potential carbon source for
marine bacteria. Most of the C1 compounds are volatile and have
the potential to influence atmospheric chemistry and climate
(Williams et al., 2004). Hence, it is important to understand how
marine bacteria interact with these compounds to better assess
air-sea fluxes for climatic predictions.

Indeed, the directions of net air-sea fluxes of C1 compounds
may vary depending on utilization by marine methylotrophs.
Methanol is among the most abundant oxygenated volatile
organic compounds in the atmosphere, where it can influence
atmospheric chemistry through oxidation and ozone formation
(Singh et al., 2000). Methanol is a source of carbon and energy
for diverse marine bacteria (Murrell et al., 1993), and surface
methylotrophs may act as oceanic sink of methanol (Dixon
et al., 2011a,b, 2012). However, it is unclear if the ocean acts
as a net source or sink of atmospheric methanol (Singh et al.,
2000, 2003; Dixon et al., 2013). Measurements in some oceanic
regions found them to be net sink of methanol (Yang et al.,
2013, 2014a,b). On the other hand, methylamine (MA), can form
aerosols and act as cloud condensation nuclei, are constantly
emitted from the ocean (Facchini et al., 2008; Müller et al., 2009;
Sorooshian et al., 2009). MA are products of the methylotrophic
degradation of precursors trimethylamine-N-oxide (TMAO) and
glycine betaine. Methylotrophs may thus act as a source of
atmospheric aerosols derived from MA production through, for
instance, TMAO demethylation (Lidbury et al., 2017).

Methanol and TMAO are ubiquitous in the ocean (Beale
et al., 2011), as are bacteria able to use them. Bacteria use
methanol and TMAO either only as energy source, such as the
abundant surface α-Proteobacteria of the SAR11clade (Sun et al.,
2011), or as both carbon and energy source (Chen et al., 2011;
Lidbury et al., 2014a,b). In the ocean, these two C1 compounds
are produced by phytoplankton (Nieder et al., 2014; Mincer
and Aicher, 2016) and other organisms. Their concentrations
in the ocean vary temporally (Beale et al., 2015) depending on
sources, e.g., phytoplankton bloom, atmospheric wet and dry
deposition, and photooxidation. Methylotrophic metabolism in
the coastal ocean is also expected to follow a similar seasonal
dynamic (Sargeant et al., 2016), with different feedbacks on the
biogeochemical cycles and air-sea fluxes.

Here, we investigated the capacity of bacterioplankton
community experimentally enriched with methanol and TMAO
to assimilate and grow on C1 compounds during less productive

winter and the following more productive summer. We measured
carbon drawdown through bacterial production and respiration,
as well as followed changes in the microbial community
structure using 16S rRNA gene sequencing. The methylotrophic
capacities of the bacterioplankton was assessed in terms of
methanol assimilation and respiration, FISH enumeration of
potential methylotrophs and composition of the methylotrophic
population through sequencing of methanol dehydrogenase gene
mxaF.

MATERIALS AND METHODS

Experimental Setup
Enrichment experiments were performed to examine the activity
and structure of enriched coastal bacterial communities able to
utilize C1 compounds during low productivity winter (February
2015) and higher productivity summer (July 2015). Aged
(3 months) GF/F filtered seawater, kept in the dark at near
in situ temperature (16 ± 0.5◦C) was gently filtered through
rinsed 0.2 µm filters (Supor 200; Pall Laboratory) and distributed
randomly into 1 L bottles. This 0.2 µm filtered water was
then inoculated (20% v/v) with freshly collected seawater gently
filtered through 0.65 µm Isopore (Millipore) filters. The seawater
was sampled on the day of the experiment from coastal surface
(∼1 m below the surface) off the Pier of Scripps Institution of
Oceanography, La Jolla, CA, United States (32◦53′N, 117◦15′W).
Experimental setup consisted of triplicate 1 L bottles divided
into five treatments: (1) control (no addition; hereafter called
Control); (2) Control plus inorganic nutrients (10 µM NaNO3;
10 µM NH4Cl; 3 µM NaH2PO4; 20 pM vitamin B12), hereafter
called Control+Nutrients; (3) methanol plus inorganic nutrients
(20 µM methanol), MetOH; (4) Trimethylamine N-oxide (20 µM
TMAO plus inorganic nutrients), TMAO; and (5) mixture of
methanol and TMAO (10 µM each plus inorganic nutrients),
hereafter called MetOH + TMAO. The bottles were incubated
for 7 days in the dark at near in situ temperature (ca. 17◦C in
winter and ca. 21◦C in summer). All materials in contact with the
samples were acid washed in 10% HCl and repeatedly rinsed with
Q-grade water (Millipore) prior to use.

Samples for bacterial abundance, fluorescence in situ
hybridization (winter samples), bacterial production, methanol
assimilation and respiration (summer samples) were taken at T0,
24, 72, 120 h and at the end of the incubation (168 h). Dissolved
oxygen concentration was measured daily and samples for
bacterial community composition were filtered at the start and at
the end of the experiment.

Bacterial Abundance
Samples (1.5 ml) for bacterial enumeration were fixed with
EM grade glutaraldehyde (EMS; 1% v/v), flash frozen and
stored at −80◦C. The samples were stored for less than
2 months before further analyses. Thawed samples were filtered
onto 0.2 µm white polycarbonate filters (Isopore, Millipore),
stained with DAPI (Porter and Feig, 1980) and enumerated by
epifluorescence microscopy on an Olympus BX51 microscope
at 1000x magnification. At least 20 fields were counted.
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Cell biovolumes were measured with Fiji (Schindelin et al., 2012)
and averaged over several time points and treatments. Bacterial
carbon content was calculated according to Bratbak (1985) and
Simon and Azam (1989).

Fluorescence in situ Hybridization (FISH)
Duplicate samples (12 ml) were fixed with formaldehyde
(3% final) overnight at 4◦C and filtered onto 0.2 µm white
polycarbonate filters (Isopore, Millipore). Preparations were
stored at −20◦C until further processing. All hybridization
were carried out under the conditions previously described by
Glöckner et al. (1996). The samples were hybridized for 2 h
at 46◦C and washed at 48◦C. No formamide was added to the
hybridization buffer (Tsien et al., 1990; Janvier et al., 2003). Pieces
of filters (1/4) were double hybridized with fluorescent 16S rRNA
targeting probes, FAM-MPH-730 (5′-CAGTAATGGCCCAGT
GAGTCGCC-3′) complementary to Methylophaga spp. specific
16S rRNA region (Janvier et al., 2003) and cy3-10-γ (5′-GGTCC
GAAGATCCCCCGCTT-3′) complementary to the 16S rRNA
region of the methylotrophic species of β- and γ-Proteobacteria
with the RuMP pathway (Tsien et al., 1990). Another piece of
each filter was hybridized with 16S rRNA targeting probes, FAM-
9-α (5′-CCCTGAGTTATTCCGAAC-3′) complementary to the
16S rRNA region of methylotrophic α- Proteobacteria with the
serine pathway (Tsien et al., 1990). Images were analyzed with Fiji
(Schindelin et al., 2012). The effect of time was tested in different
treatments using a two-way ANOVA.

Bacterial Production, Respiration and
Growth Efficiency
Bacterial production was measured by [H3]-leucine
incorporation (Kirchman et al., 1985) modified for
microcentrifugation (Smith and Azam, 1992). Triplicate
1.7 ml aliquots were incubated with [H3]-leucine (20 nM final
conc.) in sterile 2.0 ml polypropylene tubes for 1 h at in situ
temperature. Samples with 5% trichloroacetic acid added prior
to [H3]-leucine addition served as blanks. Leucine incorporation
was converted to carbon production assuming 3.1 kg C (mol
leucine)−1 (Simon and Azam, 1989).

Dissolved oxygen was measured according to Kragh et al.
(2008) using a fiber-optic oxygen mini-sensor (Fibox 4, PreSens
Precision Sensing GmbH), which utilizes fluorescence quenching
of the sensor by oxygen. A sensor spot (Pst3; 5 mm) inside
each bottles allowed for readings with a fiber-optic probe from
outside the bottle. A “control” bottle with Milli-Q water was
used to ensure no inherent O2 consumption. No leaching or O2
consumption was observed in the control incubator.

O2 consumption (1O2) and cumulative time-integrated
bacterial production (BPcum) were used to calculate bacterial
carbon demand (BCD) and bacterial growth efficiency (BGE),
with BCD = −1O2 + BPcum and BGE = BPcum/BCD. 1O2
and BPcum were calculated over 0–120 h for the winter and 0–
72 h for the summer experiment following the 1O2 leveling off
for all treatments. The percentage of bioavailable carbon from
the added substrate (bDOC) was calculated as the average of
(BCDtreatment-BCDcontrol)/DOC added.

Statistical differences between treatments were calculated with
a Student’s t-test (two samples, assuming unequal variances).

Methanol Assimilation and Respiration
Bacterial methanol assimilation was measured by [C14]-methanol
incorporation. Triplicate 1.7 ml aliquots were incubated
with [C14]-methanol (100 nM final conc.) in sterile 2.0 ml
polypropylene tubes for 24 h, at in situ temperature. Samples
with 5% trichloroacetic acid added prior to methanol addition
served as blanks. Following the incubation samples were
centrifuged for 10 min at 16000 × g. The pellets were dried,
scintillation cocktail (Ultima Gold, Perkin Elmer) was added and
the samples were radioassayed in a liquid scintillation counter
(Beckman LS6000).

Bacterial methanol respiration was measured by
[C14]-methanol respiration. Triplicate 1.7 ml aliquots were
incubated with [C14]-methanol (100 nM final) in sterile closed
culture tubes for 24 h at in situ temperature. Samples with 4%
formaldehyde added prior to the radioisotope served as blanks.
After 24 h the samples were acidified with concentrated H2SO4
and a center well with a 2 × 2 cm piece of fluted filter soaked
with β-phenylethylamine was added to the tube (Karl et al.,
1998). After 72 h the fluted filters were dried in a dessicator and
trapped14CO2 was measured.

Bacterial Community Composition
For each incubation and T0 samples, cells from 800 mL of
water were collected by gentle filtration onto 0.2 µm, 47 mm
Supor membrane filters (Pall). Filters were subsequently frozen
at −80◦C. DNA was extracted using ZR Fungal/Bacterial
DNA MiniPrep kit (ZYMO research) following manufacturer
guidelines after a proteinase K digestion (20 mg ml−1 final) at
55◦C for 2 h. PCR amplification with bacterial 16S rRNA gene
(V1-V3 region) specific primers 27F and 338R was followed by a
nested PCR with barcoded adapter primers to identify different
samples. The products were then purified with Agencourt
AmPure XP magnetic beads (Beckman Coulter). Ion Torrent
PGM sequencing was performed as described by Stark et al.
(2015). Methanol dehydrogenase genes (mxaF) were amplified
using primers 1003F (McDonald and Murrell, 1997) and 1555R
(Neufeld et al., 2007). PCR products were gel purified using
GenElute DNA Gel extraction kit (Sigman-Aldrich) and barcodes
were added to the PCR products through the M13-linker using
the protocol described by Mäki et al. (2016). 16S rRNA and mxaF
raw datasets were deposited to NCBI Sequence Read Archive
under Bioproject PRJNA447999.

16S rRNA and mxaF Gene Sequence
Analysis
All reads were processed using the Quantitative Insight Into
Microbial Ecology pipeline (QIIME v1.9; Caporaso et al., 2010a).
For 16S rRNA gene sequences, all reads with mismatches in
the primer or lengths below 200 bp and quality scores < 25
were discarded. Reads were quality controlled and chimeras were
removed using UPARSE (Edgar, 2013). Reads were clustered into
operational taxonomic units (OTUs) at 99% pairwise identity
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using the UPARSE and representative sequences from each
bacterial OTU aligned to SILVA 128 reference alignment (Quast
et al., 2013) using PyNAST (Caporaso et al., 2010b). Taxonomy
assignments were made using UCLUST algorithm (Edgar, 2010)
against the database SILVA 128.

For mxaF sequences, all reads with mismatches in the primer
or lengths below 250 bp and quality score < 25 were discarded.
Reads were quality controlled and chimeras were removed using
UPARSE (Edgar, 2013). Reads were clustered into OTUs at
77% pairwise identity using UPARSE. This cutoff for mxaF
corresponds to a 97% pairwise identity for 16S rRNA genes, based
on pairwise comparison of both genes from different isolates
described by Stacheter et al. (2012).

Alpha and beta-diversity indices were estimated for all samples
after randomized subsampling to 1047 reads for 16S rRNA
gene and to 1212 reads for mxaF sequences. Alpha diversity
analyses (Richness: observed OTUs and diversity: Shannon
index) were run in QIIME. Beta-diversity was investigated with
Primer V.6 software package (Clarke and Warwick, 2001) on
Bray Curtis dissimilarity. Differences between communities were
tested with PERMANOVA (Permutational Multivariate Analysis
of Variance) with pairwise test and 9999 permutations in Primer
V.6 (Clarke et al., 2014). The mxaF OTUs contributing most to
the dissimilarity between samples were identified using SIMPER
(similarity percentage) on normalized samples, with Primer V.6.
The sequences of OTUs contributing to 90% of the dissimilarity
between samples were aligned with references sequences on
their amino acid sequences, and maximum likelihood tree
with bootstrap test was constructed using MEGA7: Molecular
Evolutionary Genetics Analysis version 7.0 (Kumar et al., 2016).

RESULTS

In situ Parameters and System
Productivity
The productivity of the system between winter and summer
sampling was determined as the biological productivity
differences between the two sampling points. The colder winter
water was characterized by lower productivity compared to the
more productive summer waters with higher Chl a, POC and
bacterial production (Table 1). Moreover, the summer sample
followed the spring phytoplankton bloom observed in May –
June1. Overall, bacterial production and methanol assimilation
were higher during the whole summer period compared to
winter (J. Dinasquet, unpublished time series). At the time

1http://www.sccoos.org/data/habs/history.php?location=Scripps%20Pier

points sampled for this experiment bacterial production and
methanol assimilation were 2.3-fold and 5.6-fold higher in
summer compared to winter while bacterial abundances were
similar for the two seasons (Table 1).

Bacterial Utilization of Added Substrates
Enhanced bacterial growth and oxygen consumption showed
that coastal bacteria responded to substrates additions both
in the winter and summer experiment (Figure 1). Increase in
the bacterial production was higher in the winter than in the
summer, but started later. The active parts of the experiment
were determined as 0–120 h in the winter and 0–72 h in the
summer incubations before oxygen consumption leveled off
and bacterial abundance decreased (Figures 1A–D). Although
samples were originally filtered, grazing affected the bacterial
abundance during the later time points. At the time of sampling,
the concentration of heterotrophic nanoflagellates in situ was
also higher in summer (5300 cells ml−1) compared to winter
(2500 cells ml−1), which may explain the highest mortality
in the summer experiment. Substrate additions doubled the
O2 consumption in both the winter and summer experiments
(Figures 1A,B and Table 2). The bacterial growth efficiency
with the substrate additions was ∼1.6-fold higher in the winter
experiment (Table 2). Of the studied C1 compounds, carbon
drawdown was greater in winter in the methanol treatment,
while in summer it was greater in the TMAO treatment.
The drawdown of carbon in the substrate mixture fitted the
combined carbon drawdown in the separate carbon source
treatments.

In the winter experiment, bacterial growth efficiency (BGE)
was significantly lower in the TMAO treatments (11–12%) than
in the controls or methanol treatment alone (15–18%). There was
no differences in the BGE in the summer experiment (Table 2).

At the end of the experiments, C1 treatments had increased
methanol assimilation 2- to 4-fold, when compared to winter
and summer controls, respectively (Figures 2A,B). Methanol
respiration was also about 4-fold higher in all C1 treatments at
the end of the summer experiment (Figure 2C). The BGE based
on added [C14]-methanol (BGEM) was higher in the controls
compared to the C1 treatments in summer. Growth efficiency on
methanol (34.4 ± 2.3%) was not significantly different between
different substrate addition treatments (Table 2).

Bacterial Community Composition in
Response to Substrates Addition
A total of 300,618 16S rRNA gene sequences remained after
quality control, and were clustered to 5995 OTUs (99% identity).
Original bacterial community composition displayed higher

TABLE 1 | In situ conditions off Scripps Pier at the time of sampling (mean ± standard deviation for n = 3).

Temp.1 (◦C) Chl a (µg L−1) DOC (µM) POC (µM) BP2 (µgC L−1 d−1) MA3 (ngC L−1 d−1) BA4 (cells mL−1)

Winter 17.1 ± 0.02 0.76 ± 0.01 71.4 ± 2.8 14.2 3.9 ± 0.07 2.36 ± 1.4 1.94 × 106
± 9.23 x 105

Summer 21 ± 0.02 1.29 ± 0.02 71.2 ± 1.8 31.1 8.8 ± 0.5 13.5 ± 1.3 1.98 × 106
± 7.03 x 105

1Temperature. 2Bacterial production. 3Methanol assimilation. 4Bacterial abundance.
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FIGURE 1 | Oxygen consumption over the course of the experiment in winter (A) and summer (B), bacterial abundance over the course of the experiment in winter
(C) and summer (D) and bacterial production over the course of the experiment in winter (E) and summer (F). Mean ± standard deviation, n = 3.

TABLE 2 | Summary of data during the active phases of the enrichment experiments, 0–120 h and 0–72 h of incubation in winter and summer, respectively
(mean ± standard deviation for n = 3 for enrichments and n = 6 for controls).

BCD2 (µM) % bDOC3 BGE4 (%) BGEM
5 (%)

Winter (0–120 h) Controls1 19.4 ±0.9 18.4 ±1.3 n.a

MetOH 30.9∗∗∗ ±3.9 57.2 ±19.6 15.1 ±2.1 n.a

TMAO 45.5∗∗∗ ±3.5 43.3 ±5.9 10.9∗∗∗ ±0.9 n.a

MetOH+TMAO 39.4∗∗∗ ±1.9 49.8 ±4.8 12.2∗∗∗ ±0.6 n.a

Summer (0-72h) Controls1 28.7 ±2.3 8.2 ±1.5 44.0 ±2.0

MetOH 34.3 ±2.7 27.8 ±14.4 9.7 ±0.7 36.5 ±4.7

TMAO 51.8∗∗∗ ±0.8 38.4 ±1.5 7.2 ±0.1 32.0∗∗ ±3.2

MetOH+TMAO 40.8∗∗∗ ±1.9 30.1 ±5.1 8.1 ±0.4 34.4∗ ±3.4

1Control and Control + nutrients. 2Bacterial carbon demand. 3Bioavailability of DOC added. 4Bacterial growth efficiency. 5Bacterial growth efficiency on methanol. n.a,
not available. Significantly different from controls with ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 (t-test).
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FIGURE 2 | Methanol assimilation over the course of the experiment in winter (A) and summer (B) and methanol respiration in summer (C). Mean ± standard
deviation, n = 3.

richness and diversity in summer than in winter (Supplementary
Table S1). In winter, richness (as measured by observed OTUs
and Chao1 index) and diversity (Shannon Index) decreased
further in all C1 treatments when compared to the initial water,
while diversity remained constant in the control samples. The
richness and diversity indexes were significantly lower (∼0.5-
fold) in the methanol treatments compared to the controls,
and slightly lower in the TMAO treatments (Supplementary
Table S1). In summer, richness and diversity did not significantly
change between experiment start and end communities and
between treatments, with the exception of TMAO treatments
where it was slightly lower (Supplementary Table S1). The
bacterial community composition in the 32 samples was
compared with non-metric multidimensional scaling (nMDS)
based on Bray-Curtis dissimilarity of rarefied data (Figure 3).
The nMDS plot showed that winter and summer communities
independent of time and treatment were significantly different.
Incubation without carbon addition did not change the winter
communities (PERMANOVA, p = 0.53 T0 to C and p = 0.37
T0 to CN), while control and C1 treatments communities
were significantly different at the end of the experiment
(PERMANOVA, control to methanol, p = 0.012, to TMAO
p = 0.01 and to MetOH + TMAO p = 0.013). Furthermore,
methanol communities were distinct from the two other C1
treatments (PERMANOVA, methanol to TMAO p = 0.004 and to
MetOH+ TMAO p = 0.03), while TMAO and MetOH+ TMAO
communities were similar (p = 0.18). On the other hand,
neither time nor carbon addition affected the overall bacterial
community structure in summer (Figure 3).

The winter inoculation consisted of significantly (t-test
p < 0.05) higher abundance of α- and γ-Proteobacteria and
lower abundance of Bacteroidetes than summer inoculation,
as well as different OTUs of the clade SAR11. In winter
the difference between controls and C1 treatments was
mainly driven by a significant decrease (t-test p < 0.05)
in relative abundance of α-Proteobacteria (especially SAR11
related OTUs) and a significant increase (t-test p < 0.05) of
γ-Proteobacteria (especially Methylophaga sp. related OTUs in
the methanol treatment, and Oceanospirillales, Pseudomonadales
and Methylophaga sp. in the TMAO and MetOH + TMAO

FIGURE 3 | nMDS clustering of bacterial community composition in winter
and summer.

treatments). In summer, minor differences were observed such
as an increase in δ- and γ-Proteobacteria and decrease in
α-Proteobacteria at the end of the incubations compared to
the start water. There was a small enrichment in Methylophaga
sp. in the enrichment treatments compared to the control
(Figures 4A–C).

Functional Community of Methanol
Users in Response to Substrate Addition
A total of 40,000 sequences shared between 41 OTUs (at 77%
identity) were recovered from sequencing of the methanol
dehydrogenase gene mxaF. Richness and diversity of the
methanol users (as defined by mxaF- methanol dehydrogenase
sequences) were slightly lower in summer when compared
to winter, and in the C1 treatments compared to the
controls (Supplementary Table S2). Based on the nMDS plot
(Supplementary Figure S1), the functional diversity was slightly
different between winter and summer and between winter C1
treatments and controls, and MetOH+TMAO treatment and
controls in summer. Nevertheless, these differences were not
significant (PERMANOVA, p > 0.05, community was 78.4%
similar in winter between all treatments and 83.2% similar in
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FIGURE 4 | Relative abundance of the main bacterial phyla and subclasses
(A), γ-Proteobacteria (B) and α-Proteobacteria (C) in winter and summer
experiments. Relative abundances are expressed as % of total 16S rRNA
gene sequences in the original assemblage or as a mean of the treatment
triplicates at the end of the experiment.

summer). Few main mxaF-OTUs were driving over 70% of the
dissimilarity of the functional community between treatment
and controls in winter and summer (Figure 5). Some of the
mxaF-OTUs were related to known mxaF sequences from β-
, α- and γ-Proteobacteria (closely related to Methylophilales,
Methylobacterium and Methylophaga respectively) but also
from unknown putatively new methanol dehydrogenases from
Rhodobacterales (Confluentimicrobium sp. and Ruegiria sp.) and
Oceanospirillales (Halomonas sp., Figure 6).

Putative Methylotroph Abundance and
Growth Rate in Winter
The abundance of the obligate methylotroph Methylophaga spp.
increased significantly over the course of the experiment in
all treatments (ANOVA p < 0.001), especially in the MetOH
and MetOH + TMAO treatments, which had 28-fold higher
growth rates than the controls and 1.8-fold higher growth rates

than TMAO treatment (Table 3 and Figure 7). Abundance of
methylotrophic β- and γ-Proteobacteria with RumP pathway
(except Methylophaga spp., Janvier et al., 2003) increased
significantly in all treatments (ANOVA, p < 0.001). While
growth rates were similar in the control and MetOH treatments,
rates were 2-fold higher in the TMAO and MetOH + TMAO
treatment compared to controls (Table 3 and Figure 7). The total
growth rates of methylotrophic bacteria in winter was similar in
all enrichments despite being driven by different methylotrophs.
No methylotrophic α-Proteobacteria with serine pathways were
observed in any of the samples.

DISCUSSION

Marine bacterial communities exhibit strong temporal variations
(Fuhrman et al., 2015; Bunse and Pinhassi, 2017) that are
partly driven by the productivity of the system and variability
in bioavailable carbon sources (Alonso-Saez and Gasol, 2007;
Lønborg et al., 2009; Osterholz et al., 2016). Here, we show
that the coastal bacterioplankton is rapidly responding to an
addition of methylated compounds and that enrichment of
coastal bacterioplankton with methylotrophic capacity varies
with the productivity of the system. This also implies that
methylotrophy may have seasonally varying effects on carbon
cycling and air-sea fluxes in coastal waters.

Bacterial Carbon Drawdown in
Response to Methanol and
Trimethylamine-N-oxide Additions
Marine bacteria can use methanol and TMAO as a source of
carbon for biomass and/or energy (e.g., Sun et al., 2011; Dixon
et al., 2012; Lidbury et al., 2014b). In marine waters, methanol
and TMAO may be produced by phytoplankton (Nieder et al.,
2014; Mincer and Aicher, 2016) among others. Thus, their
concentration may change depending on the productivity of
the system. We hypothesized that marine bacteria would
respond differently to C1 compounds during periods of different
biological productivity. The colder less productive (lower Chl a,
POC and bacterial production) winter water was characterized
by lower bacterial activities compared to the warmer water that
followed the spring bloom. Bacteria responded to the input
of carbon in both experiments, but the lag phase was slightly
longer in winter, which is typical for slower metabolism in colder
waters (Degerman et al., 2012). The added compounds were
more labile to the winter bacteria, probably due to the lower
biological productivity during the winter season and subsequent
lower concentration of fresh bioavailable carbon (Lønborg et al.,
2009).

In summer, the minor differences observed between the
controls and treatments, as well as lower bacterial growth
efficiencies when compared to winter, suggest that added
substrates were mainly shunted toward respiration and used as
a source of energy. This may be explained by the presence of
more bioavailable ambient substrates subsequent to the higher
spring and summer biological productivity of the coastal system.
As suggested in other studies, one-carbon and methylated
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FIGURE 5 | Heatmap of percent relative abundance of bacterial OTUs responsible for more than 70% of the dissimilarity between two samples (calculated by Bray
Curtis, SIMPER analysis), in winter (A) and in summer (B). The percentages represent the average contribution of an OTU to the dissimilarity between the samples.
Total dissimilarity includes the whole communities of the sample duplicates. C-M, controls to MetOH; C-T, controls to TMAO; C-MT, controls to metOH + TMAO;
M-T, MetOH to TMAO; M-MT, MetOH to MetOH + TMAO; T-MT, TMAO to MetOH + TMAO.

compounds may sustain energy demand, while other compounds
are used for biomass production (Sun et al., 2011; Halsey et al.,
2012), nevertheless, the addition of C1 compounds did not elicit
enhanced utilization of ambient DOC compared to the carbon
used in the control treatments, suggesting that energy sources
were not limiting at this time of the year.

Trimethylamine-N-oxide may be used as an energy source
when methanol is available for growth (Halsey et al., 2012), but
the mix of both substrates did not trigger enhanced utilization of
carbon compared to the methanol-alone treatment. TMAO may
also be used as a source of nitrogen by nutrient limited bacteria
(Lidbury et al., 2014a; Taubert et al., 2017), but here nutrients
were added to all treatments, which enabled unbiased testing
of utilization of carbon. No major differences were observed
between the controls with and without nutrients either in winter
or summer, suggesting that in situ communities were not nutrient
limited and that TMAO was probably mainly used, as intended,
as a source of carbon.

Bacterial Taxa Enriched During Methanol
and TMAO Incubations
In winter, the initial bacterial community composition was
typical of assemblages usually observed in coastal waters at this
time of the year (e.g., Fuhrman et al., 2006; Gilbert et al., 2010).
The main differences between the controls and the initial water
was the slight increase in γ-Proteobacteria, mainly related to
Oceanospirillales and Alteromonadales, which are often observed
in incubation experiments responding to bottle effect (Dinasquet
et al., 2013). No major community changes were observed with
the addition of nutrients. The main responses observed with

the C1 additions was an increase in γ- and a decrease in
α-Proteobacteria. The major group enriched in the methanol
treatment was related to Methylophaga spp. which is an obligate
marine methylotroph (Janvier et al., 1985; Neufeld et al., 2007,
2008). Oceanospirillales also increased in the treatments with
TMAO and they are known to be capable of using this substrate
(Kube et al., 2013). Therefore, it appears that in winter the lag
phase observed in bacterial activity in response to the addition of
C1 carbon sources may be due to an adaptation of the community
to the input of C1.

The lack of obvious bottle effect in summer as well as very
similar bacterial community between start and end incubations
in all treatments, points toward the in situ presence of many
generalists taxa capable of using different carbon substrates.
The main difference was a decrease in β-Proteobacteria in the
C1 treatments compared to the controls. This is unexpected
considering that one of the most abundant coastal methylotrophs,
the β-Proteobacteria OM43 (Giovannoni et al., 2008; Halsey
et al., 2012; Gifford et al., 2016) is usually observed in
summer and during incubation experiments (Sosa et al., 2015).
Nevertheless, it appears that this oligotrophic methylotroph
might have been outcompeted here. The observed low abundance
of OM43 may also be the results of primer bias (Parada et al.,
2016). Nevertheless, a moderate response to the added carbon
compounds was observed at lower taxonomic resolutions as
previously observed during incubation experiments (Dinasquet
et al., 2013). Methylophaga spp. related OTUs increased in all
C1 treatments, especially in the TMAO-only treatment, which
was different from the pattern observed in winter. This might be
due to the simultaneous utilization of TMAO between N users
and C1 users (McCarren et al., 2010; Lidbury et al., 2014a) in
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FIGURE 6 | Maximum likelihood tree of the main mxaF sequences (OTU0.77), number of reads per OTUs are represented in parenthesis. Reference sequences are
indicated in italics. Bootstrap values (n = 1000) are indicated at nodes; the scale bar represents changes per positions.

TABLE 3 | Winter contribution of methylotrophs (as a % of hybridized cells to DAPI cells at 120 h, standard deviation for n = 10 fields of view) to total bacterial
abundance, and total bacterial growth rates during the active phase of the winter and summer experiments.

Start Control MetOH TMAO MetOH + TMAO

Methylophaga spp.
% of DAPI
Growth rate (d−1)

0.2 ± 0.5 25 ± 15
0.06 ± 0.1

72 ± 11
1.7 ± 0.03

3 ± 3
0.9 ± 0.6

23 ± 20
1.6 ± 0.3

RumP β- and γ-Proteobacteria
%
Growth rate

8.2 ± 4.3 14 ± 4.5
0.5 ± 0.13

8 ± 5
0.52 ± 0.14

47 ± 6
1.11 ± 0.03

48 ± 14
1.09 ± 0.07

Total Methylotrophs
%
Growth rate (d−1)

8.4 ± 4.7 25 ± 15
0.52 ± 0.14

80 ± 12
1.03 ± 0.43

50 ± 7
1.04 ± 0.01

70 ± 11
1.06 ± 0.05

Winter bacterial growth rates (d−1) 0.33 ± 0.06 0.56 ± 0.03 0.68 ± 0.02 0.63 ± 0.01

Summer bacterial growth rates (d−1) 0.50 ± 0.14 0.85 ± 0.09 1.07 ± 0.07 0.92 ± 0.02

Mean ± standard deviation n = 4 for controls, for the treatment values are shown for each replicate. SD for the bacterial growth rates are based on n = 3 for the enrichment
and n = 6 for the controls.

the TMAO-only treatment where Methylophaga did not have to
compete with other C1 users, which may have been the case
in the mixed treatment. The relative abundance of SAR11, the
most abundant bacterial clade observed in marine ecosystems
(Morris et al., 2002), decreased in all treatments and seasons.
Despite its capacity to use C1 compounds as a source of energy

(Sun et al., 2011) SAR11 is an oligotrophic clade, which is easily
outcompeted in incubation experiments (Giovannoni, 2017).

Overall, it seems that while the winter bacterial community
became enriched in specialist methylotrophs in response
to the addition of methanol and TMAO, the already
diverse and potentially generalist community was resistant
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FIGURE 7 | Percentage of hybridization over time for the 10-γ probe (A), MPH-730 probe (B) and the sum of both probes (C). Merged epifluorescence images of
fluorescence in situ hybridization for the 10-γ probe (red) accounting for γ- and β-Proteobacterial methylotrophs with the RumP pathway, MPH-730 probes (green)
accounting for Methylophaga spp. bacteria and DAPI-stained organisms (blue) (D).

to these perturbations during the productive period
(summer).

Methylotrophic Tracers During Methanol
and TMAO Incubations
Methanol incorporation measurements have been used as
indicators of methylotrophic activities (Dixon et al., 2011b)
and the marker gene for the methanol dehydrogenase large
subunit mxaF has been used as a tracer for enrichment of
methylotrophic taxa (McDonald and Murrell, 1997; Neufeld
et al., 2007). However, mxaF may not be the most common
gene marker for methylotrophy in marine environments,
where xoxF is sometimes the most abundant methanol
dehydrogenase (Ramachandran and Walsh, 2015; Taubert
et al., 2015). Moreover, TMAO methylotrophic users do not
all possess the mxaF gene and the capacity to assimilate
methanol. Therefore, the tracers used in this study are probably
underestimating the methylotrophic activity in the TMAO and
mixed treatments (Chen, 2012). Sequencing the genes related to
TMAO demethylation (Neufeld et al., 2007; Chen, 2012) and
using radiolabeled TMAO marker could help better resolve the
diversity and activities of TMAO users.

Methanol assimilation increased in both experiments,
suggesting that both winter and summer enriched bacterial

assemblages had the capacity to use methanol for biomass
production. The measured assimilation rates were lower than in
some coastal areas (Dixon et al., 2012; Halsey et al., 2012) but
higher than in the English Channel (Sargeant et al., 2016) and
overall in the range of methanol utilization (BGEM) observed
in the coastal areas (Dixon et al., 2012). Increase in methanol
utilization was more remarkable in winter when compared to
summer. In winter, methanol represented up to 1.2% of the
carbon used for biomass production by bacteria, while it was
only up to 0.01% of bacterial production in summer (average
ratio of the methanol assimilation:bacterial production in the
treatments with carbon addition integrated over the active phase
of the experiment). In summer, the high methanol respiration
observed in the treatments with carbon enrichment concords
with the utilization of C1 compounds as energy source, as was
suggested above.

The observed change in bacterial community composition
in winter in response to the addition of carbon source
was reflected in the change in functional community. While
Methylophilaceae are known methylotrophs found in surface
waters (Giovannoni et al., 2008; Halsey et al., 2012), 16S rRNA
gene sequence related to β-Proteobacteria were low. However,
the contribution of mxaF-OTUs related to Methylophilaceae
increased especially in the treatments with methanol, suggesting
that despite low overall abundance based on 16S rRNA genes,
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they may have an important functional role in the system. In
summer, the functional community appeared to be especially
related to unknown/uncultured putative methylotrophs related
to α- and γ-Proteobacteria. For instance, no Oceanospirillales
representative have been previously shown to grow on methanol
as their sole source of carbon, but they can use TMAO
(Kube et al., 2013); the presence of mxaF-OTU related to
Oceanospirillales in our treatment suggest that some may also be
able to use methanol as a carbon source. This new capacities could
have been acquired through horizontal gene transfer of mxaF
between bacterial groups (Vuilleumier et al., 2009).

The growth of the specific winter methylotrophic population
was further assessed through FISH over the course of the
experiment. The enrichment of Methylophaga spp. observed at
the end of the experiment through 16S rRNA gene sequencing
was confirmed with FISH, showing a higher growth rate of
Methylophaga spp. in the treatments with methanol. Other γ-
and β-Proteobacteria methylotrophs grew faster in the treatments
with TMAO. This is also consistent with the sequencing results.
Overall, it appears that the change in the functional community
observed in winter, but not in summer, was related to the
enrichment of substrate specific methylotrophs. Nevertheless,
the final growth and production rates of these different TMAO
or methanol enriched populations were similar, suggesting a
functional redundancy of the substrate specific methylotrophic
populations.

Our results suggest that bacterial response to a pulse of C1
may be more important in less productive coastal waters. For
instance a pulse of methanol could occur during methanol rich
rainfalls (Felix et al., 2014; Mullaugh et al., 2015) more frequently
in winter. And similar response could be observed at the onset of
the spring bloom when waters are still carbon limited. But despite
the subsequent enrichment of substrate specific methylotrophic
populations their feedback on the marine carbon budget may
be similar due to their functional redundancy. Nevertheless, it

will be important to further study the effect of bacterial C1
drawdown and transformation, on air-sea fluxes as these will be
substrate-dependent and unrelated to functional redundancy.
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