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Summary

Marine microorganisms play a fundamental role in
the global carbon cycle by mediating the sequestra-
tion of organic matter in ocean waters and sedi-
ments. A better understanding of how biological
factors, such as microbial community composition,
influence the lability and fate of organic matter is
needed. Here, we explored the extent to which
organic matter remineralization is influenced by
species-specific metabolic capabilities. We carried
out aerobic time-series incubations of Guaymas
Basin sediments to quantify the dynamics of carbon
utilization by two different heterotrophic marine iso-
lates (Vibrio splendidus 1A01; Pseudoalteromonas
sp. 3D05). Continuous measurement of respiratory
CO,, production and its carbon isotopic compositions
('3*c and '*C) shows species-specific differences in
the rate, quantity and type of organic matter
remineralized. Each species was incubated with
hydrothermally-influenced versus unimpacted sedi-
ments, resulting in a ~2-fold difference in respiratory
CO, yield across the experiments. Genomic analysis
indicated that the observed carbon utilization pat-
terns may be attributed in part to the number of gene

Received 12 June, 2019; revised 15 October, 2019; accepted 19
November, 2019. *For correspondence. E-mail nagissa.mahmoudi
@mcgill.ca; Tel. (514) 398-2722; Fax. (514) 398-4680

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd.

copies encoding for extracellular hydrolytic enzymes.
Our results demonstrate that the lability and
remineralization of organic matter in marine environ-
ments is not only a function of chemical composition
and/or environmental conditions, but also a function
of the microorganisms that are present and active.

Introduction

Microbes are an integral part of the marine carbon cycle
and play a fundamental role in mediating the long-term
sequestration of organic carbon in ocean waters and sed-
iments. Through their metabolism and growth, heterotro-
phic microbes are key players in the transformation and
remineralization of organic matter to carbon dioxide
(COy). Factors governing the fate of organic carbon in
the ocean—either remineralizaton to CO, or
sequestration—remain underexplained. It is not clear why
certain compounds or pools of organic matter are readily
remineralized by heterotrophic microbes, while others
remain stable for millennial time scales (Middelburg et al.,
1993; Armndt et al., 2013). The lability or availability of
organic matter is dependent on intrinsic chemical and
physical factors such as the molecular size and structure
of the compounds as well as mineral content of the
matrix (Hedges et al., 2001; Rothman and Forney, 2007;
Schmidt et al., 2011; Lalonde et al., 2012; Estes et al,,
2019; Hemingway et al., 2019). However, it is becoming
increasingly recognized that the lability and transforma-
tion of organic matter is also influenced by biological fac-
tors such as microbial community composition (Carlson
et al., 2004; Glassman et al., 2018). Given that the lability
of organic matter appears to be context dependent, it is
difficult to disentangle the interplay between these factors
and, thus, elucidate the extent to which the taxonomic
and functional distribution of heterotrophic microbes influ-
ences the fate of carbon in the ocean.

Although there is a need for more experimental stud-
ies resolving the relationships between the lability of
organic matter and the metabolic capabilities of marine
microorganisms, these interactions are difficult to
assess using traditional microbiological and/or geo-
chemical approaches. Organic matter is one of the most
complex mixtures on Earth (Hedges et al., 2000), and
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microbes derive organic carbon from varied pools that
are heterogeneously distributed in space and time. Nat-
ural abundance stable carbon ('°C) and radiocarbon
(**C) isotopic analyses have become powerful tools for
deciphering the sources and ages of natural organic
matter consumed by microbes in complex environments
(e.g., Petsch et al.,, 2001; Pearson et al., 2008;
Mahmoudi et al., 2013a, 2013b; Whaley-Martin et al.,
2016). Heterotrophic microorganisms carry the same
A'C signatures and nearly the same &'3C signatures
as their carbon sources; therefore, the '*C and '“C sig-
natures of both microbial cellular components
(e.g., membrane lipids) and respired CO, can be used
to infer microbial utilization of isotopically distinct carbon
sources (Hayes, 2001). For example, A'C measure-
ments of bacterial lipids extracted from Beggiatoa mats
in Guaymas Basin (Gulf of California) showed that the
bacterial community was net heterotrophically consum-
ing hydrothermal petroleum-derived carbon (Pearson
et al., 2005) rather than autotrophically fixing carbon
from dissolved inorganic carbon (DIC) as had been
suspected. More recently, §'®C and A'C measure-
ments of CO, collected during laboratory incubations of
coastal sediment revealed that organic matter was
degraded in a sequential, step-wise manner by hetero-
trophic bacteria: small, phytoplankton-derived com-
pounds were degraded first, followed by petroleum-
derived exogenous pollutants, and finally by polymeric
plant material (Mahmoudi et al., 2017).

Here, we explore the extent to which the lability, and
ultimately, remineralization of organic matter is influenced
by species-specific metabolic capabilities of marine
microorganisms.

Using a novel bioreactor system, we carried out time-
series incubations of sterilized Guaymas Basin sedi-
ments with two different heterotrophic bacterial isolates.
The Isotopic Carbon Respirometer-Bioreactor (IsoCaRB)
system measures the production rate and natural isotopic
(A™C and §'3C) signature of microbially-respired CO, to
constrain the source and age of organic carbon that is
remineralized (Beaupré et al., 2016). We incubated sedi-
ments collected from on-axis (hydrothermal) and off-axis
(control) sites with two different gammaproteobacteria
(Vibrio splendidus 1A01 and Pseudoalteromonas
sp. 3D05) representing two heterotrophic marine bacteria
(Datta et al., 2016; Enke et al., 2018). Isotopic signatures
of the respired CO, showed selective utilization of differ-
ent organic matter pools by these two species, while
genomic analysis revealed that Pseudoalteromonas
sp. 3D05 contained substantially more copies of genes
encoding for extracellular hydrolytic enzymes, consistent
with its higher observed CO, production rates. These
results substantiate the idea that organic matter lability
and remineralization is not only a function of chemical

composition and/or environmental conditions, but also a
function of the microbes that are present and active in a
given environment.

Experimental procedures
Sampling sites

Guaymas Basin is a spreading centre located in the Gulf
of California with water depth of approximately 2000 m.
Sediments in this basin are rich in organic carbon due to
highly productive overlying waters and fast sedimenta-
tion rates (1-2 mm/yr). On-axis regions of the basin
experience magmatic heating, which transforms buried
sedimentary organic matter into petroleum hydrocar-
bons that are estimated to have an average radiocarbon
age of ~5000 years (Peter et al., 1991; Simoneit and
Kvenvolden, 1994). Hydrothermal alteration generates a
complex mixture of organic compounds that permeate
upward to the near-surface sediments, where it supports
diverse and abundant microbial life, including microbial
mats (Amend and Teske, 2005; Teske et al., 2014). The
total pool of sedimentary organic matter in Guaymas
Basin thus encompasses a wide range of potential
microbial carbon sources with distinct isotopic signa-
tures (Pearson et al., 2005), including petroleum hydro-
carbons, surface-derived phytoplankton material and
organic acids, allowing us to evaluate the lability of a
spectrum of organic compounds. Sediment samples
were chosen from on- and off-axis sampling locations in
order to have contrasting organic matter pools. Sedi-
mentary organic matter in on-axis areas would be
expected to contain a diverse mixture of hydrothermal
petroleum-derived organic compounds due to magmatic
heating whereas sedimentary organic matter from off-
axis areas would resemble more typical marine
sediment.

Previous work in Guaymas Basin has shown that oxy-
gen is quickly consumed at the sediment-water interface
such that sediments become anoxic within the upper few
millimetres (Winkel et al., 2014; Teske et al., 2016) and
are dominated by microbial groups involved in the anaer-
obic oxidation of methane, sulphate reduction and anaer-
obic degradation of hydrocarbons (Teske et al., 2002;
Dhillon et al., 2003; Biddle et al., 2012; McKay et al.,
2012; Dowell et al., 2016; Dombrowski et al.,
2017, 2018).

Sediment collection and preparation

Sediment cores were retrieved during dives with the
research submersible Alvin (Woods Hole Oceanographic
Institution) on a cruise to the Guaymas Basin in
December 2016. Sediment cores were collected from on-
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axis and off-axis sites (Supporting Information Table S2).
On-axis hydrothermal sediment cores (core 6 and 10)
were retrieved during Alvin dive 4871 on December
23, 2016. Temperatures for these hydrothermal sediment
cores (6.25 cm diameter; 9 and 20 cm long, respectively)
ranged from 3°C at the seawater interface to 60—90°C at
20 cm depth; they were strongly sulphidic and covered
with yellow Beggiatoa mats that strongly contrasted with
the olive-brown bare sediments surrounding the hydro-
thermal hot spot. Cool off-axis sediments were collected
from the northwestern ridge flanks of Guaymas Basin
during Alvin dive 4864 on December 15, 2016, on the
periphery of the °’Ringvent’ seep site (Supporting
Information Table S2). Specifically, the cores 4864-6 and
4864-7 (6.25 cm diameter; 20 and 18 cm long, respec-
tively) were taken 200 m apart and had an in-situ temper-
ature of 3-5°C as measured by the Alvin Heatflow probe,
matching the bottom water temperature; these cores
were suboxic, lacked microbial mats and matched the
general seafloor sediment appearance. The sediment
cores were returned to the ship within 2—4 h of sampling,
and the sediments were subsequently transported and
kept in sterile glass jars at 4 °C until the start of the
experiments.

The upper 0-10 cm of sediment cores were homoge-
nized and freed of carbonate species by titration to
pH 2-2.5 with 10% hydrochloric acid (HCI) in an ice
bath (Mahmoudi et al., 2017). Sediments were subse-
quently freeze dried and sterilized by gamma-irradiation
via a '®’Cs (radioactive caesium) source to receive a
total dose ~40 kGy. Gamma-irradiation has been shown
to minimize changes to the structure and composition
of natural organic matter compared to methods that
involve exposure to high temperature and pressure
(e.g., autoclaving) (Berns et al., 2008). Sediments were
confirmed to be sterilized as follows: First, sterilized
sediment was diluted in Tibbles-Rawlings (T-R) minimal
medium (see supplemental section for detailed recipe)
and plated onto Marine Broth 2216 (Difco #279110)
1.5% agar (BD #214010) plates to assess the growth of
any colonies. Second, since spores frequently grow
upon re-wetting (Kieft, 1987), several grams of sterilized
sediment were incubated in ~50 ml of in T-R minimal
medium for 5 days on a benchtop shaker and subse-
quently plated onto Marine Broth agar plates to observe
the growth of any colonies. In both cases, no colonies
were observed. Lastly, ~10 g of sterilized sediment was
incubated with 1 | of T-R minimal medium in the
IsoCaRB system under oxic conditions (20% O,) for
72 h; the concentration of CO, during this incubation
remained at baseline and the total quantity of collected
CO, was indistinguishable from the background of the
system indicating that no microbial respiration was
observed.
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Bacterial strains and culture conditions

Two model marine strains (Vibrio sp. 1A01 and
Pseudoalteromonas sp. 3D05) were previously isolated
from coastal ocean water samples (Canoe Beach,
Nahant, MA; 42°25'11.5" N, 70°54'26.0" W) for their abil-
ity to degrade complex substrates, specifically model chi-
tin particles (Datta et al., 2016; Enke et al., 2018). The
strains were inoculated from glycerol stocks into 10 ml of
liquid Marine Broth 2216 (Difco #279110) in a 125 ml
Erlenmeyer flask and incubated at room temperature with
shaking at 150 rpm. Upon reaching log-phase (5 h), cells
were transferred (2% inoculation) into 50 ml of T-R mini-
mal medium supplemented with 0.5% (w/v) N-
acetylglucosamine (Sigma-Aldrich #G4875) as a carbon
source and incubated ~12 h at room temperature and
150 rpm. Cells were transferred to 50 ml of fresh T-R
minimal medium supplemented with 0.5% (w/v) N-
acetylglucosamine until they reached a desired cell den-
sity of 5 x 108/ml. Cell density was monitored by measur-
ing optical density (OD) 600 nm, based on a calibration
curve between OD and colony forming units (CFUs).
Once cultures had reached the desired cell density,
50 ml of culture was harvested by centrifugation for
10 min at 3000 rom (Beckman Coulter Allegra X30-R
Centrifuge) and washed two times with T-R minimal
medium. The cell pellet was then resuspended in 1 ml of
T-R minimal medium and injected into the IsoCaRB sys-
tem using a 3 ml syringe (BD Biosciences # 309657) and
a 20-gauge needle (Sigma-Aldrich #Z192511).

Incubations in the IsoCaRB system

For each experiment, approximately 22 g (dry weight) of
decarbonated, sterilized sediment was incubated at room
temperature (~22°C) in a custom Pyrex vessel containing
2 | of T-R minimal medium. The slurry was continuously
stirred (90 rpm) under aerobic conditions to provide an
unlimited supply of O,. The sediment slurry was
subsampled every 12 h to track the number of viable
cells. Approximately 1 ml of sediment slurry was serially
diluted and 100 pl was plated in 10~ dilution in triplicate
on MB2216 agar plates using rattler beads (Zymo
#51001); colony forming units (CFU) were counted
after 72 h.

Details regarding the standard operating procedure for
the IsoCaRB system, including sterilization and assem-
bly, sample preparation, and CO, collection and purifica-
tion are described in Beaupré et al. (2016). Briefly, the
system is first purged of residual atmospheric CO, by
sparging with CO.-free helium for 48 h. Gas flow is then
changed to 100 mI min~" of 20% O, in helium approxi-
mately one hour prior to injection of the bacterial cells.
Respiratory CO, is carried to an online infrared CO,
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analyser (Sable Systems CA-10) where concentrations
are quantified in real time and continuously logged to a
desktop PC using a custom LabVIEW program (National
Instruments). This CO5 is continuously collected as suc-
cessive fractions in custom molecular sieve traps and
CO, is recovered from the traps by baking (600°C for
75 min) under vacuum within ~24 h of collection, cryo-
genically purified, quantified, and flame-sealed in Pyrex
tubes. Each experiment was allowed to proceed until
COs, concentrations reached near-baseline values.

Gaseous CO, concentration measurements were
corrected for baseline drifts and then rescaled to agree
with the higher precision manometric yields obtained from
the trapped CO, (Beaupré et al., 2016). These normal-
ized CO, concentrations were corrected for the con-
founding effects of mixing in the culture vessel
headspace and decreasing slurry volume (as described
in Mahmoudi et al., 2017) to calculate the rate of CO,
generation per unit volume of growth medium (ug C
I=" min~"), which serves as a proxy for the microbial CO,
production rate.

A total of six incubations were performed: one on-axis
and two off-axis samples for each of the two bacterial iso-
lates. The rate of microbial CO, production and CFUs/mI
between the replicate incubations of off-axis sediments
was highly reproducible for both isolates, and the total
quantity of respired CO, collected varied by less than
0.1 mg between replicate incubations (Supporting Infor-
mation Fig S2). Thus, CO, fractions from a single off-axis
incubation for each isolate were submitted for §'*C and
A™C to minimize costs.

Isotopic analysis of CO,

COs fractions were sent to the National Ocean Sciences
Accelerator Mass Spectrometry (NOSAMS) Facility at the
Woods Hole Oceanographic Institution. An aliquot of
each sample was split for '*C measurement, with the
remainder reduced to graphite (Vogel et al., 1987) for *C
measurement by accelerator mass spectrometry (AMS).
All isotopic data are corrected for background contamina-
tion associated with the IsoCaRB system (e.g., sparging
gases) and the T-R minimal medium (total ~35 pg C/day,
8'3C = 1.7%., A'C = —141%.) as described in Mahmoudi
et al. (2017). Stable isotope values (5'3C) are reported
versus the VPDB standard. Radiocarbon values (**C) are
reported in A'¥C notation, where A'C is the relative
deviation from the '“C/'2C ratio of the atmosphere in
1950 (Stuiver and Polach, 1977).

Genomic characteristics

The genomes of Vibrio sp. 1A01 and Pseudoalteromonas
sp. 3D05 were previously sequenced, assembled and

deposited in project PRUINA478695 by Enke et al., (2018)
(Supporting Information Table S3). The remineralization
of organic matter in marine environments is thought to be
largely dependent on the production of extracellular
hydrolytic enzymes, which initiate remineralization by
hydrolyzing substrates to sufficiently small sizes in order
to be transported across cell membranes (Arnosti, 2011).
The copy number of genes encoding for extracellular
hydrolytic enzymes was quantified by searching for puta-
tive genes in the annotated genomes for known classes
of hydrolytic enzymes using GENEIOUS PROv7.1. Sub-
sequently, identified genes were translated and assessed
using SignallP (v 5.0) to determine whether they con-
tained secretory signal peptides needed for extracellular
transport across the cell membrane (Nielsen et al., 1997;
Armenteros et al., 2019). Lastly, any genes involved in
the hydrolysis of polysaccharides were also searched in
the CAZy database (Cantarel et al., 2008) to confirm they
matched homologues of known hydrolytic enzymes.

Results
Microbial CO, production and carbon utilization

Incubation of sterilized on- and off-axis Guaymas Basin
sediment revealed a similar respiration pattern for both
species. CO, production rates rapidly increased with the
onset of the incubation and peaked within the first 12 to
20 h, gradually decreasing to near baseline values within
~4 days for the Vibrio sp. 1A01 and ~6 days for the
Pseudoalteromonas sp. 3D05 (Figs. 1 and 2). Likewise,
cell growth was observed to increase within the first 12 to
20 h, peaking at 1.2—2.1 x 10” CFU/ml (Supporting Infor-
mation Fig. S1). Following this initial growth phase, cell
densities remained steady at ~1 x 10’ CFUs/ml and
slightly decreased toward the end of the incubation
(Supporting Information Fig. S1 and Table S4).

Higher rates of CO, production were observed with
Pseudoalteromonas sp. 3D05 compared to Vibrio
sp. 1A01 in all cases. The maximum rates of CO, pro-
duction for Vibrio sp. 1A01 were 0.4 pg C L' min™" dur-
ing incubation with the on-axis sediment and 0.3 pg C
L~" min~" during incubation with the off-axis sediment
(Fig. 1), whereas Pseudoalteromonas sp. 3D05 had a
maximum rate of 0.5 and 0.4 pg C L™" min™" (Fig. 2),
respectively, for the equivalent incubations. Interestingly,
CO, production rates were higher for both species during
incubation with on-axis sediment, rather than the non-
hydrothermally active off-axis sediment. Our observed
microbial CO, production rates are likely higher than in
situ rates due to our experimental conditions.

To determine the source and age of organic matter
being remineralized by each species, successive CO,
fractions were collected for natural abundance isotopic
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Fig. 1. Microbial CO, production rates (grey line), §'*C and A'*C (circles) signatures of respired CO, observed during incubation of Vibrio
sp. 1A01 with (A) on-axis and (B) off-axis Guaymas Basin sediment. The width of each box spans the time interval during which each CO, frac-
tion was collected for isotopic analysis, with the corresponding data point plotted at the mid-point for each fraction.
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Fig. 2. Microbial CO, production rates (grey line), 8'3C and A'C (circles) signatures of respired CO, observed during incubation of
Pseudoalteromonas sp. 3D05 with (A) on-axis and (B) off-axis Guaymas Basin sediment. The width of each box spans the time interval during
which each CO, fraction was collected for isotopic analysis, with the corresponding data point plotted at the mid-point for each fraction.
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analysis (6'°C and A'“C). A total of four CO, fractions
were collected for the Vibrio sp. 1A01 incubations and
five CO, fractions for Pseudoalteromonas sp. 3D05 incu-
bations (Fig. 4; Supporting Information Table S5). The
duration of each fraction ranged from 15 to 48 h to
ensure that each fraction contained =0.5 mg of carbon. A
total of 2.3 mg and 1.7 mg of respired carbon was col-
lected during incubation of Vibrio sp. 1A01 with on- and
off-axis sediment, respectively. Approximately twice as
much respired carbon was collected during incubation of
Pseudoalteromonas sp. 3D05, with 4.6 and 3.3 mg col-
lected for on- and off-axis sediment.

Temporal trends in respired CO, §'3C values differed
between incubations with Vibrio sp. 1A01 and
Pseudoalteromonas sp. 3D05, confirming differential utili-
zation of organic matter by each species. For Vibrio
sp. 1A01, 5'3C signatures of CO, fractions became more
3C-enriched over time, ranging from —40 to —33%.
and — 39 to —28%. for on- and off-axis sediment, respec-
tively (Fig. 1; Supporting Information Table S5). In con-
trast, §'3C signatures of respired CO, fractions became
3C-depleted (=34 to —38%.) during incubation of
Pseudoalteromonas sp. 3D05 with on-axis sediment but
3C-enriched (—28 to —25%.) during incubation with off-
axis sediment (Fig. 2; Supporting Information Table S5).

The A™C signatures of respired CO, decreased with
time during all incubations, indicative of utilization of pro-
gressively older compounds. The A'™C signatures of
respired CO, fractions of Vibrio sp. 1A01 ranged from
—405 to —357%. and — 341 to —292%. during incubation
with on- and off-axis sediment (Fig. 1; Supporting
Information Table S5). For Pseudoalteromonas sp. 3D05,
A™C signatures of respired CO, fractions ranged from
—400 to —185%. and — 172 to —134%. during incubation
with on- and off-axis sediment (Fig. 2; Supporting
Information Table S5). The A'C signatures of respired
CO; fractions of Pseudoalteromonas sp. 3D05 were gen-
erally more positive (by ~150%.) than the equivalent frac-
tions of Vibrio sp. 1A01, indicating utilization of a greater
proportion of recently photosynthesized carbon such as
phytoplankton-derived material. Both species had lower
A™C signatures during incubation with on-axis sediment,
consistent with the utilization of hydrothermal petroleum-
derived carbon (A'¥C = —431 + 55%.; Peter et al., 1991;
Simoneit and Kvenvolden, 1994).

Extracellular hydrolytic enzymes

The genomes of both species contain multiple copies of
genes encoding for chitinases and peptidases, which are
involved in the degradation of chitin and proteins, respec-
tively (Fig. 3). Both species have a comparable number
of gene copies for chitinases, specifically, Vibrio sp. 1A01
had 5 gene copies and Pseudoalteromonas sp. 3D05

B Pseudoalteromonas sp. 3D05
@ Vibrio splendidus 1A01

cellobiase/cellobiosidase
xylosidase
glucosaminidase
glucosidase

peptidase

chitinase

0 10 20 30 40
gene copies

Fig. 3. Genomic features of isolates used for incubations with Guay-
mas Basin sediment. The total copy number of genes encoding for
known extracellular enzymes was determined from annotated
genomes. Gene sequences were translated and assessed using
SignallP (v 5.0) to determine whether they contained secretory signal
peptides needed for extracellular transport. Both Vibrio sp. 1A01 and
Pseudoalteromonas sp. 3D05 were found to have similar copy num-
bers of chitinases; however, Pseudoalteromonas sp. 3D05 was
found to have ~4 times more genes encoding for extracellular
peptidases.

had 7 gene copies. However, Pseudoalteromonas
sp. 3D05 has substantially more gene copies for extracel-
lular peptidases with a total of 30 copies whereas Vibrio
sp. 1A01 has 7 copies. In addition, Pseudoalteromonas
sp. 3D05 has a single gene copy encoding for a glucosi-
dase, which is involved in the degradation of complex
carbohydrates while Vibrio sp. 1A01 did not contain any
genes encoding for extracellular glucosidases.

Discussion

Resolving the mechanisms that control whether and/or
how organic matter is consumed by microbes is crucial
for understanding how carbon is processed and stored
in the ocean. Previous work using bottle incubations
with seasonally accumulated dissolved organic matter
(DOM) and natural seawater from different depths
observed differences in DOM degradation when this
same carbon pool was incubated with natural seawater
from contrasting depths (Carlson et al., 2004; Letscher
et al., 2015), which suggested that microbial community
structure is an important control on the remineralization
of organic matter. This is consistent with observations of
striking contrasts between water column and sedimen-
tary microbial communities in their use of high molecular
weight substrates such as polysaccharides (Arnosti,
2000, 2008); contrasts that extend to microbial commu-
nity composition (Teske et al., 2011; Cardman et al.,
2014). However, empirically testing the extent to which
the taxonomic and/or functional characteristics of micro-
organisms can give rise to differences in
remineralization is analytically challenging. Our study
leverages a novel bioreactor system to track and

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology



quantify the dynamics of carbon utilization by two differ-
ent marine isolates by continuously measuring CO, pro-
duction and carbon isotopes associated with the
remineralization of natural organic matter (Beaupré
et al., 2016). Using this approach, we observed species-
specific differences in the rate, quantity and type of
organic matter remineralized. Our results demonstrate
that the lability and remineralization of organic matter is
not exclusively affected by chemical and physical factors
but that it will also be dependent on the microbes that
are present and active in a given environment.

Species-level selectivity of organic carbon substrates

In addition to observing differences in remineralization
rates and yields between species, the observed trends in
isotopic signatures of respired CO, indicate differences in
the types of carbon compounds that were degraded by
each species (Fig. 4), thereby influencing the types of
carbon compounds left behind and the terminal carbon
storage. Given the diverse pools of sedimentary organic
matter available for microbial utilization, we attempted to
constrain the respective contribution of multiple carbon
pools to microbial respiration using a mass balance
model. Mass balance models are powerful tools for iden-
tifying biogeochemical sources and are frequently used
to resolve mixing of fractions in a sample based on the
measured isotopic value.

This approach required assumptions about potential
carbon sources and their associated isotopic signatures.
Identification of these sources is not simple, and source
compositions typically vary or even overlap, significantly
increasing uncertainty in calculated fractions. In some
cases, the assumed isotopic signatures are based on
previously measured or commonly accepted values,
while others were constrained through an iterative proce-
dure where the relative contributions of mixing fractions
are approximated over a given range of isotopic values to
estimate their isotopic bounds. Details on the assump-
tions and uncertainty associated with each end member
value can be found in the Supporting Information.

Sedimentary organic matter generally is believed to be
dominated by phytoplankton-derived organic compounds
(Wakeham et al., 1997; Burdige, 2007), especially in
locations with fast sedimentation rates and productive
overlying waters. In addition, previous measurements of
organic acids in Guaymas Basin sediment have found
high concentrations of acetate and propionate in por-
ewaters relative to other marine sediments (Martens,
1990), consistent with the notion that microbial
acetogenesis—and/or fermentation to low-molecular-
weight (MW) organic acids—is widespread in marine
sediments (Lever et al., 2010; Lever, 2012; He et al.,
2016). Marine sediments can also contain inputs of older
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(**C-depleted) carbon that can be derived from numerous
sources. Aged terrigenous organic matter, derived from
land plants, contributes significant organic matter to conti-
nental margin sediments (Raymond and Bauer, 2001;
SchefuB3 et al., 2016).

Because we cannot be certain of the exact source
and composition of this older carbon within our sedi-
ments, we simply refer to this end member as pre-aged
organic carbon (OC) in our mass balance model. How-
ever, in the case of sediments collected from on-axis
sampling locations, we assume that the pre-aged OC
endmember is dominated by hydrothermal-derived
petroleum compounds. Guaymas Basin is relatively
unusual in that it experiences magmatic heating, which
helps mobilize pre-aged carbon through the generation
of hydrothermal petroleum (Peter et al., 1991). This
petroleum eventually migrates vertically and dis-
charges at the sediment water interface where it is
readily used by bacterial communities (Pearson et al.,
2005). Previous studies have reported that surface
sediments in on-axis areas are rich in petroleum hydro-
carbons with concentrations comparable to those in
highly polluted and industrial areas (Simoneit
and Lonsdale, 1982; Kawka and Simoneit, 1990).
Thus, our mass balance model presumed three major
carbon sources: phytoplankton-derived compounds,
microbially-produced acetate and/or other fermentation
products, and pre-aged OC.

13 13
& CCOZ = fphyloplanktona Cphyioplankton
13
+ acetate/ferm ) Cacetate/ferm (1)

13
+ fpre—aged 8 Cpre—aged

14 14
A C002 =f phytoplanktonA Cphytoplankton
14
+1 acetate/ferm A Cacetate/ferm (2)

14
+ fpre—agedA Cpre—aged
1= fphytoplankton + facetate/ferm + fpre—aged (3)

where 6'3Cgp, and A'*Ccg, correspond to the measured
isotopic values of the respired CO,. The phytoplankton
end member was assumed to have a commonly
accepted 5'3C value of —22 + 1% (Coleman and Fry,
1991) and the A'™C was set to —12 +50%., after
accounting for the input of ’bomb carbon’ derived from
atmospheric testing of nuclear weapons in the 1950s and
1960s. For on-axis sediment incubations, the pre-aged
OC endmember was set to the previously measured
values of Guaymas petroleum oils (5'3C = —23 + 1%,
A™C = -431% +55%., Simoneit and Schoell, 1995;
Peter et al., 1991; Simoneit and Kvenvolden, 1994). For
off-axis sediment incubations, the §'3C value of pre-aged
OC endmember was set to —24 + 1%, based on previous

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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Fig. 4. Plot of stable carbon (5'°C) versus radiocarbon (A'*C) signatures of respired CO, collected from incubation of Vibrio sp. 1A01 and
Pseudoalteromonas sp. 3D05 with (A) on-axis and (B) off-axis Guaymas Basin sediment. Also shown are assumed &'°C values and A'*C values

for potential microbial carbon sources.

measurements of organic carbon in the Colorado River
(8"°C = =20 to —27%.; Daesslé et al., 2017), which feeds
directly into the Gulf of California, while the A'™C value
was set to —490 +50%. after iteratively constraining
potential ranges for this endmember. Previous studies
suggest that most of the acetate and/or other low MW
organic acids in marine sediments appear to be gener-
ated through heterotrophic rather than autotrophic
acetogenesis (Heuer et al., 2009; ljiri et al., 2010; Lever
et al., 2010), consistent with the idea that autotrophic
acetogens would be easily outcompeted by other
microbes (e.g., methanogens) in marine sediments due
to the very low energy yield of this metabolism (Lever,
2012). Thus, for the acetate and/or other fermentation
products endmember (referred to generically as acetate),
the 8'3C value was set to —44 + 1%, for both on- and off-
axis sediment incubations, based on the expected frac-
tionation in heterotrophic acetogenesis that would yield

acetate depleted in '3C by ~19.5%. (Freude and Blaser,
2016), relative to the initial organic carbon pool. For the
on-axis sediment incubations, we constrained the ranges
of possible A'C signatures and set the A'*C value of
acetate to —400 +50%., which suggests hydrothermal-
derived petroleum compounds are the likely source of
substrates for fermentation. For the off-axis sediment
incubations, we set the A'*C value of this carbon pool to
—226 +50%., which reflects the measured value for the
total organic carbon pool and assumes that it represents
the average material being fermented. Fractional contri-
butions (fs) and their uncertainties were estimated as the
means and standard deviations of solutions to
Equations 1-3, which were solved by Monte Carlo
resampling (10,000 times) with normally distributed
pseudo-random noise added to each isotope measure-
ment (A'*C + 50 %o; 8'C + 0.5 %.) and end-member iso-
topic signature.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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Assuming that these are the primary sources of carbon
available in the sediment, we predicted the fractional utili-
zation of all three sources for each species using this
mass balance model, including which pools were prefer-
entially respired at different times of the incubation
(Fig. 5). Vibrio sp. 1A01 was found to respire CO,
derived primarily from acetate and pre-aged
OC. Specifically, acetate was a dominant initial carbon
source, accounting for 82% and 75% of all respired CO,
during the first day of incubation with on- and off-axis
sediment, respectively. The relative contribution of ace-
tate to respiration decreased with time for Vibrio sp. 1A01
and concurrently there was increased utilization of pre-
aged OC such that it accounted for 50% and 60% of all
respired CO, during the last day of incubation with on-
and off-axis sediment, respectively. This trend may be
due to progressive consumption of the acetate pool since
it was so heavily utilized early on. Pseudoalteromonas
sp. 3D05 respired all three carbon sources with different
trends observed during incubation with on- versus off-
axis sediment. During incubation with on-axis sediment,
there was substantial utilization of acetate such that 50%
to 77% of all respired CO, was derived from this pool
throughout the duration of the experiment. Similarly, pre-
aged OC was utilized by Pseudoalteromonas sp. 3D05
over the course of the on-axis incubation; however, it
remained a minimal carbon source and never accounted
for more than ~30% of respired CO,. Interestingly,
Pseudoalteromonas sp. 3D05 derived a substantial por-
tion (41%—56%) of all respired CO, from phytoplankton-
derived material early in the incubation with on-axis sedi-
ment; in contrast, there was limited utilization (<20%) of
this pool by Vibrio sp. 1A01. This contrast was more evi-
dent during incubation with off-axis sediment where
phytoplankton-derived material was the predominant car-
bon source for Pseudoalteromonas sp. 3D05, accounting
for ~60% of all respired CO.. The remainder of its carbon
was derived from a mixture of both acetate and pre-aged
OC whose contributions to respired CO, over time
decreased and increased, respectively.

The results of the mass balance model reveal
unique trends in carbon utilization between species.
Both species readily consume acetate (or other low-
molecular-weight fermentation products) as a carbon
source. This is consistent with expectations, given that
acetate is an energetically rich compound that is labile
and readily accessible to bacteria. The heavy con-
sumption of acetate by Vibrio sp. 1A01 may be due to
the fact that it has more limited hydrolytic capabilities,
which are likely required to access other carbon pools;
in contrast, Pseudoalteromonas sp. 3D05 readily uti-
lized substrates from all carbon pools particularly
phytoplankton-derived carbon. Given that proteins are
a major component of phytoplankton cells (25%—50%;

Emerson and Hedges, 2008) and phytoplankton-
derived carbon pools in degraded marine sediments
are believed to be protein-rich (Cowie and Hedges,
1984), it would be expected that compounds within
this pool need to be degraded extracellularly before
being transported into bacterial cells. Likewise, we
found that Pseudoalteromonas sp. 3D05 contained ~4
times more genes copies for extracellular hydrolytic
peptidases compared to Vibrio sp. 1A01, consistent
with its greater fractional reliance on carbon pools
comprised of larger substrates.

Microbial controls on organic matter remineralization

While much is known about how abiotic conditions and
intrinsic  chemical properties may limit  the
remineralization of organic matter, the extent to which
this process may be influenced by microorganisms are
just beginning to be explored. A greater understanding of
the microbial characteristics or traits that affect
remineralization will improve our ability to predict the fate
of organic carbon in marine ecosystems. A large propor-
tion of organic matter, particularly in marine sediments, is
macromolecular and physically too large to be utilized
directly by microbes. Some heterotrophic microbes have
evolved the ability to produce extracellular hydrolytic
enzymes to catalyse the degradation of larger com-
pounds (typically >600 Da) into smaller, more soluble
substrates (Weiss et al., 1991). These hydrolytic
enzymes are secreted and function outside of the cell
thereby allowing these heterotrophs to access and utilize
more complex compounds. Previous studies have
detected extracellular hydrolytic enzymes in Guaymas
Basin sediments using fluorogenic assays (Hoarfrost
et al., 2017) and metagenomics (Dombrowski et al.,
2017). The activities and structural specificities of these
hydrolytic enzymes influence the quantity and types of
compounds that can be readily transformed and assimi-
lated into biomass versus the fractions that remain intact
(e.g., Meyer-Reil, 1991; Hoppe, 1993). Thus, extracellular
hydrolytic enzymes are often considered to be a rate-
limiting step in the carbon remineralization process in
marine environments (Arnosti, 2011). Similarly, the pro-
duction of extracellular hydrolytic enzymes has been pro-
posed to be a key microbial trait with respect to the
decomposition of litter in soils (Schimel and Weintraub,
2003; Fontaine and Barot, 2005; Moorhead and
Sinsabaugh, 2006; Allison et al., 2010; Allison, 2012).
Our results suggest that extracellular hydrolytic
enzymes may be a key trait when considering the lability
and remineralization of natural organic matter in marine
sediments. Moreover, gene dose (i.e., the number of gene
copies for a given enzyme) has been suggested to play a
key role in dictating the hydrolytic power of a strain (Enke

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology



et al., 2018). In our study, we observed that greater hydro-
lytic power not only allowed Pseudoalteromonas sp. 3D05
to more readily access a protein-rich carbon pool, but also
led to substantially more total organic matter being
remineralized (higher total CO, production by this strain).
However, it may be possible that these observations are
due to physiological differences in terms of cellular alloca-
tion and utilization of carbon substrates rather than solely
hydrolytic power. Further analyses are needed to quantify
these hydrolytic enzymes during our incubations in order
to confirm their expression and activity. Nevertheless, our
results support the notion that extracellular hydrolytic
enzymes may be an important microbial trait when consid-
ering the quantities and types of organic matter that are
accessed and consumed by heterotrophs.

Although the ability to produce and secrete hydrolytic
enzymes is an ecologically important metabolic trait, the
range of species that can produce these hydrolytic
enzymes is narrow and often limited to a minor fraction of
heterotrophs in complex communities (Langenheder
et al., 2006; Logue et al., 2016). Consequently, the ability
to produce hydrolytic enzymes is thought to be a func-
tionally dissimilar trait, rather than functionally redundant
(Rivett and Bell, 2018). This implies that differences in
microbial community composition will result in variations
in carbon remineralization rates independent of environ-
mental conditions. For example, the addition of high-
molecular weight DOM to seawater mesocosms prepared
from distinct water masses led to increased extracellular
hydrolytic activity as well as growth of ’‘rare’ OTUs
(Balmonte et al., 2019). Moreover, the spectrum of active
enzymes detected in these mesocosms varied consider-
ably, which suggested that the substrates that would
have been consumed also differed among communities.
The metabolic factors that lead to the expression and
function of hydrolytic enzymes in marine environments
are mostly matters of speculation. Studies suggest that
inter-species interactions and cell numbers (Krupke et al.,
2016; Cezairliyan and Ausubel, 2017) can influence the
expression of these enzymes. Future work is needed to
determine the precise mechanisms, which control the
production of hydrolytic enzymes in order to resolve the
microbial controls on the marine carbon cycle.

Uncovering the microbial mechanisms that drive bio-
geochemical processes in marine sediments is essential
for understanding the global carbon cycle. Previous
observations have revealed that the preservation of
organic matter in sediments is not constant and that deg-
radation rates can vary significantly in space and time
(Canfield, 1994; Arndt et al., 2013). The extent to which
the fate of organic matter is influenced by the functional
capabilities of microbes only beginning to be explored.
Our study directly demonstrates that organic matter
remineralization can vary among heterotrophic microbes

microbial remineralization in marine sediments 11

such that the lability and fate of organic matter should
depend on the microbes that are present and active in a
given environment. These results support the emerging
view that the lability of organic matter is shaped by com-
plex biological, geochemical and physical forces that vary
among environmental systems.
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