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Elevated heterotrophic activity in Guaymas
Basin hydrothermal plumes influences deep-
sea carbon cycling

Andrew Montgomery 1, Guang-Chao Zhuang 1,6, Zhichao Zhou 2,
Marguerite V. Langwig2,3, María del Carmen Millán-Motolinía 4,
Hannah Y. L. Choi1, Kimberley S. Hunter1, Carlos A. Mortera-Gutiérrez4,
Christelle Hyancinthe 1, Zachary Marinelli1, Karthik Anantharaman 2,
Andreas Teske 5 & Samantha B. Joye 1

Deep-sea hydrothermal plumes are characterized by chemoautotrophic pro-
duction fueled by the oxidation of reduced inorganic substrates. Recently,
organic carbon cyclingwasproposed, but themetabolic fateof organic carbon
is unconstrained. Here, we investigate organic carbon metabolisms in and
around a hydrothermal plume to constrain the impacts of hydrothermal vents
on deep-sea carbon cycling. Acetate and methanol are detected throughout
the water column and are rapidly metabolized in Guaymas Basin waters. Het-
erotrophic production, up to 7.69 µgC L−1 d−1, greatly exceeds chemoauto-
trophic production. Relative to shallow water, elevated microbial activity
coincides with a distinct plume signature, indicating that microbial commu-
nities respond quickly to hydrothermal inputs. Metatranscriptomic analysis of
functional genes for heterotrophic metabolisms implicates Gammaproteo-
bacteria and diverse heterotrophs in hydrothermally-sourced organic carbon
degradation. Our results illustrate that organic carbon is differentially cycled
within hydrothermal plumes, suggesting that hydrothermal inputs profoundly
impact heterotrophic activity in the deep sea.

Hydrothermal discharge occurs along divergent plate boundaries
across the global ocean. Superheated, deeply sourced fluids flow
through geologic strata, driving geochemical reactions and generating
site- or regionally-specific chemical signatures of hydrothermal fluids.
These hot fluids mix with overlying seawater upon discharge, creating
a dynamic chemical environment that fuels vibrant microbial
communities1–3. Hydrothermal plumes are propelled upward and
outward in the overlying water column as they move toward natural
buoyancy, and the chemicals sourced from plumes can potentially
affect seawater composition on a global scale4. Because of their

outsized impact on the deep sea, studying hydrothermal plumes can
improve our understanding of global biogeochemical cycles.

Chemoautotrophic metabolism is a hallmark of hydrothermal
systems; fixation of inorganic carbon coupled to the oxidation of
reduced energy-rich substrates forms the baseof the foodweb, driving
the proliferation of free-living microbial communities5 and microbe-
animal symbioses6,7. Many metatranscriptomic-based studies have
demonstrated active cycling of sulfur, carbon, hydrogen, and trace
metals by the metabolically versatile microbial community in hydro-
thermal plumes4,8–13. These energy-yielding oxidation reactions
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support dark chemoautotrophic carbon fixation in hydrothermal
plumes14–16 at rates that rival light-driven carbon fixation rates in the
surface ocean17. Hydrothermal plumes are known to be deep-sea hot-
spots for chemoautotrophic production.

Heterotrophic metabolisms have received much less attention
in hydrothermal plumes. Given the abundance of organic carbon
that has been detected18,19, and the diversity of the microbial com-
munities in these plumes, heterotrophic organic matter cycling is
likely significant. Previous studies demonstrated that heterotrophic
bacteria (e.g., Alpha-, Delta-, and Gammaproteobacteria) are tran-
scriptionally active in plumes20–22, and that carbohydrates are
hydrolyzed enzymatically23. For example, Gammaproteobacteria in
hydrothermal plumes actively expressed genes associated with the
metabolism of organic sulfur, C-1 compounds, and hydrocarbons13.
A recent model suggested heterotrophic production in plumes
could support fixation of 0.05 GtC y−1 of biomass carbon and thus be
a significant contributor to deep-sea carbon cycling24. However,
direct measurements of plume organic matter degradation have not
been performed, and the contributions of heterotrophs to plume
carbon cycling remain unconstrained.

The Guaymas Basin in the Gulf of California is an end-member
hydrothermal system where magmatic sill intrusions propagate heat
through thick layers of overlying diatomaceous, organic-rich sedi-
ments, creating unique and intense fluid discharges25. Discharging
hydrothermal fluids are enriched with methane and higher alkanes,
low-molecular weight organic carbon compounds, and complex
hydrocarbons, including petroleum, that could support diverse het-
erotrophic microbial metabolisms19,26–31. Metatranscriptomic data
from a Guaymas Basin plume showed high transcriptional activity of
diverse taxa, including Thioglobaceae, Nitrososphaerota, and
SAR3249. High oxidation rates of inorganic substrates, such as
ammonia and manganese (II), occur in Guaymas Basin hydrothermal
plumes, illustrating the importance of chemoautotrophy32,33. Recent
studies have also revealed the microbes mediating organic matter
cycling in these hydrothermal plumes through meta-omics
approaches12,13,20,22,34. However, to fully understand the impact of
hydrothermal plumes on carbon cycling, genomics data must be
merged with data describing in situ chemistry and microbial activity.

Contemporaneous assessment of metabolic activity and -omics
characterizations in hydrothermal plumes are rare, thus limiting our

understanding of ocean biogeochemistry in general. Since chemoau-
totrophic and heterotrophic processes can occur simultaneously,
assessing both suites of processes could offer a newperspective on the
microbial ecology of deep-sea hydrothermal plumes. Documenting
howmicrobial communities respond to the rapidly changing chemical
regimes in hydrothermal plumes could illuminate the effects of
hydrothermally derived energy sources on deep-sea microbial
ecology.

We used an interdisciplinary approach to investigate the influence
of hydrothermal discharge on carbon cycling in a Guaymas Basin
hydrothermal plume. Here, we present direct measurements of
organic carboncycling in a hydrothermal plume, demonstrating awide
range of heterotrophic potential in these systems. We sampled the
water column above a hydrothermally active area and captured the
signature of a rising hydrothermal plume. To obtain a functional
understanding of the hydrothermal plume, we described the chemical
regime, constrained microbial activity using radiotracer techniques,
and merged those data with functional gene abundance data. Metha-
nol and acetate were considered primary organic substrates for het-
erotrophic production, and we also measured rates of bicarbonate,
naphthalene, hexadecane, and methylamine metabolisms. The results
show that organic carbon was rapidly oxidized and assimilated in
plumes, underscoring the importanceof heterotrophicmetabolisms in
hydrothermally impacted waters and their contribution to deep-sea
carbon cycling.

Results & Discussion
Hydrothermal plume signature
We generated biogeochemical profiles directly in and above a hydro-
thermal plume and at an adjacent non-plume site near Cathedral Hill25

in the Guaymas Basin (Fig. 1A and B, water depth ~2000 m). Tem-
perature profiles were nearly identical at both sites, ranging from22 °C
near the surface to <4 °C below 1000m (Fig. 1C and Fig S1). Deviations
in temperature and beam transmission during CTD rosette deploy-
ment were used to confirm the presence of a hydrothermal plume in
real-time. The in-plume site was characterized by temperature
anomalies, up to 0.5 °C, and turbidity spikes more than 200m above
the seafloor (Fig. 1C). No temperature or turbidity anomalies were
observed at the non-plume site (Fig. S1). During HOV Alvin Dive 5000,
the hydrothermal fluids discharging from the vent orifice were

Fig. 1 | Guaymas Basin site maps and CTD profile of the in-plume site. Regional
map of the Gulf of California (A) denoting Guaymas Basin, local bathymetrymap (B)
of each site sampled, and hydrographic profile (C) from the in-plume site at
Cathedral Hill. The regional map shows the Gulf of California and Eastern Tropical
NorthPacific. For (B) theplumeandnon-plume sites aremarkedwhere sampleswere

collected and the Cathedral Hill and Big Pagoda sites from Teske et al., 2016 are
labeled for reference. The Big Pagoda site where themultibeam sonar data depicted
in Figure S2 is from, is located approximately 300m west of the primary Cathedral
Hill site. The inset on theCTDplot shows thedeepest 250mof the cast with adjusted
axes for clarity. The CTD source data are provided as a Source Data File.
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shimmering, which can reflect temperatures above 300 °C35. The
temperature of the seawater several meters above the hydrothermal
edifice, measured with the HOV Alvin onboard CTD, was ~40 °C, illus-
trating the mixing of hydrothermal fluids with bottom water.

Chemical signatures in the water column further supported the
presence of a hydrothermal impact at the in-plume site compared to
the non-plume site. Ammonium concentrations ranged from below
detection to 25 µM at the vent orifice and were mildly elevated, from
0.6 to 6.3 µM in the plume (Fig. 2A and Supplementary Data 1). In
contrast, ammoniumconcentrations did not exceed 0.4 µM in the non-
plume cast. At the in-plume site, dissolved organic carbon (DOC)
concentrations ranged from69-119 µMin thedeepest 25mof thewater
column, while concentrations were less than 55 µM in the same depth
range at the non-plume site (Fig. 3). Across three research expeditions
spanning four years (2016-2019), Guaymas Basin DOC concentrations
ranged from40 µMto 11,140 µM indeep-water samples and the highest
concentrations wereobserved in samples collectedwith theHOVAlvin
directly at a vent orifice (Fig. 3). From the in-plume cast, the high-
est DOC concentration (119 µM) occurred in conjunction with a
temperature and turbidity spike ~12m above the seafloor (Figs. 1C
and 3). Ammonium and DOC concentrations were significantly
higher in the plume than in the non-plumecast (SupplementaryData 8;
p-value < 0.05), suggesting a hydrothermal origin of these con-
stituents. Hydrothermally-altered organic matter in Guaymas Basin
sediments discharged in the plume could support diverse hetero-
trophic metabolisms in the overlying water column.

The observed differences inmethane concentrations between the
two sites were even more drastic. At the vent orifice, the methane
concentration was 384 µM, amongst the highest methane concentra-
tions reported for marine waters, and five orders of magnitude higher
than the methane concentration in the deepest waters at the non-
plume site (Fig. 2B). Elevated methane concentrations persisted up
through the water column to a depth of 1690m (310m above the
seafloor) and were significantly higher (p-value < 0.05; by at least a
factor of 10) than any of the non-plume methane concentrations in a
comparable depth range (Fig. 2B and Supplementary Data 8). The
highest methane concentrations were observed in the deepest sam-
ples and concentrations decreased steadily upwards away from the
plume source as the hydrothermal fluids were diluted until typical
background values (<10 nM) were reached ( ~ 1300m above the sea-
floor; Fig. 2B). Since methane is a dominant constituent of Guaymas
Basin hydrothermal fluids, elevated concentrations in the water col-
umn capture the plume signature32,36.

As heated hydrothermal fluids rise through the water column,
turbulent mixing entrains the surrounding seawater and dilutes the
hydrothermal signature. This mixing disperses reduced compounds
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Fig. 2 | Water column chemistry. Depth profiles of ammonium (A), methane (B), methanol (C), and acetate (D) concentrations from the in-plume cast, non-plume cast,
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that can fuel microbialmetabolisms37. A computational fluid dynamics
model indicated that scalar concentrations of chemical species in the
plume can be diluted to less than 10% of the source fluid composition
almost immediately after exiting the vent38. However, even with dilu-
tion, the acoustic signature of plumes is detectable more than 1600
meters above the seafloor using a multibeam echosounder (Fig. S2),
even if the thermal and chemical signatures have dissipated. It is dif-
ficult to confirm whether the in-plume samples represent the core of
the plume or somewhat diluted peripheral fluids adjacent to the more
concentrated core. However, temperature and turbidity anomalies, in
conjunctionwith significantly elevatedDOC,methane, and ammonium
concentrations, indicate that we successfully targeted the Cathedral
Hill hydrothermal plume.

Intense heating in Guaymas Basin sediments and, to some degree,
subsequent microbially-mediated cycling of sedimentary organic
matter, supply the overlying waters with labile organic carbon, such as
acetate, oligosaccharides, hydrocarbons like methane, and other
reduced substrates19,35. These energy-rich compounds can fuel a broad
arrayof chemoautotrophic and potentially heterotrophicmetabolisms
in the deep sea. Therefore, we sought to constrain the extent and
magnitude of organic carbon cycling within hydrothermal plumes.

Dynamics of methanol and acetate in the Guaymas Basin
water column
We report measurements of methanol concentrations in hydro-
thermally impacted waters, which ranged from below detection to
8.4 µM (Fig. 2C). Most methanol measurements were below detection
(0.2 µM), and there was no significant difference between sites.
Methanol concentrations increased from 0.43 µMat the vent orifice to
8.4 µM~ 12m above the seafloor at the in-plume site; this is the highest
methanol concentration reported for marine waters.

Acetate concentrations ranged from 3 to 8.9 µM and were rela-
tively uniform throughout the water column (Fig. 2D). Shallower
waterswere slightly enriched relative todeeperwaters, and thehighest
concentration was observed 25m above the seafloor at the in-plume
site. Subtle differences between the two casts in shallower waters
could reflect organic carbon cycling in surface waters and/or the
mesopelagic anoxic zone (Fig. 1C). Acetate andmethanol are produced
during organic matter degradation in Guaymas Basin sediments28,31,
and the discharge of hydrothermal fluids enriches the deep sea with
these substrates. Hydrothermal fluids are quickly diluted upon dis-
charge into the water column and observed differences in acetate and
methanol concentrations likely reflect temporal variability in source
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fluid composition, physical mixing, or rapid organic matter degrada-
tion upon initial discharge.

In the Guaymas Basin water column, the metabolism of all carbon
substrates measured was rapid, underscoring that labile organic car-
bon can act as a carbon and energy source for plume microbial com-
munities (Fig. 4). Methanol and acetate metabolism was observed
throughout the water column in both casts and generally, the vent
orifice sample, where hydrothermal fluids were minimally diluted,
supported the highest rates (and rate constants) for both substrates
(Fig. 4A, B–E, F). Turnover constants for methanol oxidation ranged
from 0.0013 to 0.092 d−1 and 0.0006 to 0.25 d−1 at the non-plume and
in-plume sites, respectively (Supplementary Data 3). The maximum
turnover constant was observed at the vent orifice and corresponded
to a rate of 108 nmol L−1 d−1 (Fig. 4A and Supplementary Data 2) based
on the in situ methanol concentration (0.43 µM, Fig. 2C). These values
are comparable to values previously reported formethanol turnover in
the Atlantic Ocean and the Gulf of Mexico39–41.

Metagenomic and metatranscriptomic analysis of functional
genes from additional plume sites and a background site revealed
diverse taxa capable of metabolizing methanol in the Guaymas Basin
(Fig. 5A). Metatranscriptomic data indicated that genes encoding
methanol dehydrogenase (e.g., xoxF), the enzyme that oxidizes
methanol to formaldehyde42, was transcribed by three Gammapro-
teobacteria lineages (Methylococcales, Betaproteobacteriales, and
UBA4486) in the water column (Fig. 5B). Members of the Methylo-
coccales order are methanotrophs and leverage methanol dehy-
drogenase for aerobic methane oxidation. Elevated transcriptional
activity of xoxF by Methylococcales (Fig. 5B) points to the importance
of aerobic methanotrophy in Guaymas Basin hydrothermal plumes. In
contrast, members of the Betaproteobacteriales belonging to the
Methylophilaceae family are obligate methylotrophs that assimilate
methanol via the ribulose monophosphate pathway43. Transcripts
associated with this pathway (e.g., 3-hexulose-6-phosphate synthase)
were highly transcribed in theplume andmapped toMethylophilaceae,
indicating this group plays a role inmethanolmetabolism.Much less is
known about the UBA4486 group, but a recent study suggested they
are facultative methylotrophs44. The transcriptional activity of xoxF
associated with UBA4486 was higher than the Methylophilaceae, sug-
gesting UBA4486 may contribute significantly to methanol cycling in
Guaymas Basin plumes.

Acetate oxidation turnover constants fell within a comparable
range to methanol oxidation, ranging from 0.0028 to 0.052d−1 and
0.00042 to0.064 d−1 at the non-plumeand in-plume sites, respectively
(Supplementary Data 3). These turnover constants corresponded to
oxidation rates ranging from 12.6 to 367.4 nmol L−1 d−1 (Fig. 4B and
Supplementary Data 2). Maximum rates were observed in surface
waters, but acetate oxidation was also high at the vent orifice
(235.8 ± 60.8 nmol L−1 d−1). The injection of acetate produced in the
subsurface primes the plume for elevated oxidation rates. Addition-
ally, the strong correlation between acetate oxidation and tempera-
ture (Fig. 6) and the highest turnover constant being observednear the
vent orifice (Supplementary Data 3, in situ temperature ~40 °C) indi-
cated that temperature and, by extension, hydrothermal fluid input is
an essential factor regulating acetatemetabolism in theGuaymasBasin
water column.

Acetate metabolism is initiated by the production of acetyl-CoA
either by ligationof acetate and coenzymeAor catalyzedby the acetyl-
CoA synthetase enzyme. This process is associated with the acetate
kinase-phosphate acetyltransferase pathway45 and the citric acid
cycle46. The genes encoding these enzymes were actively transcribed
in the Guaymas Basin water column and implicated the role diverse
heterotrophic bacteria in acetate metabolism (Fig. 5B and Fig. S3). The
acetyl-CoA synthetase gene (encoded by acs) was transcribed by 17
unique classes in the Guaymas Basin water column, and most tran-
scripts were associated with the Gammaproteobacteria (Fig. 5). Simi-
larly, transcription of the citrate synthase gene was widespread and
was the most transcribed gene by the Gammaproteobacteria (Fig. 5B).
This group was also implicated in amino acid and carbohydrate
metabolism (Fig. S3). Members of the Gammaproteobacteria are
metabolically versatile, emphasizing the role this group plays in
organic carbon cycling in the Guaymas Basin and other hydrothermal
vent ecosystems47.

The availability of energy-rich organic substrates in the water
column supports a diverse microbial population engaged in multiple
metabolic pathways that drive dynamic carbon cycling in the water
column. This environment promotes sustained microbial activity
across taxa, as is reflected in the consistent transcriptional levels
observed between the in-plume and non-plume sites (Fig. 5B and Fig.
S3). This pervasive response indicates a basal level of metabolic
readiness within the water column that allows the microbial
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community to respondquickly to changes in substrate availability. The
Gammaproteobacteria exemplify this adaptability since they exhibit
rapid growth rates when responding to environmental perturbations,
including increased availability of organic matter or internal recycling
of carbon48,49. These capabilities drive the high relative abundance of
the Gammaproteobacteria (Fig. 5) and support their dominant role in
acetate and methanol metabolism, and drive elevated heterotrophy
within the Guaymas Basin water column.

Heterotrophic production from methanol and acetate
Heterotrophic methanol and acetate assimilation into biomass were
also detected in Guaymas Basin waters. Assimilatory turnover con-
stants ranged from below detection to 0.25 d−1 for methanol, while
acetate assimilation ranged up to 0.09 and 0.014 d−1 at the in-plume
and non-plume sites, respectively (Supplementary Data 5). Maximum
turnover constants for both substrates were observed near the vent
orifice where hydrothermal inputs are minimally diluted, and DOC
concentrations were elevated (Fig. 3). The maximum methanol
assimilation rate (30.4 ± 5.7 nmol L−1 d−1) was observed 12m above the
seafloor where the highest methanol concentration was observed
(Fig. 4E and Supplementary Data 4).

Acetate assimilation was significantly higher at the in-plume
site (Supplementary Data 8) and was positively correlated with
temperature, and DOC and ammonium concentrations (Fig. 6).
Acetate assimilation was highest at the vent orifice (314.6 ± 11.4 nmol
L−1 d−1) and was below detection in the deepest sample at the non-
plume site. Acetate supplied by the venting fluids could support
this difference. However, warmer temperatures and other hydro-
thermal constituents from the venting fluids may have indirectly
stimulated acetate metabolism at the vent orifice, especially
since acetate was uniformly present throughout the water col-
umn (Fig. 3D).

While methanol and acetate were readily oxidized for energy
conservation, heterotrophic uptake of these substrates was often
comparable to or higher than oxidation rates. For example, acetate

assimilation accounted for 59% of the total uptake (sum of oxidation
and assimilation) at the vent orifice, while methanol assimilation
accounted for 85% of total uptake 12m above the seafloor (Table 1).
Elevated assimilation and oxidation of these substrates aremaintained
by temperature anomalies near the vent and the injection of hydro-
thermally derived DOC (Fig. 3) into the deep sea. Additionally,
ammonium supplied from the vent (Fig. 2A) could support elevated
methanol assimilation (and oxidation). Ammonium addition sup-
ported higher rates of methanol assimilation in the Gulf of Mexico41.
Our results indicated that microbial populations inhabiting the deep
waters near Guaymas Basinhydrothermal vents can quickly respond to
organic carbon inputs for energy conservation and biomass
production.

Thedischargeof hydrothermalfluids fromvents directly connects
the subsurface with plumes and overlying water column, delivering
elevated concentrations of DOC19 and other biologically relevant ele-
ments to deep waters across the basin (Fig. 3 and Supplementary
Data 1). This discharge influences biogeochemical cycling and shapes
the deep-sea microbial community50. The microbial population that
responds to these inputs and ultimately becomes entrained in the
plume originates from the water column rather than the seafloor9,
meaning they respond to hydrothermal inputs after discharge from
the vent. Themicrobial response timemust be rapidbecause the rising
velocity of hydrothermal fluids is fast, causing immediate and con-
tinuous dilution of the hydrothermal signature51. Residence times in
the rising plumemay be less than 1 hour37. However, our data contrast
with previous models, which suggest microbial activity in the plume is
insignificant37,38. Instead, we demonstrate that the deep-sea microbial
community responds quickly to organic carbon input from hydro-
thermal sources. This response drives the high rates of activity
observed near the vent orifice and contributes to the biogeochemical
signature of the entire basin. Taken together, this suggests the
microbial community near the vent orifice responds rapidly to the
input of organics, which contributes to the high rates of heterotrophy
observed in this study.
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Fig. 6 | Spearman’s Rho rank correlation coefficients of relationships between biogeochemical parameters and rate measurements. Stars represent relationships
that were statistically significant (p-value < 0.05). Turnover refers to turnover constants. Raw data and correlation statistics are provided as a Source Data file.
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Comparison of inorganic carbon fixation and heterotrophic
plume production
To explore the dynamics of heterotrophic and autotrophic metabo-
lisms in theGuaymasBasinwemade contemporaneousmeasurements
of dark carbon fixation and heterotrophic carbon assimilation rates.
Dark carbon fixation rates ranged from 0.002 to 5.12 µgC L−1 d−1, with
themaximumactivity observed at the vent orifice (Table 2 and Fig. 4G).
Inorganic carbon fixation rates were comparable to rates measured at

the Galápagos rift vents52. Highly reduced inorganic substrates are
energy sources for chemoautotrophic production in hydrothermal
plumes53.Weobserved ammoniumconcentrations up to 25 µM(Fig. 2A
and Supplementary Data 1) at the in-plume site, which could support
ammonia oxidizing Nitrososphaerota (formerly Thaumarchaeota) in
Guaymas Basin plumes8,32. Nitrososphaerota efficiently fix bicarbonate
via the 3-hydroxypropionate/4-hydroxybutyrate pathway and play a
crucial role in marine carbon cycling54. However, the abundance of

Table 1 | Relative contributions of oxidation and assimilation to acetate and methanol uptake

Site Depth (m) Altimetry (m) Acetate
uptake (d−1)

Fraction oxida-
tion (%)

Fraction assimila-
tion (%)

Methanol
uptake (d−1)

Fraction oxida-
tion (%)

Fraction assimila-
tion (%)

NP 30 1982.79 0.0661 78.77 21.23 0.1002 91.46 8.54

NP 300 1712.79 0.0384 98.97 1.03 0.0062 78.95 21.05

NP 600 1412.79 0.0039 92.71 7.29 0.0043 29.18 70.82

NP 710 1302.79 0.0022 98.11 1.89 0.0152 15.91 84.09

NP 810 1202.79 N.D. N.D. N.D. N.D. N.D. N.D.

NP 1030 982.79 N.D. N.D. N.D. N.D. N.D. N.D.

NP 1690 322.79 N.D. N.D. N.D. N.D. N.D. N.D.

NP 1998 14.79 N.D. N.D. N.D. N.D. N.D. N.D.

NP 2003 9.79 0.0020 96.23 3.77 0.0058 64.62 35.38

NP 2009 3.79 0.0023 100.00 0.00 0.0064 65.62 34.38

IP 30 1968.59 0.0479 87.31 12.69 0.0670 88.30 11.70

IP 250 1750.72 0.0714 49.51 50.49 0.0121 78.76 21.24

IP 700 1299.2 0.0222 52.11 47.89 0.0207 23.16 76.84

IP 1690 308.59 N.D. N.D. N.D. N.D. N.D. N.D.

IP 1976 24.72 0.0080 44.22 55.78 0.0075 54.12 45.88

IP 1987 12.2 0.0047 72.48 27.52 0.0042 15.03 84.97

IP 1994 4.59 0.0076 74.56 25.44 0.0013 100.00 0.00

VO 2000 1 0.1593 40.28 59.72 0.2745 90.99 9.01

Uptake is the sum of oxidation and assimilation. Percent contributions were calculated as fraction of total uptake (assimilation of oxidation turnover constant/uptake ×100.NP non-plume cast, IP in-
plume cast, VO vent orifice sample, N.D. Not determined.

Table 2 | Dark carbon fixation and heterotrophic assimilation rates

Site Depth Altimetry DIC fixation MeOH assimilation Acetate assimilation MeOH + Acetate

(m) (m) ng C L−1 d−1 SE ng C L−1 d−1 SE ng C L−1 d−1 SE ng C L−1 d−1 SE

NP 30 1982.79 183.22 4.38 1.03 0.10 2378.95 103.33 2379.98 103.41

NP 300 1712.79 52.08 8.07 0.16 0.04 34.09 7.73 34.25 7.72

NP 600 1412.79 26.37 8.02 5.10 1.66 36.41 7.12 41.52 5.52

NP 710 1302.79 2.32 0.79 1.02 0.45 5.58 1.44 4.74 1.36

NP 810 1202.79 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

NP 1030 982.79 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

NP 1690 322.79 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

NP 1998 14.79 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

NP 2003 9.79 3.30 0.58 16.16 2.14 13.85 5.31 30.01 6.45

NP 2009 3.79 4.01 1.52 0.18 0.08 0.00 0.00 0.18 0.08

IP 30 1968.59 58.62 7.14 0.86 0.08 1174.60 53.82 1175.46 53.83

IP 250 1750.72 11.12 2.10 0.28 0.03 2373.37 331.00 2373.65 331.02

IP 700 1299.2 39.87 9.32 1.75 0.74 976.80 50.00 978.55 50.46

IP 1690 308.59 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

IP 1976 24.72 8.48 1.75 0.26 0.07 860.65 421.64 860.92 421.69

IP 1987 12.2 2.62 1.43 247.14 68.68 129.05 15.82 376.19 64.23

IP 1994 4.59 3.61 1.05 BDL 0.01 156.22 68.27 156.22 68.27

VO 2000 1 5128.44 205.87 129.62 10.20 7556.20 273.89 7685.82 277.16

NP non-plume cast, IP in-plume cast, VO vent orifice sample, N.D. Not determined, B.D.L. below detection limit.
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genes associated with this pathway (E6.2.1.56 and abfD; Fig. S4) was
relatively low or below detection.

Guaymas Basin plumes are also enriched with methane (Fig. 2B),
sulfide, iron, manganese, and hydrogen35 in addition to DOC (e.g.,
methanol; Fig. 3). These substrates are oxidized by Thioglobaceae,
SAR324, and Epsilonproteobacteria9,55,56 for energy conservation dur-
ing chemoautotrophic growth. Since the chemical signature of the
plume can influence microbial community composition57,58 and tran-
scriptional activity9, metabolisms associated with inorganic carbon
fixation and heterotrophic production should be important in these
plumes. Similarly, genes associated with other autotrophic carbon
fixation pathways (e.g. rTCA or Calvin–Benson–Bassham cycles) were
sparsely detected in Guaymas Basin plumes (Fig. S4).

Until now, the relative contribution of heterotrophicmetabolisms
in hydrothermal plumes has not been measured directly. Hetero-
trophic production from acetate and methanol ranged from below
detection up to 7.5 and 0.25 µgC L−1 d−1, respectively (Table 2).
Throughout the water column, combined heterotrophic production
significantly exceeded dark carbon fixation rates (Supplementary
Data 8 and 9), often by more than an order of magnitude. Combined
heterotrophic production was significantly higher than dark carbon
fixation at the plume site (Supplementary Data 9) and the two were
indistinguishable at the non-plume site. Heterotrophy commonly
exceeds chemoautotrophy in marine waters, which could explain
some of the differences in the Guaymas Basin. However, the enrich-
ment of DOC, acetate, and methanol coincided with elevated con-
centrations of chemoautotrophic substrates in the plume (Fig. 2, 3),
where dark carbon fixation would be expected to dominate. The
availability of organic substrates supported heterotrophic assimilation
rates that were significantly higher (Supplementary Data 9) than dark
carbon fixation by a factor of ~143. Microbial oxidation at the vent
orifice and abiotic reactions in the cold oxygenated seawater likely
decreased the pool of reduced inorganic substrates and may have
limited dark carbon fixation at depths above the vent orifice. Addi-
tionally, heterotrophic fixation of inorganic carbon could couple the
oxidation of organic matter to dark carbon fixation (e.g., at the vent
orifice)59. In contrast, the relatively larger pool of DOC persisted in the
rising plume (Fig. 3) to support heterotrophic metabolisms. This may
explain the low relative abundance of functional genes associatedwith
chemoautotrophicmetabolisms observed in the rising plume (Fig. S2).

Although acetate and methanol are a substantial fraction of the
DOC pool, anabolism of these compounds only provides a partial
glimpse into total prokaryotic heterotrophic production. Transcripts
of diverse aminotransferases were abundant, and a wide range of
CAZymes were detected in the Guaymas Basin water column (Fig. S3),
indicating that other organic substrates, such as carbohydrates23 and
amino acids19, are viable carbon sources for biomass production in
hydrothermal plumes. A recent model suggested heterotrophic pro-
duction rates in hydrothermal plumes could be sustained up to
0.0124 µgC L−1 d−124,. However, DOC concentrations in Guaymas Basin
(Fig. 3) are substantially higher than the values supplied to the model
byCathalot et al. Notably, their work focusedonmid-ocean ridgeswith
lower DOC concentrations and did not include Guaymas Basin, which
could explain the discrepancies between the model and our rate data.
Our data shows that plume microbial communities can support het-
erotrophic production rates several orders of magnitude higher from
just methanol and acetate alone (up to 7.6 µgC L−1 d−1). Given the
widespread availability of DOC in Guaymas Basin (Fig. 3), total pro-
karyotic heterotrophic production rates are likely higher than the
combined assimilation rates reported here. Our data reveal a rapid
heterotrophic response to hydrothermal organic carbon inputs by
deep-sea microbial communities at rates comparable to or greater
than plume chemoautotrophic production.

The magnitude of plume heterotrophic production will depend
on many factors, including the bioavailability of the discharged DOC

pool. Guaymas Basin has a unique hydrothermal signature relative to
other hydrothermal systems,making these plumesmore conducive to
heterotrophic production35. At mid-ocean ridge hydrothermal sys-
tems, fluids are enriched with gaseous hydrocarbons60, and thermal
alteration of complex organicmatter can producemore labile formsof
carbon at theMid-Atlantic Ridge61. Guaymas Basin hydrothermal fluids
also contain hydrocarbons, which are metabolized throughout the
water column (see Supplementary Information). Similarly, formate and
acetate (up to 158 and 35 µmol kg−1, respectively) have beendetected at
the Lost City hydrothermal field18, which could potentially fuel het-
erotrophic metabolisms in the ensuing plumes. Metabolism of these
substrates near vents could be supported by microbial taxa that
inhabit the deep sea. For example, heterotrophic Gammaproteo-
bacteria and Campylobacteria are widespread in hydrothermal
ecosystems62. Functional redundancy has been documented across
hydrothermal systems with distinct geochemistry and microbial
populations63,64 suggesting heterotrophic production could dominate
when other hydrothermal plumes are enriched with organic carbon.
Ultimately, more studies that measure heterotrophic production and
DOC concentrations in hydrothermal plumes are needed to constrain
the extent of organic carbon cycling within plumes.

Historically, dark carbon fixation coupled to oxidation of reduced
inorganic compounds has been considered the foundation of biomass
production in hydrothermal vent ecosystems. Our results expand on
this, illustrating that carbon is differentially and significantly cycled
within hydrothermal plumes. Elevated concentrations of methane (up
to 380 µM),methanol (up to8 µM), acetate (up to8.9 µM), andDOC (up
to 1,140 µM) were detected. Hydrothermal vents supply deep-sea
microbial communities with energy from these and other energy-rich
substrates, as evidenced by the high oxidation rates observed here,
underscoring their importance for deep-sea carbon cycling. The
organic carbon compounds studied here were generally used as
energy sources, however, assimilatory activity accounted for a sig-
nificant portion of uptake (up to 85%). These data demonstrate the
importance of dark carbon fixation in hydrothermal plumes and reveal
that heterotrophic production can dominate chemoautotrophic pro-
duction. Taken together, our data suggest hydrothermal vents pro-
foundly impact local organic carbon cycling within hydrothermal
plumes and likely contribute significantly to oceanic biogeochemical
cycling.

Methods
Sample collection
Wecollected seawater samples duringR/VAtlantis expeditionAT42-05
to Guaymas Basin in November 2018. Samples for chemical analysis,
rate measurements, and molecular surveys were collected with 20 L
Niskin bottles attached to a rosette (water column profiles) or with 5 L
Niskin bottlesmountedon theHOVAlvin (vent orifice sample) near the
Cathedral Hill site (Fig. 1B; 27°00.696N, 111°24.265W)25. During
expedition AT42-05, one CTD cast collected fluids directly above a
venting edifice at Cathedral Hill (in-plume). The other targeted a site
approximately 200m to the southeast of the primary vent, serving as
an off-site comparison (non-plume). Hydrographic profiles were
obtainedwith a SeabirdCTD-rosette system to assess the presence of a
hydrothermal plume signature. The HOV Alvin sample was collected
within 2m of the vent orifice using a submersible-mounted Niskin
bottle.

Upon return to the deck, Niskin bottles were sub-sampled
immediately for dissolved methane concentration by filling a He-
purged 160mL serum vial headspace-free65. Each serum vial contained
10 g of NaCl and 3 NaOH pellets, was filled with seawater from the
corresponding Niskin bottle, and then cappedwith a blue butyl rubber
stopper and sealed with an aluminum crimp seal66. Directly after col-
lecting dissolved methane samples, an acid-washed 1 L polyethylene
terephthalate glycol (PETG) bottle was filled with water from the same
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Niskin bottle for chemical analysis and rate assays and capped head-
space free. Bottles were stored at 4 °C until processing. Chemistry
samples for subsequent analyses of nutrients, DOC, acetate, and
methanol were preserved within 6 hours on board the ship by passing
through a 0.2 µmpore-size filter (Target® filter)67. Samples were either
processed shipboard or frozen at −20 °C for subsequent shore-based
analysis, except methanol samples, which were stored at −80 °C68.

Chemical measurements
Ammonium samples (5mL, 0.2 µm filtered) were preserved with phe-
nol and stored at 4 °C until analysis. Ammonium concentrations were
measured on the ship within two days of collection using the phenol
hypochlorite method; standards were prepared from ACS reagent
grade NH4Cl (Sigma), and the detection limit was 0.1 µM69. In the UGA
lab, DOC and total dissolved nitrogen (TDN) concentrations were
quantified by high-temperature combustion using a Shimadzu Instru-
ments TOC-V TNM67. Standards were prepared from potassium
hydrogen phthalate and the detection limit was 2 µM. Other chemical
parameters such as nitrate, nitrite, and ortho-phosphate were also
measured67.

Unfiltered samples for methanol quantification were collected in
combusted 38mL serum vials, stoppered with a blue butyl rubber
stopper, and crimp sealed. Concentrations were determined using an
SRI gas chromatograph equipped with a purge and trap system, an
MXT®-Q-PLOT column (30mx0.52mm I.D., Restek), and a flame-
ionizing detector41,68. Aqueous methanol standards made using ana-
lytical grade methanol (Sigma) in a matching chemical matrix; the
detection limit was 200nM. Samples for acetate quantification were
passed through an 0.2 µm filter and frozen at −20 °C until further
processing. Once thawed, samples were derivatized and analyzed via
High Performance Liquid Chromatography (Dionex) equipped with an
UV/Vis detector70. Aqueous standards were generated from analytical
grade acetate (Sigma) in artificial seawater. The detection limit
was 1 µM.

To quantify methane concentration, a headspace of 60mL (in
plume and vent orifice samples) or 10mL (out of plume samples) was
created in each serum vial by replacing an equal volume of brined
sample with ultra-high purity (UHP) N2 gas through the stopper with a
needle and syringe65. Headspacemethanewas determined by injecting
800 µL of gas into a 200 µL sample loop plumbed to a GC-FID (Shi-
madzu, model 8610C) equipped with an Alltech Carbosphere 80/100
column (Part No. C-5000). Final methane concentrations were calcu-
lated using aqueous standards of known concentration produced from
gaseous methane standards (Airgas)65,71. The detection limit was
~0.75 nM methane.

Multibeam hydroacoustic data processing
We used multibeam surveys to obtain the location and height of a
hydrothermal plume in the Guaymas Basin water column. The Multi-
beam Echosounder System (EM301, 30 kHz, Kongsberg) used for data
collection was outfitted onboard the R/V Falkor72. Bathymetry data
were processed with Qimera software (v2.4.9, QPS) and water column
data were processed with FMMidwater (v7.9.4, QPS); both using the
EPSG Geodetic Database (v9.9.1) for georeferencing hydroacoustic
data, following International Hydrographic Organization guidelines73.
The metadata for the files generated from hydrographic surveys are
described in Supplementary Data 10.

Data obtained fromMarv1.0 software (https://predmar.cicese.mx/
), a predictive time series referenced to the mean sea level of the
corresponding station, were used for tidal correction. A digital eleva-
tion model was generated to describe the location and height of the
hydrothermal plume. No artifacts from latency errors or lack of lateral
splicing were observed, and scattered data were invalidated through
softwarecleaningfilters andmanual retouching. The resolution ranged
from 5 to 10m, and visualization of acoustic images was generated

frommultibeamfiles 78, 80, 92, 179, and 210 (Supplementary Data 10).
Visualizations were processed with Fledermaus software 7.9 (QPS,
2021). Full data resolution was maintained during file import to iden-
tify the plume’s characteristics in the water column. To improve image
quality, we used boundary filtering based on the bathymetric depth of
the water column, the vertical range of the echogram, and beam
suppression according to angular opening. The plume boundaries
were manually selected based on the fan acoustic cone view.

Statistical analysis
Statistical analyses were performed in R (version 3.4.4). Means of
methane and methanol concentrations, turnover constants, and rates
were compared using the Tukey-Kramer HSD test. Data were log-
transformed prior to statistical analyses and p-values of <0.05 were
considered statistically significant. Correlations betweenhydrographic
data, geochemical data, rate constants, and rate data were assessed
non-parametrically using Spearman’s rank correlation with the cor.t-
est() function in R (version 3.4.4).

Rate measurements
We assessed oxidation and assimilation rates of methanol, acetate,
methylamine, bicarbonate, hexadecane, and naphthalene using
radiotracer techniques in discrete water samples. Water samples were
collected from Niksin bottles as described above and stored at 4 °C
until processing. Within 6 hours of sample collection, seawater was
transferred to incubation vials using an open-bore 60mL syringe fitted
with silicone tubing to minimize disruption of particle-associated
microorganisms71. Incubation vials were overfilled with three volumes
and sealed headspace-free to avoid the exchange of dissolved gases.
There were three live replicates and a killed control for each discrete
depth. Killed controls were amended with a solution to halt biological
activity before radiotracer injection (see below). The temperatures for
rate incubations were as near to in situ temperature as possible and
always fell within 10% of the temperature reading from the CTD for a
given depth. Samples were incubated for one or two days, depending
on substrate and depth, to ensure adequate tracer turnover in live
samples relative to killed controls. Live incubations were terminated
with the amendment of the appropriate kill solution (see below) to
preserve them for shore-based analysis. Microbial oxidation and
assimilation rates were quantified by tracking the conversion of radi-
olabeled substrate to 14CO2 or

14C- biomass.
Seawater samples to measure oxidation or assimilation of

methanol, methylamine, or acetate were injected with 100 µL of each
14C-labeled aqueous radiotracer. Final radiotracer activities and sub-
strate concentrations are reported in Supplementary Data 7. Radio-
tracer incubations were carried out in 38mL serum vials that were
stoppered with a blue butyl rubber stopper, crimp-sealed, and
incubated41,74. After incubation ( ~ 2 d), a 20mL subsample to measure
assimilation into biomass was removed from the sealed serum vial
using a syringe and needle (displaced with lab air) to a clean 50mL
centrifuge tube. Biological activity was terminated immediately by
adding 1mL of 100% trichloroacetic acid (5% final concentration, TCA).
The remaining 18mL sample volume in the sealed vial (for oxidation
rates) was amended immediately with 1mL of 100% TCA to halt bio-
logical activity.

Upon transporting the samples back to the UGA lab, we quanti-
tatively measured the oxidation of these three substrates to 14CO2

41,74.
The evolved 14CO2 was quantitatively trapped ( >90% recovery) in
1.5mL of 3-methoxypropylamine (MilliporeSigma) in 4.5mL of scin-
tillation fluid (Biosafe II, Research Products International, Mount Pro-
spect, IL) and counted using a Tricarb 2910TR liquid scintillation
analyzer (Perkin Elmer). Radiolabeled methanol, methylamine, or
acetate assimilated into biomass was quantified by filtering samples
through a 0.2 µm polyethersulfone filter (MilliporeSigma), rinsing
three times with 0.5% TCA in 35 ppt NaCl solution (pH ~3) to remove
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any residual 14C-bicarbonate or unused substrate, and counting the
filter in 6mL of scintillation fluid.

Dark bicarbonate fixation rates weremeasured by quantifying the
uptake of 14C-bicarbonate into biomass. Seawater was subsampled into
a 38mL serum vial with no headspace and stoppered with gray
chlorobutyl septa, crimp sealed, and injected with 100 µL of aqueous
14C-bicarbonate tracer (1 × 106 Bq). Samples were incubated for 48 to
60hr. Biological activity was terminated with formaldehyde (3.7% v/v
final concentration), and samples were processed like the assimilation
samples described above.

Hydrocarbon oxidation rates were determined by tracking the
production of 14CO2 from labeled naphthalene and hexadecane75.
Briefly, samples were transferred to 7mL scintillation vials and sealed
headspace-free with PTFE-lined septa to prevent tracer adsorption.
Samples were injected with 20 µL of tracer (Supplementary Data 7,
dissolved in 200 proof ethanol) using a glass syringe to avoid tracer
loss and incubated for ~ 1 d. Incubations were terminated by transfer-
ring samples to 15mL centrifuge tubes with 1mL of 2M NaOH to trap
14CO2 and halt biological activity. Back in the lab, samples were shaken
with activated charcoal to irreversibly trap unused tracer and then
distilled to quantify the production of 14CO2 by acid digestion (5mL
H3PO4 > 85% wt.). Volatilized 14CO2 was quantitatively trapped ( >90%
recovery) in 7mL scintillation vials containing ¼ of a glass fiber filter
and 1.5mL of 3-methoxypropylamine. After a 6 hr distillation, samples
were amended with 4.5mL of scintillation fluid and counted on the
scintillation counter. Process blanks and standards with known
radioactivity were measured routinely to assess recovery efficiency.

Rate calculations
Turnover constants, k (d−1), were calculated as the ratio (f) of recovered
14C (i.e., 14CO2 for organic substrate oxidation or 14C-biomass for
assimilation) product counts to the activity (disintegrations perminute;
DPM) of the substrate initially added divided by incubation time (t):

Turnover constant = k = f =t ð1Þ

f =DPM� product=DPM� substrate ð2Þ

Substrate turnover time (d) was the inverse of turnover constants
(1/k). Killed controls were used to correct for background tracer
turnover and were typically comparable to instrument background
counts. Rates were calculated by multiplying in situ substrate con-
centration by k:

Oxidation or Assimilation Rate = ½substrate� * k ð3Þ

If substrate concentrationwas notmeasured (i.e. hydrocarbons and
methylamine) potential rates were estimated based on the substrate
concentration from tracer amendment. For some of these compounds,
tracer-added concentrations may have exceeded the in situ concentra-
tion, and thus, those rates may reflect potential activity.

Metagenomic sample collection and sequencing
On a subsequent cruise to Guaymas Basin during expedition FK190211
aboard R/V Falkor in February andMarch 2019 we collected additional
water from several rising plumes formetagenomic analysis. The details
of these sampling sites are presented in Supplementary Data 6. Briefly,
seawater was collected via CTD rosette as described above and up to
4 L of water was passed through an 0.2 µm Sterivex filter (Millipore-
Sigma). Excess liquid was removed from the filters, and they were
immediately flash frozen in liquid nitrogen. Subsequently, samples
were stored at −80 °C for nucleic acid extraction. DNA was extracted
from frozen filters using a Qiagen Dneasy PowerSoilMax extraction kit
and sent to COSMOS ID for sequencing.

Metagenomic assembly and binning
The raw reads underwent QC followed by processing and trimming by
metaWRAP v1.3.2 using default settings76. The metagenomic assem-
blies were obtained by SPAdes v3.12.0 using the following options “-k
21,33,55,77,99,127 -m 900 -t 48 --meta”77. All reads of samples, includ-
ing hydrothermal plume and marine background samples, were
assembled individually. The reads from four hydrothermal plume
samples fromGuaymasBasin sites, includingBigPagoda site 24, 26, 27,
and 29 samples, were additionally combined and subjected to co-
assembly. Assembly coverages were obtained using Bowtie2 v2.4.578

and CoverM (https://github.com/wwood/CoverM) by mapping the
corresponding metagenomic reads. The metagenome-assembled
genomes (MAGs) were obtained by metaWRAP v1.3.2 using the
assemblies and assembly coverages generated in the above steps with
default settings.

The resulting MAGs with genome completeness >50% and con-
tamination <10% were further subjected to bin refinement to screen
heterogeneous scaffolds potentially originating from contamination
and erroneously assigned 16S rRNA sequences using RefineM
v0.0.2479. In addition,manual checkswere conducted using VizBin80 to
further refine the MAGs by choosing scaffolds that were clustered by
coverage and 5-nucleotide k-mer patterns.

Metagenome assembled genome taxonomy and functional
annotation
GTDB-Tk v0.1.381 with GTDB release R86 was used to assign taxonomy
for all MAGs that passed quality filters and refinement. METABOLIC
v4.082 was used to annotateMAGs and generatemetabolic profiles and
functional networks using default settings. The functional gene
abundancewasparsed fromtheMETABOLIC results andnormalized to
one million reads per metagenome, facilitating parallel comparison
across all samples. MAGs were also annotated with DRAM v1.4.683, and
the subcellular localization of DRAM-derivedCAZyme annotationswas
obtained using PSORTb v3.084.

Metatranscriptome read mapping
We used publicly available Guaymas Basin metatranscriptomes
SRR452448 (in-plume) and SRR453184 (non-plume, NCBI, BioPro-
ject PRJNA72707) to determine the expression of the Guaymas Basin
MAGs and their functional genes. CoverM v0.6.1 (https://github.
com/wwood/CoverM) was used to calculate the relative abundance
of MAGs using the following command line options: coverm gen-
ome --coupled --methods relative_abundance. For relative abun-
dance, all 146 MAGs were mapped to the two Guaymas Basin
metatranscriptomes. The expression level of functional genes
(RPKM) was calculated with CoverM, where 64 functional genes
were mapped to the two metatranscriptomes using the following
command line options: coverm contig --coupled --methods rpkm.
These functional genes include extracellular CAZymes, as well as
amino acid and fatty acid degradation genes. CoverM-calculated
relative abundance and RPKMvalues were parsed and visualized in R
(Figs. 5, S2, and S3).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All chemical and rate data generated for this study are included in the
Supplementary Information/Source Data file. These data have also
been submitted to the NOAA National Centers for Environmental
Information (NCEI) under accession code 0288839 (https://www.ncei.
noaa.gov/archive/archive-management-system/OAS/bin/prd/jquery/
accession/details/288839). Sequencing data are publicly available
through NCBI under BioProject code PRJNA72707.
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