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MICROBIOLOGY

Biogenic formation of amorphous carbon by anaerobic
methanotrophs and select methanogens

Kylie D. Allen', Gunter Wegener®3, D. Matthew Sublett Jr*, Robert J. Bodnar*, Xu Feng®,

Jenny Wendt?, Robert H. White'*

Elemental carbon exists in different structural forms including graphite, diamond, fullerenes, and amorphous
carbon. In nature, these materials are produced through abiotic chemical processes under high temperature and
pressure but are considered generally inaccessible to biochemical synthesis or breakdown. Here, we identified
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and characterized elemental carbon isolated from consortia of anaerobic methanotrophic archaea (ANME) and
sulfate-reducing bacteria (SRB), which together carry out the anaerobic oxidation of methane (AOM). Two differ-
ent AOM consortia, ANME-1a/HotSeep-1 and ANME-2a/c/Seep-SRB, produce a black material with similar charac-
teristics to disordered graphite and amorphous carbon. Stable isotope probing studies revealed that the carbon
is microbially generated during AOM. In addition, we found that select methanogens also produce amorphous
carbon with similar characteristics to the carbon from AOM consortia. Biogenic amorphous carbon may serve as a
conductive element to facilitate electron transfer, or redox active functional groups associated with the carbon

could act as electron donors and acceptors.

INTRODUCTION

Most of the elements found on Earth are processed through many
different oxidation states as a result of both abiotic and biotic reac-
tions. The oxidation state of carbon varies widely in nature, ranging
from methane (—4) to carbon dioxide (+4). One of these states is pure
elemental carbon (oxidation state of 0), which occurs in highly ordered
crystalline forms, such as graphite and diamond, or as amorphous
“black” carbon that lacks crystalline structure (1, 2). Crystalline carbon
is naturally produced under high heat and pressure in Earth’s crust
and in the upper mantle, while amorphous carbon is found primarily in
coal and charcoal produced by incomplete combustion of biomaterials
as well as in carbonaceous chondrite meteorites (3, 4).

The different forms and amounts of elemental carbon are influ-
enced mainly by abiotic geochemical processes. However, some ev-
idence exists for the biological degradation of elemental carbon. For
example, pyrogenic black carbon in soil is degraded on a centennial
time scale facilitated by both abiotic processes and by microbial
oxidation (5). The rate of microbial degradation depends on the de-
gree of thermal alteration of the carbon to generate biochemically
accessible sites (6). The bacterial aerobic catabolism of amorphous
carbon was first reported by Potter in 1908 (7), and more recent
studies support microbially facilitated degradation of black carbon
(8, 9), but the associated biochemical mechanism remains unclear.
In addition, fungi have been shown to oxidize diamond-like carbon
films (10), and the fungus Neosartorya fischeri is proposed to me-
tabolize coal via an oxidative enzyme (11). Despite the evidence for
biodegradation of elemental carbon, the biological production of
elemental carbon appears to have never been reported.

Methane, the most reduced form of carbon, is produced and
consumed in anaerobic environments by methanogenic and meth-
anotrophic archaea, respectively. Methanogens are widespread anaerobes
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that perform methanogenesis with various substrates including Hy/
CO;, small methylated compounds, and acetate (fig. S1) (12). Metha-
nogenesis is one of the first forms of energy metabolisms to arise on
Earth and is responsible for the production of over a billion tons of
methane each year, which accounts for at least 70% of global methane
emissions (12, 13). Related to methanogens are anaerobic methano-
trophic archaea (ANME) that carry out the anaerobic oxidation of
methane (AOM) to CO, using a reverse methanogenesis pathway
(fig. S1) (14). AOM is an essential component of the global methane
budget and has a substantial role in controlling the amount of methane
released from marine sediments (15, 16). There are four major clades
of ANME—ANME-1 (17) (subclusters a and b), ANME-2 (18)
(subclusters a, b, and c¢), ANME-2d (19) (more recently referred to
as Candidatus Methanoperedenaceae) (20), and ANME-3 (21)—
which inhabit different ecological niches and differ in their physiology
(15, 21, 22). Most ANME exist in syntrophic consortia with sulfate-
reducing bacteria (SRB), which use reducing equivalents obtained
from AOM for the reduction of sulfate to sulfide (23-26).

Here, we report on the identification and characterization of
amorphous carbon produced by two different AOM enrichment
cultures. The AOM50 culture (cultured at 50°C) derived from the
gas-rich, hydrothermal vents of the Guaymas Basin and is dominated
by consortia of ANME-1a and HotSeep-1 partner bacteria (24, 27, 28).
The AOM20 culture (cultured at 20°C) derived from cold seeps at
the Nile deep sea fan and is dominated by ANME-2a/c and Seep-SRB
partner bacteria (28, 29). Further, we investigated several methano-
genic species and confirmed the production of amorphous carbon
in Methanocaldococcus jannaschii, Methanococcus maripaludis, and
Methanosarcina barkeri.

RESULTS

Initial inspection of black matter present in AOM cultures
Both the AOM50 and the AOM20 cultures are dominated by large
microbial consortia, formed either by ANME-1a and HotSeep-1
partner bacteria or by ANME-2a/c and Seep-SRB partner bacteria,
respectively. The consortia exhibited amber-like color, which is due
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to the high abundance of cytochromes produced by the consortial
members (23, 24) (Fig. 1, A and B). The AOM biomass includes
abundant opaque black matter and lucent larger crystals. The black
components appear within and around the AOM biomass but also
float in the medium. To study both components, AOM biomass was
harvested, and the pellets were resuspended in deionized water.
This procedure lysed most cells but left a dark grainy residue.
Microscopic observations of material derived from ANME-1a/
HotSeep-1 samples under higher magnification showed two types
of solid materials, including large clear crystals and abundant black
spheres with diameters of 2.5 to 4.5 um (Fig. 1C). The sample from
ANME-2a/c/Seep-SRB consortia showed a higher abundance of dark
material (Fig. 1D). The clear crystals, especially evident in material
from ANME-1a/HotSeep-1 samples (Fig. 1C), were identified as
crystals of magnesium phosphates that are formed by excess phos-
phate in the culture medium (described more below and in the
Supplementary Materials).

To investigate the origin of the black matter, we analyzed unin-
oculated and spent media from both AOM cultures, which showed
no sign of black matter in the absence of cells. To determine which
organism in the consortia was responsible for the production of the
black matter, we examined pure cultures of the AOM partner bac-
terium, Candidatus Desulfofervidus auxilii, a member of the
HotSeep-1 clade (30). Cell pellets from this organism grown on hy-
drogen gas as the electron donor did not contain the black material
observed in AOM consortia. Because sulfate-dependent ANME are
obligate syntrophs, they cannot be analyzed in pure culture. How-
ever, the absence of black matter in pure cultures of Ca. D. auxilii

Fig. 1. Light microscopy of intact and lysed AOM biomass. Top: Micrographs of
nonfixed active AOM biomass from (A) ANME-1a/HotSeep-1 and (B) ANME-2a/c/
Seep-SRB. Scale bars, 200 um. Each of the flocks contains several million of cells.
The amber-like color of the active cultures is due to the high abundance of cyto-
chromes produced by the consortial members. The black material is found within
and attached to the AOM biomass but also floating in the medium. Bottom: The
material present in biomass of (C) ANME-1a/HotSeep-1 and (D) ANME-2a/c/Seep-
SRB after harvesting, freezing, and resuspending in deionized water. Scale bars, 10 um.
All cells have lysed in (C) and (D).
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suggests that the ANME are responsible for the generation of the
black matter in the consortia.

Chemical treatment and reactions of AOM

biomass components

To resolve the chemical nature of the black matter, we further aimed
to enrich and isolate this material from various cultures (Table 1).
The heating of cell pellets in 1 M NaOH removed most proteins and
other cellular components in the soluble fraction, while the black
matter remained as an insoluble pellet. Subsequent treatment of the
black pellet with 1 M HCl at 100°C removed most minerals from the
sample. FeS was completely removed in this treatment, but FeS, re-
mained (see the Supplementary Materials). The FeS, was removed
by heating the sample in 70% nitric acid for 1 hour. Last, an extended
treatment of the remaining black pellet with nitric acid and HCl for
2 days at 100°C resulted in the solubilization of the black matter to
generate a dark brown solution. Together, the behavior of the black
material upon various chemical treatments led us to the hypothesis
that the material was elemental carbon, which is a highly unreactive
substance—insoluble in water, most acids and bases, and organic
solvents. The solubilization of elemental carbon in the concentrated
nitric acid and HCI over an extended period of time occurs through
functionalization of the carbon surfaces with hydroxyl, ketone, and
ether groups (31).

To address whether the elemental carbon could be produced via
abiotic chemical reactions, an anoxic solution of sodium bicarbonate,
Fe(II), and HS™ was heated at 100°C for 5 days. This process pro-
duced a black precipitate composed of FeS and/or FeS,. This material
easily dissolved in 70% nitric acid; thus, it did not contain amorphous
carbon (see the Supplementary Materials). We additionally tested
whether the black matter represented scoring of the rubber stoppers
used to seal anaerobic culture bottles, yet chemical and spectro-
scopic analysis clearly excluded rubber as a possible source of the
black carbon identified in the AOM cultures (see discussion in the
Supplementary Materials and fig. S2).

Analysis of AOM culture components by scanning electron
microscopy/energy dispersive x-ray spectroscopy

To further investigate the composition of the bulk black matter de-
rived from AOM consortia, cell pellets were analyzed by scanning
electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS).
SEM images of desiccated biomass from ANME-2a/c/Seep-SRB
consortia showed two main types of solid materials, including large
crystals (gray) and small particles (bright white) (Fig. 2A). Bulk elemen-
tal analysis by EDS of a large crystal (area 1) gave 72.6 atomic % (at %)
0, 16.0 at % Mg, and 9.4 at % P, which is consistent with the stoichio-
metry of the magnesium phosphate phase bobierrite [Mg3(PO4),e8H,O]
that was further identified by Raman spectroscopy (see the Supple-
mentary Materials). EDS analysis of a small bright particle (area 2)
showed 15.3 at % Fe and 29.6 at % S, which matches the stoichi-
ometry for FeS; and indicates that pyrite is present in the extracted
solid phase.

After removing the magnesium phosphate crystals from the
sample by dissolving with 1 M HCI, SEM images showed a mixture
of small bright particles and dark rounded structures grouping
together (Fig. 2B). The small particles were confirmed by EDS to
contain mostly FeS, (area 2, 28.9 at % Fe, 47.5 at % S) that were
not dissolved by the HCI treatment. The EDS elemental analysis of
the large rounded structures (area 1) showed 90.0 at % carbon,
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Table 1. Summary of cell pellet appearance before and during the procedure for isolating amorphous carbon from the different organisms studied here.

Organism Growth substrate/ Color of cell pellet Pellet color after Pellet color after HCI Confirmation of
9 Electron acceptor P NaOH treatment* treatment elemental carbon*
CH4/S04>

ANME-1a/HotSeep-1

Black

E-2a/c/Seep-SRB CH4/SOq4 Black
Ca. Desulfofervidus 2
auxilii (HotSeep-1) Ry ey
Me.thanocalqococcus H,/CO, Black
jannaschii
Methar?ococcys H,/CO, Tan with black specks
maripaludis
Methar?ococcy s Formate Tan with black specks
maripaludis
Methanococcus vannielii H,/CO, Black
Methanosarcina barkeri Acetate Dark tan
Methanosarcina
thermophila (TM1) ezl Sl
Methan'osarcma Methanol Tan
acetivol
Methanosplfllhum H,/CO, Black
hungateii
Methanoculleus
thermophilus H/CO; Bk
Escherichia coli LB Tan

Pellet almost gone and

Black
Black

Black
Black

No pellet observed =
gray

Mixture of black and
Black : +
white specks

Black Black +

Tan Tan 1

Black and white layers White -
Black Black +

Tan with black specks White -
Blue gel with a few No black B

small black spots

Black Gray -
White White -
White White -

*1 M NaOH at 100°C. 11 M HCl at 100°C.

$The presence of elemental carbon was confirmed in the final purified samples by Raman Spectroscopy. In

samples with originally black cell pellets where elemental carbon was not identified, the black color is likely due to the presence of FeS. The Methanospirillium
hungateii sample had too much background fluorescence in the sample to confirm the presence of carbon.

0.8 at % sulfur, and 0.3 at % iron, indicating that this material is
primarily elemental carbon with some pyrite. These results sup-
port the presence of elemental carbon in AOM cultures and suggest
that the black particles observed by light microscopy (Fig. 1) were
partially composed of elemental carbon.

Analysis of the black matter isolated from AOM cultures by
Raman spectroscopy

We used Raman spectroscopy to analyze the black material remain-
ing after treatment of the cell pellets with NaOH to remove most
proteins and HCI to remove most minerals (Table 1). The inter-
action between the laser and the black material during long collec-
tion times with unfiltered laser power altered the carbon structure
or removed carbonaceous material entirely from the analytical volume
(Fig. 3, A to C). Thus, it was necessary to collect the spectra as
quickly as possible and filter the laser power at the sample to mini-
mize destruction of the analyte, which resulted in low-intensity
spectra. Two different black pellets (sample 1 and sample 2 in Fig. 3)
were analyzed from ANME-1a/HotSeep-1 consortia. Both exhibited
broad Raman peaks at ~1350 and ~1580 cm ™" (Fig. 3D), represent-
ing the D (disorder/defect) and the G (graphite) bands, respectively,
the features of elemental carbon materials (32, 33). The relative in-
tensities and shapes of the D and G bands provide a metric for as-
sessing the level of order (crystalline carbon) compared to disorder
(amorphous carbon) (34). The nearly equal intensities of the D and
G bands observed for the black material in ANME-1a/HotSeep-1
samples (Fig. 3D) and ANME-2a/c/Seep-SRB samples (fig. S3A) are
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comparable to Raman spectra for disordered graphite and amorphous
carbon (33). In addition, both samples do not contain the Raman
2D band at approximately 2680 cm ™' indicative of graphene. Some
of the carbon-containing particles from ANME-1a/HotSeep-1
cultures were associated with residual phosphate minerals, as evi-
denced by the phosphate peak located at ~980 cm ™" in the sample 1
trace in Fig. 3D. This signal was not produced from the black mate-
rial but, rather, from the surrounding phosphate mineral that was
included in the laser sampling volume. In sample 2, no phosphate
peak appeared in the spectrum of the black matter (Fig. 3D, middle
spectrum). The clear mass in sample 2 showed evidence of carbon
destruction by the laser (Fig. 3C) but still has characteristics of ele-
mental carbon based on the Raman spectrum (Fig. 3D, top spectrum).
Notably, none of the samples showed evidence of carbonate minerals,
which would exhibit Raman bands at much lower wave numbers
(35). Overall, the Raman spectra of the black matter from AOM
cultures confirm the presence of carbonaceous material with spec-
tral characteristics most consistent with amorphous carbon.

Elemental and chemical analysis of the black matter

from AOM cultures by XPS

X-ray photoelectron spectroscopy (XPS) is a widely used technique
that provides elemental and chemical state information on the sur-
face of solid materials. Surface elemental analysis of the black pellets
from ANME-1la/HotSeep-1 and ANME-2a/c/Seep-SRB consortia
resulting after treatments with NaOH and HCI showed ~64 at %
C, ~6 at % N, ~21 s O, and negligible amounts of Fe and S
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Atomic % O Na Mg P S CI Ca Mn Fe

Area 1 726 09 160 94 04 05 02 -

Area 2 456 - 50 38 296 - - 07 153

Atomic %

C O Na Al Si S Mn Fe

Area 1 90.0 84 03 01 02 08 - 03

Area 2 - 22 - - - 47514 289

Fig. 2. SEM/EDS of solid materials obtained from AOM cultures. Here, the
ANME-2a/c/Seep-SRB culture (Fig. 1, Band D) was analyzed. (A) Desiccated biomass
showing large crystals of magnesium phosphate and small bright particles consisting
of mostly FeS,. A minor amount of carbon was detected, but the magnesium phos-
phate crystals dominate this sample. (B) After removal of magnesium phosphate
by dissolving it in HCI, carbonaceous spheres (larger dark areas) were observed as
well as FeS, particles (smaller light areas). EDS analysis revealed that the carbon
spheres are 90 atomic % (at %) carbon and 0.3 at % iron. Nitrogen is insensitive in
EDS and thus was not included in the quantitation.

(Table 2). An etched sample, revealing the nature of the material
in the subsurface of the sample, showed ~79 at % C, ~4 at % N,
~3at% O, ~8 at % S, and 7 at % Fe, indicating that the bulk of
the sample is composed of carbon (Table 2). The Cls spectrum
resulting from the surface of the isolated elemental carbon (Fig. 4A)
was deconvoluted to reveal ~60% C—C//C=C/C—H, ~28% C—O/
C—N, and ~12% C=0/0—C—0. The ANME-2a/c/Seep-SRB
carbon shows a similar composition (fig. S3B). These spectral char-
acteristics are primarily due to remaining bound proteins on the
surface of the black pellet (discussed more below). The etched sam-
ple lacked any evidence of carbon bonded to heteroatoms based on
the main well-resolved peak at 285 eV (Fig. 4B), indicating that the
bulk of the sample contained elemental carbon. In some cases, sp’
versus sp° bonded carbon can be distinguished from the Cls spec-
trum (36), but often, the difference in peak position is too small to
reliably resolve the different carbon bonding types. Thus, to deter-
mine whether the carbon was sp” or sp’, the first derivative C KLL
XPS spectra of the same samples (surface versus etched) were ob-
tained. The surface of the black pellet showed primarily sp’ car-
bon (Fig. 4C, D parameter of 13 eV), whereas the C KLL XPS
spectrum from the etched sample (Fig. 4D) revealed that the ma-
jority of the bulk carbon was sp” as evidenced by the D parame-
ter of 19 eV (37).
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Sample 1, before
measurement

Sample 1, after
measurement

DG

/ ‘ﬁ Clear material (sample 2)
/"' \ Black carbon (sample 2)

e

Intensity

Black carbon (sample 1)

2000 3000 4000

Raman shift (cm™")

0 1000

Fig. 3. Raman spectroscopic characterization of the black material in ANME-
1a/HotSeep-1 cultures. (A to C) Photomicrographs of the two different samples
analyzed showing laser damage that resulted in low-intensity spectra. Scale bars,
~20 um. (D) Raman spectra showing characteristic D and G bands corresponding
to elemental carbon. The sharp peak at ~1000 cm™ in the bottom spectrum is due
to the phosphate mineral with which this particular black particle was associated.
Excitation was at 514 nm.

On the basis of the XPS data, the carbon samples seemed to con-
tain surface-bound molecules, especially proteins and/or peptides
that hindered the collection of chemical information from underlying
amorphous carbon or other components. All proteins have a basic
molecular formula with the ratios of C, H, N, O, and S as C; goHj 56
No.2800.2050.01 (38). Because XPS does not detect hydrogen atoms,
this should produce an average hydrogen-free elemental composi-
tion for proteins of C; 0oNp2500.2950.01, which would correspond to
62.8% C, 17.6% N, and 18.8% O after removing hydrogen from the
molecular formula. This is comparable to the measured values of C,
N, and O on the surface of the amorphous carbon from AOM cul-
tures (Table 2), which supports the idea that protein is bound to the
surface of the carbon samples and thus contributes to the surface
chemical information collected by XPS. To validate this conclusion,
an XPS depth profile of the black carbon-containing pellet isolated
from ANME-1a/HotSeep-1 was obtained (Fig. 4E). XPS sputter
depth profiling uses an argon-ion beam to etch layers of the sample
surface so that subsurface information can be revealed. During ion
etching, at % of O/N/Si/F quickly decreased to minimum values,
whereas at % carbon increased from ~63% to ~80%. In addition, Fe
and S increased to substantial and steady values. These results sup-
port the postulation that the surface of the black particle is coated
with proteins, while the subsurface contains primarily carbon with
some FeS,.

Quantitative assessment of amorphous carbon

in AOM cultures

To estimate the amount of amorphous carbon produced per mass
of cells in AOM cultures, we extracted 15.8 mg of dried ANME-
2a/c/Seep-SRB biomass to yield a black pellet of ~0.5 mg (see Materials
and Methods for complete isolation procedure). Thus, the original
dried cell pellet composed of ~3.2% amorphous carbon by weight.
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Table 2. Elemental composition derived from XPS analysis of black pellets resulting after NaOH and HCI treatments. On the basis of the surface
composition data, the surface of the black pellets is covered with residual protein. The etched samples reveal primarily carbon as the major component of the

black pellet. Data are reported as atomic % (at %).

Sample C N (o} F Na Mg Al Si P S cl Ca Fe Co Zn Br
Surface composition
GINLAIETEY 64.6 6.1 20.7 0.8 = = = 6.8 = 0.9 = = 0.2 = = =

HotSeep-1
ANME-2a/c/

Seep-SRB 64.3 7.1 221 = 20 = = 3.5 - 0.8 = 0.1 0.2 = = =
M. maripaludis  66.5 7.8 211 = = 0.1 0.1 1.9 0.6 1.1 0.3 0.1 = 0.4 = =
M. jannaschii 754 53 17.4 = = = = 1.0 0.4 0.1 0.4 = = = = =
M. barkeri 80.2 3.6 14.0 - — - - 0.4 0.3 0.7 0.5 — - 0.4 — -
Etched samples/bulk composition
ANME-1a/

HotSeep-1 78.7 4.5 2.7 = = = = = = 7.5 = = 6.7 = = =
M. maripaludis ~ 75.6 12.5 - - 1.1 20 33 0.9 0.9 0.3 - - 1.6 - -
M. jannaschii 93.0 1.5 - - - - 0.3 0.8 0.5 0.5 - - 0.1 - -
M. barkeri 93.5 29 - - - - 0.2 0.1 0.7 0.4 - - 0.6 - -

2000 2000 —~ 804 —
A B 9 80 r/
c E - C

1500 Chem. %Area 1500 2 601 -0
° C—C,C=C 60.5 » g -

o5 1000 C—O,C—N 27.6 651000 T s
1.9 9 404 ——Fe
c ——N
500 500 S
2 20
0 0 g b
A ey I e
inding energy (e inding energy (e ¥ v v v
9 9y 9 9y 0 100 200 300
Depth (nm)
20| C 20| D
0 0
L £
S _20 3}
-20
-40
13ev -40 19eV

1240 1230 1220 1210 1200 1190 1180

Binding energy (eV)

1240 1230 1220 1210 1200 1190 1180
Binding energy (eV)

Fig. 4. XPS analysis of black material in ANME-1a/HotSeep-1 cultures. (A) The C1s XPS spectrum of the surface of the carbon pellet. (B) The C1s XPS spectrum of the
etched/subsurface of the carbon pellet, showing primarily carbon-carbon bonds. (C) The first derivative C KLL spectrum of the surface of the carbon pellet indicates sp*
carbon due to proteins on the surface. (D) The first derivative C KLL spectrum of the etched sample, indicating primarily sp? carbon (D parameter of 19 eV) below the
surface of the black pellet. (E) XPS sputter depth profile indicates that the black carbon pellet is coated with proteins because of large amounts of nitrogen, while the
subsurface of the particle contains up to 80% carbon and smaller amounts of iron and sulfur.

In terms of quantifying the amount of amorphous carbon produced
per amount of biomass, this number is underestimated because the
dried biomass is also composed of precipitated media components.
Further, the final black pellet also contains some residual proteins
(see above), which also complicates the quantitation.

Allen etal., Sci. Adv. 2021; 7 : eabg9739 27 October 2021

Natural isotopic composition of amorphous carbon

from AOM cultures

To gain insight into the origin of the amorphous carbon identified
in AOM consortia, its stable carbon isotopic compositions were mea-
sured (Table 3). Residual proteins were not completely removed
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Table 3. Carbon isotopic compositions of amorphous carbon samples
isolated from ANME-1a/HotSeep-1 consortia and M. maripaludis
compared to the reference samples in the bottom three rows. The
original carbon isotopic compositions of DIC and methane were —6

and —41%o, respectively. VPDB, Vienna Pee Dee belemnite.

Sample type 5'3C (%o vs. VPDB)
ANME-1a/HotSeep-1, sample 1* -61.0
ANME-1a/HotSeep-1, sample 2* —60.1
M. maripaludis grown on H, + CO, -31.8
Protein from M. maripaludis grown
-35.2

on H,+CO,
Norit (commercial activated 250

carbon)
Acetanilide -27.4

*The first two samples represent two different measurements of the same
isolated black carbon pellet.

from the carbon; hence, the obtained 5"°C values include their iso-
tope signal. On the basis of the carbon-to-nitrogen ratios in the XPS
elemental composition measurements (Table 2), we estimate that
~70% of the carbon in the samples is the amorphous carbon, and
the remaining is from proteinaceous carbon. The 8'°C values of
amorphous carbon from ANME-1a/HotSeep-1 cultures was about
—60 per mil (%), indicating strong ">C depletion representative of
biomolecules and total biomass of AOM consortia (17, 39).

Incorporation of '*C-DIC and "*CH, into amorphous carbon
by active AOM cultures

To establish the carbon source of the amorphous carbon produced
by AOM consortia, ANME-1a/HotSeep-1 cultures were grown for
specific time intervals with 5% *CH, or 5% "*C-dissolved inorganic
carbon (DIC)-labeled medium with or without methane as the
energy source. Exact isotope composition of both carbon species
was determined and used for calculations. At the end of the experi-
ment, carbon isotopic composition of total biomass carbon (TBC)
and amorphous carbon was determined (for all data see table S1).
Values were transformed into formed TBC or amorphous carbon as
fraction (%) of the respective stocks (Fig. 5; see Materials and Methods
for calculations). The stable isotope incubations revealed that 16%
of the TBC and 5% of the amorphous carbon formed from DIC within
20 days (Fig. 5A). In the same time interval, 3.6% of total carbon
and 1.2% of amorphous carbon were produced from CH, (Fig. 5B).
In the absence of methane, only negligible amounts of DIC were
transformed into biomass (Fig. 5C). These experiments show that
AOM produces both TBC and amorphous carbon from DIC, but
only if methane is provided as energy source. The small amount of
CH, assimilation argues for an assimilation of catabolically
produced C-DIC. This is consistent with previous studies showing
that ANME archaea and their partner bacteria assimilate primarily
DIC as opposed to methane into their biomass (40, 41).

Analysis of proteins bound to the amorphous carbon

from AOM cultures

The XPS data indicated that protein was present on the surface of
the isolated black material. Proteins are known to readily bind to

Allen etal., Sci. Adv. 2021; 7 : eabg9739 27 October 2021

many different forms of carbon, including carbon nanotubes (42) and
amorphous carbon (43). To confirm the presence of protein, the
black material from AOM cultures was subjected to acid hydrolysis,
and the production of amino acids was confirmed by thin-layer
chromatography with ninhydrin detection (see the Supplementary
Materials). To determine whether any specific protein was bound to
the amorphous carbon that could be involved in its function or for-
mation, the carbon pellet was heated with SDS loading buffer to
extract proteins on the surface of the pellet, followed by SDS-
polyacrylamide gel electrophoresis (PAGE) analysis of the resulting
soluble material. After staining the gel with Coomassie, the extracted
sample showed a heavy smear of proteins and peptides. Two areas
of this gel were removed, digested with trypsin, and analyzed by
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) to identify the proteins present. At least 100 different proteins
were identified (top 20 hits are listed in table S2). The top hit was
methyl-coenzyme M reductase, which is one of the most highly
abundant proteins in ANME and methanogens. Because of this wide
range of proteins identified, they are likely not specifically associated
with the carbon but, instead, are adventitiously bound.

Evidence of iron associated with amorphous carbon

from AOM cultures

To obtain some information about the molecular structure of the
amorphous carbon in AOM cultures, an amorphous carbon sample from
the ANME-1a/HotSeep-1 culture was analyzed by MALDI-MS. Two
major ions corresponding to carbon structures associated with iron
were observed, one at mass/charge ratio (m/z) 932.3 (intensitg,
2.7 x 10%) and a less intense ion at m/z 1329.4 (intensity, 3.4 x 107)
(fig. S4). Each of these ions showed the presence of iron based on
the intensity of the >*Fe isotope peak (M*— 2) compared to the
major *°Fe peak (M "), resulting from the 5.8% natural abundance of
>Fe. On the basis of isotopic compositions derived from the mass
spectra, the majority of other observed ions in the MALDI-MS data
likely derived from peptides bound to the amorphous carbon. Anal-
ysis of the m/z 932.3 compound suggested the presence of four irons
based on the measured intensity of the **Fe peak, and an isotopic
pattern indicating that carbon was the major other element present.
This would suggest a molecular formula of Fe,Csg. The detection of
these compounds may provide a possible connection of iron with
the production or function of the biogenic amorphous carbon.

Production of amorphous carbon by methanogenic archaea

To determine whether amorphous carbon production was unique
to AOM consortia, the cell pellets of several different methanogens
were analyzed. For M. jannaschii, M. maripaludis, and M. barkeri,
the black color of the pellet was retained throughout each step in the
procedure used for isolating amorphous carbon (Table 1). The black
material was far less abundant in these methanogens compared
with AOM cultures. Hence, it was difficult to purify and not possi-
ble to quantify the small amounts of carbon from the large amounts
of biomass. Nonetheless, the presence of amorphous carbon in the
final black samples from M. jannaschii, M. maripaludis, and
M. barkeri was confirmed by Raman spectroscopy (Fig. 6, A and B)
and XPS (Fig. 6, C and D, and fig. S5). Some cell pellets of other
methanogens were black, but the black color vanished after washing
with HCI (Table 1). In these cases, the black color of the original cell
pellet was likely caused by FeS. Control experiments consisting of
uninoculated media, filtered spent media, or inoculated cultures
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Fig. 6. Spectroscopic characterization of amorphous carbon from methano-
gens. (A) Raman spectrum of amorphous carbon isolated from M. jannaschii com-
pared to select standards (activated carbon is Norit). Excitation was at 514 nm.
(B) Raman spectra of white material from E. coli (spectrum i) compared to the spectra
of black material containing amorphous carbon isolated from M. maripaludis grown
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grown on acetate (spectrum iv). Excitation was at 514 nm. (C) The C1s XPS spec-
trum of an etched amorphous carbon sample from M. maripaludis, and (D) the cor-
responding C KLL spectrum indicating primarily sp? carbon bonds.

lacking H, (N,/CO; provided without an electron donor) did not
produce a carbonaceous pellet, thus indicating that the formation of
amorphous carbon requires the presence of growing cells.

The Raman spectrum of the carbon isolated from M. jannaschii
was compared with that observed for graphite and commercial acti-
vated carbon (Fig. 6A). The relative D/G peak intensity ratios indi-
cate that the bulk of the carbon in the sample isolated from the
methanogen is more similar to activated carbon (amorphous carbon)
than graphite. This is also consistent with the Raman spectra of the
carbon from other methanogens (Fig. 6B) and AOM consortia
(Fig. 3). Raman analysis showed that M. maripaludis grown on both
H,/CO; and formate produced amorphous carbon (Fig. 6B, spectra
ii and iii, respectively). On the basis of the size and color of the final
black pellet from these cultures as well as the relative intensities of
the Raman spectra, the amount of amorphous carbon was less in
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formate-grown cells compared with H,/CO,-grown cells. The two
Raman spectra from different M. maripaludis cultures have unique
features, indicating that the chemical nature of the carbon may be
different and/or that the spectra are influenced by remaining bio-
molecules associated with the carbon. Last, the Raman spectrum of
the black material from M. barkeri (Fig. 6B, spectrum iv) was simi-
lar to those from the other organisms studied here.

To test whether our extraction procedure caused formation of
elemental carbon, a cell pellet of Escherichia coli was extracted. For
E. coli, this extraction yielded a white residue that we assume is
primarily cell wall material with some proteins. Raman spectra of
several areas of that sample showed no characteristics of amorphous
carbon (Fig. 6B, spectrum i). This shows that the carbon isolation
procedure does not cause an abiotic production of amorphous carbon.

The isolated carbon samples from each methanogen were further
characterized by XPS. Similar to the samples from AOM consortia,
the surface of the carbon pellet was coated with proteins as indicat-
ed by the identification of nitrogen and oxygen (Table 2), as well as
C=0 bonds and C—N/C—O bonds observed in the Cl1s spectra (fig.
S5). The etched samples were more carbon rich (Table 2) and con-
tained primarily carbon-carbon bonds (Fig. 6C and fig. S5) that
were sp” hybridized as evidenced by the D parameter of 19 eV in the
C KLL spectrum (Fig. 6D and fig. S5). In summary, the XPS data
show that the carbon isolated from the different methanogens has
similar characteristics to the carbon isolated from AOM cultures.

An amorphous carbon sample from M. maripaludis grown on
H,/CO, had a 8**C value of —31.8%o (Table 3). This value is higher
than those shown for ANME archaea that yields parts of the carbon
from methane-derived DIC. Together, the presence of amorphous
carbon in methanogens as well as AOM consortia supports its bio-
chemical formation from conserved intermediates in the closely
related pathways of methanogenesis and AOM.

DISCUSSION

Structure and origin of biogenic elemental carbon

Both AOM cultures and pure cultures of methanogens produce a
black material that was identified as amorphous carbon. On the ba-
sis of the relative sizes and blackness of the pellets recovered from
different cultures, ANME produce substantially more of this mate-
rial compared with methanogens. The identity of the amorphous
carbon was confirmed by Raman spectroscopy that showed the
G and D bands characteristic of elemental carbon (Figs. 3D and 6,
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A and B) (44, 45). In graphite (black spectrum in Fig. 6A), the G
band is intense and well resolved, while the D band is very low in
intensity (in ideal graphite, the D band would be absent). In con-
trast, activated carbon, a form of amorphous carbon that lacks crys-
talline structure, has broad G and D bands of relatively equal
intensities (Fig. 6A). For the black material isolated from the organ-
isms studied here, the G and D bands are also broad with similar
intensities, indicating a high level of disorder characteristic of
amorphous carbon rather than crystalline graphite. The XPS data
show that the carbon pellets are coated with residual proteins that
contain sp” carbon; however, the bulk of the carbon below the sur-
face is predominately sp® based on the D parameter of 19 eV in the
C KLL spectra (Figs. 4D and 6D).

The amorphous carbon from ANME-1a/HotSeep-1 cultures was
highly depleted in *C with §"°C values of ~60%o (Table 3). The sta-
ble isotope probing experiments with *CH4 or *C-DIC showed
that the amorphous carbon produced by ANME derived from DIC
and methane-derived DIC (Fig. 5 and table S1). Thus, the isotope
values of the carbon result from a combination of the original isoto-
pic composition of DIC (—6%o), the provided methane (—41%o),
and isotope fractionation during carbon fixation (29). Considering
that in marine environments AOM results in 8"*C-DIC values often
down to —50 to —80%o (46), amorphous carbon produced by ANME
will have highly characteristic isotopic compositions, similar to
those reported for ANME lipids (17, 40, 47). In the active AOM
culture, the relative production or turnover of amorphous carbon is
slower than the formation of the TBC. This suggests that the carbon
accumulates in our cultivation procedure because of its highly inert
nature. Thus, the presence of amorphous carbon with its character-
istic isotope signatures might be an ideal marker to trace AOM ac-
tivity in the geological record.

Summary of reactions that produce elemental carbon

To begin considering the processes that could potentially be associ-
ated with biochemically formed elemental carbon, we evaluated
known reactions that form elemental carbon. In nature, carbon
forms abiotically via one of three different routes:

1.2CO - C+ CO,

2.CO+H; - C+H,0

3. C02 - C+ 02

Reaction #1, the disproportionation of CO, is catalyzed by sulfide-
oxide surfaces (48) and iron and silicon-iron single crystals (49).
Reaction #2 represents the reduction of CO by hydrogen. Reaction
#3 is known to proceed only when the oxygen produced is reduced
by H,, H,S, Fe, Fe'?, etc., to drive the reaction (49). All of these
reactions occur at temperatures above 250°C, and one or more of
them have been proposed for the generation of graphite crystals in
hydrothermal vents (50).

Notably, methane-rich fluids have recently been shown to gen-
erate pure carbon in the form of diamond under very high pressure
(5 to 7 GA) (51). This process occurs by the removal of hydrogen
from methane:

4. CH4 - C+ 2H,

Another route for carbon formation comes from studies on soot
formation, which propose that resonance-stabilized hydrocarbon-
radical chain reactions are responsible for soot inception and
growth (52, 53). The first stage in this process is the production of
ethylene or acetylene radicals that undergo radical chain reactions
to generate polyaromatic hydrocarbons that then undergo further
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condensation reactions to form the final soot (carbon) particles (fig.
S6) (54). This type of chemistry could be relevant in a biological
system because the intermediate, ethylene, is a known biomolecule
derived from S-adenosylmethionine (55), and radical biochemistry
is abundant in anaerobes. However, abiotic soot formation reac-
tions occur in flames at high combustion temperatures (1500 K). In
addition, we did not observe any evidence of polycyclic aromatic
hydrocarbons in samples from AOM consortia (see the Supplemen-
tary Materials). Furthermore, ethylene is an inhibitor of methano-
genesis (56), further excluding this compound as a likely precursor
to biogenic amorphous carbon.

The reactions producing amorphous carbon in ANME and
methanogens are unclear, as they lack biological precedence. AOM
and methanogenesis use the same central enzymes and coenzymes
(fig. S1) (22, 57), and our results indicate that the amorphous
carbon produced in both ANME and methanogens is mostly derived
from CO,. Thus, the overall reaction could entail the reduction of
carbon dioxide to generate pure carbon and water, which is thermo-
dynamically favorable:

5.CO, + 2H, — C + 2H,0 AG® = =79.8 k] mol ™' CO,

The catalytic machinery that would enable the production of
elemental carbon is unknown and, thus, will be an important area
for future work.

Potential physiological role(s) of amorphous carbon

The identification of amorphous carbon produced by methanogen-
ic and methanotrophic archaea raises many questions surrounding
its possible physiological functions. In both AOM consortia and in
methanogens, the amorphous carbon may serve as a scaffolding
material for the attachment and interaction with partner organisms
or provide a protective barrier to increase resilience to toxic waste
products. Alternatively, the carbon may facilitate the transfer of reduc-
ing equivalents between consortial partners. In sulfate-dependent
AOM, the ANME oxidize methane to CO; and the partner bacteria
perform sulfate reduction (26, 28). Current evidence indicates that
this interaction bases on direct interspecies electron transfer (DIET)
(23, 24). Similarly, some methanogens are also able to receive elec-
trons from bacteria by DIET (58, 59). The identification of intercel-
lular wiring consisting of pili-like connecting structures has been
reported as a mechanism for DIET in AOM consortia (24), and
cytochrome-based electron transfer may also be involved (60, 61).
Considering the well-known electric conductivity of elemental
carbon materials (62, 63), the amorphous carbon may serve
these archaea as a conductive element in interspecies electron
transfer. This is supported by studies demonstrating that granu-
lar activated carbon promotes DIET between M. barkeri and
Geobacter metallireducens (64).

The biogenic amorphous carbon identified here shares similari-
ties in chemical composition and, possibly, in function to biochar, a
carbon-rich material generated from thermochemical treatment
(usually pyrolysis or gasification) of organic waste in oxygen-limited
conditions (65). The elemental composition and chemical char-
acteristics of biochar can vary widely depending on the type of
biomass as well as the reaction conditions for its production. Al-
though primarily carbonaceous, there are key functional groups
present on the surface of biochar that result in its various useful
properties. Like activated carbon, biochar has been shown to pro-
mote DIET through a proposed electron conduction role (66).
Biochar is additionally proposed to enhance methanogenesis during
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anaerobic digestion by serving as a pH buffer and acting as a surface
for colonization (67). Other work has shown that biochar is redox
active and can serve as an electron acceptor and an electron donor
to drive microbial metabolism (68, 69). Klupfel et al. (69) demon-
strated that the ability of biochar to reversibly accept and donate
electrons is due to the presence of quinone/quinol molecules. Most
notably, biochar was recently demonstrated to serve as the sole elec-
tron acceptor for AOM by ANME-2d where the redox activity was
attributed to its oxygen-based functional groups (70). Our XPS re-
sults showed that the surface of the black carbon pellets from the
organisms studied here contained carbon bonded to heteroatoms
including C—O/C—N and C=0/C—0—C. Some of these character-
istics are due to adventitiously bound proteins, but similarly to biochar,
the amorphous carbon could also be associated with or functional-
ized with redox active groups that act as electron sources/sinks or
electron carriers.

Final remarks

The identification of biogenic amorphous carbon is a remarkable
finding because elemental carbon formation was thought to occur
only at elevated temperatures and pressures in chemical processes
over geological time scales or as result of incomplete burning of or-
ganic materials. Difficulties associated with completely purifying and
accurately quantifying the amorphous carbon currently preclude more
detailed investigations of its function and biosynthesis. Thus, future
studies will be required to determine the metabolic origin and func-
tion of amorphous carbon in the context of complex microbial con-
sortia. Because of the wide distribution and abundance of ANME and
methanogens, the biogenic formation of amorphous carbon may
have important roles in carbon cycling and climate regulation. This
carbon may persist in sediments over geological time scales and
thus may represent a so far overlooked carbon sink in nature.

MATERIALS AND METHODS

Chemicals

Powdered pyrite (FeS,) was obtained by grinding a natural sample
of pyrite in mortar and pestle to a fine powder. Because both natural as
well as synthetic pyrites are generally not stoichiometrically pure (71),
we used natural pyrite for our reference sample. Trolite (FeS) was
chemically prepared by mixing aqueous anoxic solutions of FeCl, and
Na,S to produce a black FeS precipitate. All other compounds and
reagents were obtained from Sigma-Aldrich, now MilliporeSigma.

Origin and cultivation of AOM enrichments
The thermophilic AOM50 consortia were cultured from hydrothermal
vent sediments collected from mat-covered sites in the Guaymas
Basin, Gulf of California, Mexico (27.7438°N, 111.4091°W) during
the RV Atlantis cruise AT15-56 in November/December 2009 (Alvin
Dive 4570) (27). The AOM20 consortia (ANME-2a/2¢ and SeepSRB1/
SeepSRB2 dominated cultures) derives form AMON Mud Volcano
Eastern Mediterranean Sea (31.71°N, 32.37°E) sampled during the
NAUTINIL expedition with RV L’ Atalante in September 2003 (28, 29).
Sediments from both sites were incubated with sulfate reducer
medium prepared after Widdel and Bak (72) and with a headspace
composition of CH4 and CO; as outlined (73). Methane [0.225 MPa
CHy, (gas)] and sulfate [28 mM SO (aq)] were provided as the
sole electron donor and acceptor, respectively, and carbon dioxide
(0.025 MPa COy; 30 mM DIC) as the carbon source. Cultivation was
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performed at 50°C for the AOM50 culture, and room temperature
(20°C) for the AOM20 culture. Culture media were exchanged when
sulfide concentrations exceeded ~12 mM, and samples were regu-
larly diluted (1:2; 1:4). Both cultures were sediment free after 2 to
3 years. The extensive exchange and dilution of cultures would have
eliminated any elemental carbon that may have been in the original
sediment sample. To determine the molecular inventory of the cul-
tures, 450 ml of culture was harvested at about 10 mM sulfide content.
Under anoxic conditions, cells were centrifuged, and cell pellets
were immediately frozen. The cell pellets and the spent media were
sent from Germany to the United States on dry ice.

Incorporation of '3C-DIC and '3CH, into amorphous carbon
by active AOM50 cultures

To establish whether methane or CO,/DIC was the primary source
of the amorphous carbon produced by AOM consortia and to de-
termine the effect of methane supply on DIC assimilation, 600 ml of
AOMS50 culture was pooled and equally distributed into ten 150-ml
culture bottles with 100 ml of medium. These cultures were incu-
bated either with 5% *C-DIC supplied with or without methane
headspace (2 atm) or with 5% BCH, in 2 atm CH,. These cultures
were incubated at 50°C on a shaking table and sampled for carbon
measurements (see below). The DIC background was 30 mM. At
the beginning and the end, each experiment was sampled for DIC
(2 ml of sterile filtered medium into 2-ml vials) and methane (1 ml
of gas phase into 12-ml Exetainer filled with 1 ml of NaOH). To
measure DIC isotopic compositions, 100 pl of phosphoric acid (45%)
was added to 12-ml Exetainer vials, the headspace was replaced with
synthetic air, and 0.5 ml of filtered medium was injected through
the septum. After 10 hours of equilibration, the CO; isotopic com-
position was measured by isotope ratio infrared spectroscopy (Thermo
Fisher Scientific Delta Ray Isotope Ratio Infrared Spectrometer
with Universal Reference Interface Connect and Cetac ASX-7100
Autosampler). The *C-DIC measurements were calibrated with a
reference gas against Vienna Pee Dee belemnite (VPDB). To mea-
sure methane carbon isotopic compositions, 200 pl of gas phase of
the Exetainer was injected into a Thermo Finnigan Trace GC cou-
pled via a combustion interface III to a Thermo Finnigan Delta plus
XP isotope ratio mass spectrometer. The gas chromatography used
on a Carboxen-1006 PLOT fused-silica capillary column (length, 30 m;
internal diameter, 0.32 mm; isothermal column temperature, 40°C).
The §'°C measurements were calibrated with CO, reference gas of
known isotopic composition. At the end of the experiment, the par-
ticulate matter of each sample was collected by centrifugation. In-
organic carbon was removed by three times washing with HCI
(0.1 mM). Two subsamples (1/20 of the samples) were taken for the
determination of TBC and washed twice with water and methanol
and transferred into tin cups (5 mm by 9 mm; HEKAtech) and dried.
The residual samples were treated three times with 1 M NaOH and
heated for 10 min to 100°C. After that, samples were washed and
heated three times with 1 M HCI, twice with water, transferred with
methanol into tin cups, and dried to analyze the isotopic composi-
tion of the purified amorphous carbon. Carbon stable isotopic com-
positions of the samples were measured with a Thermo Finnigan
Flash EA 2000 elemental analyzer connected to a Delta V Plus iso-
tope ratio mass spectrometer (IRMS). The combustion temperature
was 999°C; the carrier gases and oxidation reagents were He (100 m1™")
and O, (200 ml min™!). The chromatographic separation was
performed with an IRMS steel separation column (length, 300 cm;
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outer diameter, 6 mm,; internal diameter, 5 mm; kept at 40°C). All
carbon isotope values were converted into isotope fractions. The
relative substrate-specific (DIC, CHy) rates of carbon formation
(C5; as % of the carbon stock) was calculated according to

JCi = fCo

0 o) =

HC.(%) = 5o X 100

with the fractions (f) of the measured carbon product (total carbon
or amorphous carbon) at the start (0) or end (f) of the experiment
and the average fractions of the labeled substrate DIC or CHy (S,,)
compared to the nonlabeled conditions (Sp).

Source and cultivation of methanogens

M. maripaludis S2 902 (original cultures supplied by J. A. Leigh,
University of Washington) was grown in McN medium (74) with
H,,CO; at 275 kPa or in formate medium (75). Methanosarcina
acetivorans (original cultures supplied by J. Gregory Ferry, Penn
State University) was grown in high-salt (0.4 M NaCl) medium (76)
with methanol (125 mM). M. jannaschii was grown as described (77)
and obtained from K. R. Sowers (University of Maryland Baltimore
County) as a frozen cell pellet. Cell pellets of Methanococcus vannielii
were obtained from R. Wolfe and stored at —80°C. Acetate grown
M. barkeri cells were supplied by D. Grahame and stored at —80°C. The
other organisms described in Table 1 were supplied by S. Shima (Max
Planck Institute for Terrestrial Microbiology, Marburg, Germany), grown
as previously reported (78), and stored as frozen cell pellets at —80°C.

Procedure for extraction and analysis of black material
containing amorphous carbon

The moist cell pellets (10 to 30 mg) were washed with water and
then with 2 ml of 1 M NaOH to remove cellular proteins. This was
repeated three times with 1-min heating at 100°C. The resulting black
pellet was then treated with 1 M HCI for 5 min at 100°C to remove
insoluble iron-containing minerals in the sample. Treatment of chemi-
cal standards of FeS, or FeS revealed that FeS, was not removed in
this process but FeS was removed. Both of these compounds were
tested because both could produce a black color in the sample. For
samples that still had black particles remaining after the 1 M HCI
treatment, they were processed and analyzed further for the presence
of elemental carbon. Thus, the black pellet was washed three times
with water to remove salts, then with methanol, followed by drying
at 100°C. Last, portions of the resulting black pellets were assayed
by Raman spectroscopy to establish the presence of elemental carbon,
XPS to determine elemental composition, and for 8'°C abundance
by MS of the carbon dioxide after combustion with oxygen. In other
experiments, the resulting black pellet from HCl treatment was then
subjected to 70% and/or 100% nitric acid at 100°C. The 70% nitric
acid treatment removed the remaining FeS,, and prolonged (~2 days)
treatment with 100% nitric acid at 100°C could solubilize the amor-
phous carbon.

Alternate extraction procedure for M. maripaludis and E. coli
For M. maripaludis grown on either hydrogen or formate, cell pellets
(wet weight, ~1 g) were extracted two times with methanol to
remove lipids and media salts. The resulting pellets were split into
two identical samples. One of each of these samples was dried for
24 hours at ~60°C in air for direct analysis by Raman spectroscopy.
The other sample was then extracted with 1 M NaOH and 1 M HCI
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as described above. After a water wash, the samples were dried for
24 hours at ~60°C in air for Raman analysis. This procedure was
also carried out with an E. coli cell pellet (grown in Luria-Bertani
broth) as a negative control. The final E. coli sample after NaOH
and HCI treatments consisted of a white pellet, which we assume
is mostly cell wall material. Conversely, the final samples from
M. maripaludis contained a black material that was a larger amount
in hydrogen-grown cells compared with formate-grown cells. This
black material along with the white pellet from E. coli were analyzed
by Raman spectroscopy (data shown in Fig. 6B). For the methanol-
extracted M. maripaludis cells without additional NaOH and HCI
treatments, we could not confirm the presence of amorphous
carbon directly by Raman because of the abundance of other bio-
molecules that interfere with the detection.

Quantitative analysis of amorphous carbon recovered

from ANME-2a/c/Seep-SRB cell pellets

A 79-mg portion of the black wet ANME-2a/c/Seep-SRB cell pellet
was dried to produce 15.8 mg of a dark gray solid, indicating that
the pellet was 80% water. Extraction of this solid with 500 pl of 1.0 M
NaOH for 5 min at 100°C released ~0.4 mg of protein as determined
by a Bradford assay. The presence of proteins in this extract was also
confirmed by SDS-PAGE analysis. On the basis of established data
showing that ~55% of the dried weight of E. coli is protein (79), one
can calculate that only ~5% of the dried pellet was from cells. After
an additional extraction with 500 pl of 1.0 M NaOH for 5 min at
100°C, the resulting black solid isolated by centrifugation was ex-
tracted two times with 500 ul of 1.0 M HCI for 5 min at 100°C to
solubilize and remove abundant minerals, followed by a wash with
deionized water to remove any remaining salts. The resulting black
pellet was then extracted overnight at room temperature with 100 pl
of 0.1 M EDTA (pH ~4.0) to further remove any metals not removed
by preceding steps. After the removal of the EDTA solution by cen-
trifugation, the pellet was washed three times with water and then
extracted with methanol to remove any lipids. This final dried pellet
weight was ~0.5 mg, showing that the original dried biomass (15.8 mg)
contained ~3.2% amorphous carbon by weight.

Raman spectroscopy

Raman spectra were collected on the partially purified elemental
carbon samples (purification process described above) using a JY
Horiba LabRam HR (800 mm spectrometer) Raman microprobe using
a slit width of 150 pm, confocal aperture of 400 um, 600 grooves/mm
grating, and a 100x microscope objective (numerical aperture,
0.90). Excitation was provided by a 514-nm (green) Laser Physics
100S-514 Ar" laser. The D (disorder/defect) and G (graphite) peaks
of carbon located nominally at ~1360 and ~1560 cm ™, respectively
(32), were of interest to this study, and thus, the spectral range of
100 to 1800 cm ™" was measured for each sample to detect the presence of
carbonaceous material. Extended spectral ranges (100 to 4000 cm ™)
were also collected for some samples to check for the presence of an
additional band located at ~2900 cm™ that is not often found in
unstructured carbon (44). Interactions between the carbonaceous
material and the laser beam may result in damage to the sample and
lead to incorrect interpretations concerning the nature of the
carbon-bearing material (45, 80, 81). Thus, shorter collection times
and lower laser power at the sample are often used (82). Here, mea-
surements were collected for 10 to 30 s over three accumulations
because using a longer collection time was found to damage the
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sample. Laser power was also reduced to 10% of the total output
power at the sample. Spectra from damage-induced measurements
are not presented here as the interaction between the laser and the
carbonaceous material that causes the damage both weakens the signal
and changes the intensity and width of the D band. Spectra were
analyzed using the LabSpec 5 software suite. This method was also
used for the analysis of additional compounds present the samples,
identification of which was accomplished using the CrystalSleuth
software and database.

XPS analysis

XPS characterization of the samples was performed on a PHI
VersaProbe III scanning XPS microscope using monochromatic Al
K-alpha x-ray source (1486.6 eV). XPS spectra were acquired with
various beam settings (50/100/200 um) commensurate with sample
sizes and dual beam charge neutralization. All binding energies
were referenced to C—C peak at 284.8 eV. Atomic concentration %
of elements was determined from the integrated intensity of the
elemental photoemission features corrected by relative atomic sen-
sitivity factors.

Measurement of natural isotopic composition of amorphous
carbon from ANME and M. maripaludis

A weighed portion (0.1 to 0.25 mg) of the isolated amorphous carbon
was placed in a tin capsule (9 mm by 5 mm). Stable carbon isotope
analyses were performed using an Elementar vario ISOTOPE cube
elemental analyzer that combust the carbon to CO, coupled to an
Isoprime 100 continuous flow isotope ratio mass spectrometer that
measures the abundances of the masses of the produced CO, (44 to 46).
The measurements were calibrated to VPDB using three-point linear
normalization (JAEA CH6, IAEA CH7, Elemental Microanalysis
with wheat flour).

MALDI-MS analysis of amorphous carbon

MALDI mass spectral analysis of the partially purified elemental carbon
pellet was performed using an AB Sciex 4800 MALDI TOF/TOF
operated in reflector positive ion mode using a-cyanohydroxycinnamic
acid as a matrix. Samples were scanned from 799 to 4013 m/z.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg9739

View/request a protocol for this paper from Bio-protocol.
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