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Benthic N2 production by microbial denitrification and anammox is
the largest sink for fixed nitrogen in the oceans. Most N2 produc-
tion occurs on the continental shelves, where a high flux of reac-
tive organic matter fuels the depletion of nitrate close to the
sediment surface. By contrast, N2 production rates in abyssal sedi-
ments are low due to low inputs of reactive organics, and nitrogen
transformations are dominated by aerobic nitrification and the
release of nitrate to the bottom water. Here, we demonstrate that
this trend is reversed in the deepest parts of the oceans, the hadal
trenches, where focusing of reactive organic matter enhances ben-
thic microbial activity. Thus, at ∼8-km depth in the Atacama
Trench, underlying productive surface waters, nitrate is depleted
within a few centimeters of the sediment surface, N2 production
rates reach those reported from some continental margin sites,
and fixed nitrogen loss is mainly conveyed by anammox bacteria.
These bacteria are closely related to those known from shallow
oxygen minimum zone waters, and comparison of activities mea-
sured in the laboratory and in situ suggest they are piezotolerant.
Even the Kermadec Trench, underlying oligotrophic surface
waters, exhibits substantial fixed N removal. Our results underline
the role of hadal sediments as hot spots of deep-sea biological
activity, revealing a fully functional benthic nitrogen cycle at high
hydrostatic pressure and pointing to hadal sediments as a previ-
ously unexplored niche for anaerobic microbial ecology and
diagenesis.

hadal trenches j marine biogeochemistry j microbial ecology j
denitrification

Due to an attenuation of the organic matter flux, rates of
benthic decomposition in the ocean tend to decline with

increasing water depth, and the vast abyssal plains are generally
perceived as low-activity deserts (1). As benthic respiration
rates decrease with increasing water depth, the depth of oxygen
penetration into the sea floor increases and pathways of carbon
oxidation shift from predominantly anaerobic in coastal sedi-
ments to aerobic in the deep sea (2). Benthic nitrogen transfor-
mations are also primarily controlled by the amount of labile
organic matter deposited to the sea floor (3). Here, the organ-
ics act directly as a source of ammonium for nitrification and
anammox and as electron donors for denitrification, while the
control on oxygen penetration exerted by flux of organic matter
also affects the balance between aerobic nitrification and anaer-
obic denitrification and anammox (1, 4). Thus, the anaerobic
processes show even stronger attenuation than aerobic respira-
tion with increasing water depth (3). In this perspective, hadal
sediments located at >6-km depth would be predicted to repre-
sent the low-activity end member dominated by aerobic diagen-
esis. However, a recent study demonstrated higher benthic
oxygen respiration rates at 11-km depth in the Challenger

Deep than on the adjacent abyssal plain 5 km above (5).
Together with other studies indicating increased deposition of
reactive organics and increased microbial activity in hadal
trench sediments (6–8), this raises the potential that anaerobic
microbial processes, such as denitrification and anammox, may
be active in these settings, and functional genes related to these
pathways have indeed been detected in trench axis sediments
(9, 10). However, the functioning of the microbial nitrogen
cycle under high hydrostatic pressure remains unexplored.
Important questions include whether microbial nitrogen trans-
formations are indeed stimulated relative to abyssal depths,
how this affects the balance between recycling and removal of
fixed nitrogen in these systems, which organisms are involved,
and how their activity is affected by hydrostatic pressure.

For a first quantification of rates and pathways of nitrogen
cycling in hadal trench sediments, we combined geochemical
and biomolecular analyses with experimental incubations car-
ried out both in the laboratory and in situ using an autonomous
benthic lander. These techniques were applied to sediments

Significance

Hadal trenches represent the deepest part of the oceans,
apparently offering adverse conditions for life, given their
high hydrostatic pressure and wide separation from the pro-
ductive surface waters. However, focusing of reactive
organic matter in trench axis sediments potentially promotes
complex yet unexplored microbial communities and associ-
ated biogeochemical processes. We demonstrate that hadal
sediments at depths reaching 10 km are hotbeds for anaero-
bic nitrogen transformations, dominated by the anammox
process, extending the known depth range of this process
by ∼6 km. The diversity and phylogeny of identified hadal
anammox bacteria suggest that high hydrostatic pressure
has not been a major evolutionary driver. Our results pro-
vide insights into hadal biogeochemistry and the ability of
microbes to adapt to hydrostatic pressure.

Author contributions: B. Thamdrup, M.L., L.M., S.A.-H., F.W., and R.N.G. designed
research; B. Thamdrup, C.S., M.L., B. Trouche, F.W., and R.N.G. performed research; B.
Thamdrup, C.S., M.L., B. Trouche, L.M., S.A.-H., and R.N.G. analyzed data; and B.
Thamdrup wrote the paper with input from C.S., M.L., B. Trouche, L.M., S.A.-H., F.W.,
and R.N.G.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1Present address: Department of Biology, University of Southern Denmark, 5230
Odense M, Denmark.
2To whom correspondence may be addressed. Email: bot@biology.sdu.dk.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2104529118/-/DCSupplemental.

Published November 10, 2021.

PNAS 2021 Vol. 118 No. 46 e2104529118 https://doi.org/10.1073/pnas.2104529118 j 1 of 7

M
IC
RO

BI
O
LO

G
Y

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

at
 If

re
m

er
 B

ib
lio

 P
er

ou
se

 o
n 

N
ov

em
be

r 
29

, 2
02

1 

https://orcid.org/0000-0002-1221-7077
https://orcid.org/0000-0002-2097-4959
https://orcid.org/0000-0001-5814-8452
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:bot@biology.sdu.dk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104529118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104529118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2104529118&domain=pdf&date_stamp=2021-11-10


from two trenches: the Atacama Trench in the highly produc-
tive Humboldt Current System and the Kermadec Trench
underlying oligotrophic waters of the East Pacific.

Results and Discussion
We sampled sediment cores along the axis of the contrasting
Atacama and Kermadec Trenches, including locations near the
deepest point in each trench (8,085 and 10,010 m, respectively;
SI Appendix, Table S1). Porewater analysis demonstrated steep
nitrate gradients within the sediments, with nitrate reaching
depletion at 5 to 10 cm in the Atacama Trench and at 15 to 20
cm at three of four sites in the Kermadec Trench, where one
site had nitrate at >30 cm (Fig. 1A and SI Appendix, Fig. S1).
The profiles indicated nitrate production by nitrification in the
oxic zone and consumption at anoxic depths, with oxygen pene-
tration depths measured in situ with a benthic lander (11).
Overall, the thicknesses of the oxic and the nitrogenous zones
[i.e., the anoxic part of the nitrate-containing zone (12)] were
of similar magnitude. This zonation contrasted with measure-
ments in sediment from the abyssal plains adjacent to the
trenches, where nitrate accumulated and no clear downward
gradient could be discerned (Fig. 1A), in accordance with oxy-
gen penetration depths of >20 cm at these sites (11) and as typ-
ical for the abyssal realm (e.g., refs. 13 through 15). Mean rates
(± SE) of nitrification and nitrate consumption estimated from
the profiles assuming steady state were 35 ± 15 and 24 ±
8 μmol � m�2 � d�1, respectively, in the Atacama Trench and
34 ± 8 and 14 ± 5 in the Kermadec Trench (Table 1). Thus, 68
and 42%, respectively, of the nitrate generated from nitrifica-
tion was consumed within the sediment. This distinguishes our
hadal sediments from abyssal sites, where 80 to 90% of the
nitrate from nitrification is estimated to be recycled to the over-
lying water (e.g., refs. 3 and 15). Indeed, the nitrate penetration
depths in the sediments from the bottom of Atacama Trench
are comparable to those found at 1- to 3-km depth on continen-
tal margins (e.g., refs. 16 and 17).

Ammonium only accumulated below the depth of nitrate
depletion, indicating efficient anaerobic ammonium oxidation to
N2 (Fig. 1B and SI Appendix, Fig. S1). The flux of ammonium
into the nitrogenous zone averaged 21 ± 8 μmol � m�2 � d�1 in
the Atacama Trench and 12 ± 6 μmol � m�2 � d�1 in the Ker-
madec Trench (Table 1; for stations at which samples covered
the entire nitrogenous zone), which corresponds to 84 to 88%
of the downward flux of nitrate into the anoxic sediment and
indicates large contributions of ammonium oxidation to nitrate
consumption. The nitrate and ammonium fluxes correspond to
total dissolved inorganic nitrogen sinks of 45 ± 12 and 26 ±
8 μmol � m�2 � d�1 in Atacama and Kermadec Trenches,
respectively.

The presence of anaerobic ammonium oxidation in the hadal
sediments was confirmed in anoxic incubations with 15N-labeled
substrates. In both trench axes, we consistently observed 15N-N2

production in incubations with 15N-labeled ammonium and
unlabeled nitrate, with rates peaking in the nitrate–ammonium
transition zone (Fig. 1 C and E). More than 97% of the
15N-labeled N2 produced was of mass 29 (14N15N) as character-
istic of anammox (18), and the rates resembled anammox rates
determined in incubations with 15N-nitrate and 15N-nitrite in
parallel (SI Appendix, Fig. S2), all suggesting that anammox
bacteria are active in the trench axis sediments. Denitrification
also contributed to N2 production, but rates were generally
lower and tended to peak at shallower depths than anaerobic
ammonium oxidation. Thus, the average relative contribution
of anammox to N2 production in the nitrogenous zone was
67 ± 13% in the Atacama Trench, and it reached 91 to 98% at
two sites in the Kermadec Trench (Table 1).

Anaerobic nitrate consumption has been indicated in hadal
porewater profiles (9, 10, 19), and anammox bacteria have been
detected in sediment from the Ogasawara Trench (9), but, as

Fig. 1. Porewater distributions, experimental N2 production rates, and distri-
butions of anammox bacteria in sediments from the Atacama (AT) and
Kermadec (KT) trenches. (A and B) Porewater distributions of nitrate and
ammonium, respectively, at three sites from the KT in blue and three sites
from the AT in green. For each trench, the sites represent the southern end
(KT6 and AT6), center (KT3 and AT4), and northern end (KT10 and AT3) of the
transects investigated. Profiles from the adjacent abyssal plain are shown for
comparison (open symbols; KT7 and AT7). Stippled orange lines in A represent
oxygen penetration depths. Data for all sites is shown in SI Appendix, Fig. S1.
(C) Rates of N2 production by denitrification and anammox in the Atacama
Trench as determined in shipboard incubations for the same sites as shown in
panels A and B. (D) Depth distributions of Scalindua 16S rRNA gene copy num-
bers determined with qPCR and the relative abundance of Scalindua 16S rRNA
gene reads in percent of total reads obtained by amplicon sequencing with
universal primers at the same sites as in C. (E) Same as C for the Kermadec
Trench (rates for KT3 were not available). (F) Depth distributions of Scalindua
16S rRNA gene copy numbers determined with qPCR in the same sites as in E.
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yet, no experimental evidence of hadal denitrification or anam-
mox activity was reported. While the ability to denitrify is wide-
spread among bacteria, anaerobic ammonium oxidation is only
known from the phylogenetically distinct anammox bacteria of
the candidate order Brocadiales. Thus, we used biomolecular
techniques to further link the observed process to anammox
bacteria and to explore whether distinct clades thrive under
hadal conditions. Indeed, the copy number of anammox bacte-
rial 16S ribosomal RNA (rRNA) genes in the sediments deter-
mined with qPCR agreed well with the measured rates (Fig. 1
D and F). Counts were near the detection limit in the oxic zone
but increased to peak in the nitrogenous zone, indicating
growth of anammox bacteria, and decreased again below the
depth of nitrate penetration. Counts reached >106 � g�1 at sev-
eral sites in the Atacama Trench but remained <105 � g�1 in the
Kermadec Trench, consistent with the lower rates measured
there. Similarly, we observed a close match between the esti-
mated anammox rates and the relative abundance of anammox
bacterial 16S rRNA gene sequence variants in a large amplicon
dataset from the two trenches (Fig. 1D). The relative abun-
dance peaked at 1.7 to 4.9% of all reads in the nitrogenous
zone in the Atacama Trench and 0.2 to 0.4% in the Kermadec
Trench. Since total cell counts in the two trenches were similar
(20), this is consistent with the relative difference in qPCR-
based counts, though lower depth resolution of the profiles in
the Kermadec Trench might have smeared peak values (5- or
15-cm sections versus 1-cm sections in Atacama at the depths
of interest).

We conclude that porewater chemistry, experimental rate
measurements, and biomolecular analyses all point to anammox
bacteria being abundant, active, and dominant contributors to
fixed nitrogen removal in both of the hadal trench axes
explored here. The relative contributions of anammox to N2

production are at the high end of the range reported from
aquatic sediments (21, 22), with the Kermadec Trench values of
>90% representing an extreme. With denitrification and anam-
mox in marine sediments both being fueled by the degradation
of organic matter and assuming molar C:N ratios at the Red-
field ratio of 6.6 or higher, anammox contributions much above
30% indicate the occurrence of other terminal electron accept-
ing processes than denitrification in the nitrogenous zone (22,
23). Dissimilatory manganese reduction has been suggested as
a likely candidate in manganese oxide–rich sediments (24, 25)
and may also explain the high contributions here. Thus, reactive
manganese peaked at concentrations of 33 to 200 μmol � g�1

near the depth of oxygen penetration and was depleted through
the nitrogenous zone, while dissolved manganese accumulated
in the porewater (SI Appendix, Fig. S3). Estimated diffusive
fluxes of dissolved manganese indicated a net production of
19 ± 5 μmol � m�2 � d�1 in the nitrogenous zone of the Atacama
Trench and 22 to 39 μmol � m�2 � d�1 for two sites in the

Kermadec Trench. These values likely underestimate manga-
nese reduction rates in the nitrogenous zone due to limited spa-
tial resolution of profiles and the potential for precipitation of
reduced manganese (26), but the values confirm that manga-
nese is a quantitatively important anaerobic electron-accepting
process here. Alternative explanations for the high relative con-
tribution of anammox to N2 production could be that nitrate
reduction produces nitrite or ammonium rather than N2 as the
end product, as observed in oceanic oxygen minimum zones
(OMZs) (27). However, although nitrite accumulated in the
nitrogenous zone, concentrations maximally reached 2.7 μM
(SI Appendix, Fig. S1). Likewise, dissimilatory nitrate reduction
to ammonium was previously found to be of minor importance
in deep-sea sediments (28).

The 16S rRNA gene amplicons of anammox bacteria
revealed a wide diversity with strong dominance of the candi-
date genus Scalindua (Fig. 2 and SI Appendix, Fig. S4), as gen-
erally observed in marine environments (29). Thus, of 47
unique amplicon sequence variants (ASVs) in the hadal sedi-
ments assigned to Brocadiales, 36 were affiliated to Scalindua.
Two ASVs were affiliated to Kuenenia, and the remaining eight
were not assigned to any genus, but these non-Scalindua ASVs
all occurred sporadically, each in ≤4 of the 166 hadal samples
analyzed. By contrast, in the Atacama Trench, five Scalindua
ASVs (Nos. 191, 416, 566, 983, and 1,460) occurred in 22 to
57% of all samples and in 33 to 97% of samples from the
nitrogenous zone, and four of these each reached relative abun-
dances of >0.5% of all reads in individual samples (Fig. 2 and
SI Appendix, Fig. S5). The smaller Kermadec dataset was phylo-
genetically similar to that from Atacama, with six of eight ASVs
from the Kermadec also occurring in the Atacama Trench.
Moreover, the two most abundant hadal lineages in the Ata-
cama Trench (ASV191 and 416) were also among the most
abundant Scalindua lineages at bathyal (2,560 m) and abyssal
(4,050 m) depth on the continental slope (SI Appendix, Fig.
S3). Thus, while there were differences in relative abundances
between the hadal trenches and even within the Atacama
Trench itself, the hadal communities were phylogenetically sim-
ilar and the dominant hadal lineages also thrived at lower
hydrostatic pressure.

The similarity of the hadal anammox communities from the
two trenches was further confirmed by the analysis of genes for
hydrazine synthase (hzsA), a unique marker of the anammox
process (30, 31) in a smaller set of 18 hadal samples (SI
Appendix, Fig. S6). At the finer phylogenetic resolution of this
approach, sequence variants from the two trenches differed,
but most of the more widespread variants still clustered closely
together and also together with variants from the abyssal sites.

The Scalindua phylotypes identified in the 16S rRNA gene
dataset were spread widely across the phylogenetic tree of the
candidate genus (Fig. 2). Surprisingly, the most abundant phy-
lotypes from both trenches were closely related to anammox
bacteria from a few hundred meters of water depth in the oce-
anic OMZs of the Arabian Sea and the eastern tropical North
Pacific (32, 33) rather than to candidate species of benthic ori-
gin. Previous studies of benthic and pelagic anammox bacteria
delineated distinct pelagic and benthic clades based on 16S
rRNA gene phylogeny (32, 33), but our study suggests that this
distinction is not related to the physical environment itself but
rather to the biogeochemical conditions. Thus, the hadal sedi-
ments studied here were characterized by broad nitrogenous
zones with nitrate and nitrite in the micromolar range and low
ammonium concentrations and essentially free of reduced iron
(SI Appendix, Fig. S3) and of bioturbation, as indicated by
visual layering (20). These redox conditions are similar to those
found in the anoxic core of OMZs (34), while previous studies
of benthic anammox bacteria have mainly focused on coastal
and continental shelf sites (e.g., ref. 35), where the redox

Table 1. Nitrogen budget for hadal sediments of the Atacama
and Kermadec Trenches based on diffusive fluxes (mmol N � m22

� d21; average ± SE) and the relative contribution of anammox to
N2 production determined experimentally

Atacama Trench* Kermadec Trench†

Nitrate efflux 11 ± 27 19 ± 6
Nitrate flux down 24 ± 8 14 ± 5
Nitrification 35 ± 15 34 ± 8
Ammonium flux up 21 ± 8 12 ± 6
N2 production, fluxes 45 ± 12 26 ± 8
% N2 from anammox 67 ± 13 91–98‡

*n = 6.
†n = 4.
‡Range of two sites.
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zonation is generally more compressed and where bioturbative
mixing reaches into ferruginous or even sulfidic horizons (e.g.,
refs. 26 and 36), resulting in highly fluctuating environmental
conditions for an anammox bacterium. We suggest that the phy-
logenetic clusters within the genus Scalindua reflect adaptation
to these differing conditions.

Another explanation for the close relationship between line-
ages from OMZs and trenches could be that OMZ waters serve
as a dominant source for anammox bacteria in the deep sea.
Our northern sites in the Atacama Trench are directly under
such an OMZ, where anammox is active and anammox bacteria
are abundant (37, 38). However, the Kermadec Trench is
almost 10,000 km from the eastern Pacific OMZs, and it thus
appears that the composition of the anammox community is
controlled by selection within the benthic environment.

Whereas adaptations to high hydrostatic pressure are well docu-
mented for other bacteria (39–41), our analysis indicates that if
such adaptations exist in anammox bacteria, they have not been
associated to an evolutionary bottleneck giving rise to distinct
hadal or even deep-sea clades but must occur so frequently that
they are hidden in microdiversity that is not resolved by the 16S
rRNA analysis. Furthermore, the experimental rate measurements
in shipboard incubations document the ability of hadal anammox
bacteria to metabolize at surface pressure. In the Atacama Trench,
where the most detailed dataset was available, average anammox
rates for sediment from the nitrogenous zone measured in the
laboratory (0.41 ± 0.21 nmol � cm�3 � d�1) were similar to the in
situ rates of 0.24 ± 0.08 nmol � cm�3 � d�1 that could be esti-
mated from the porewater nitrate profiles, the thickness of the
nitrogenous zone, and the relative importance of anammox from
the incubations (Table 1). Rates from batch incubations as per-
formed here are generally interpreted as potential rates because
the amendment of nitrate and/or ammonium will stimulate activ-
ity if the microbes are limited by the substrates in situ (24, 25).
However, due to a high affinity for nitrite (24, 42), anammox bac-
teria might only be electron acceptor limited at the very bottom of
the nitrogenous zone when this zone is as well developed as in

the hadal sediments (Fig. 1A), justifying the use of batch-based
rates as estimates of in situ activity (43). Thus, although these
rate estimates, as well as those derived from concentration gra-
dients, should only be considered as approximations, the similarity
indicates that anammox bacteria are not severely inhibited by
decompression, suggesting that they are piezotolerant rather than
piezophilic.

With the ultimate aim of quantifying in situ activity directly,
we let an autonomous benthic lander perform injections of
15N-labeled nitrate and nitrite into sediment cores at two sites
at the bottom of the Atacama Trench. In both cases, the pro-
duction of 15N-labeled N2 was detected, and the depth distribu-
tions of activity were similar to those obtained in the laboratory

Fig. 2. Maximum likelihood tree (IQTree) of anammox 16S rRNA gene sequences. The most likely placement (RAxML EPA) of ASVs obtained from sedi-
ments within the Kermadec Trench (turquoise) and the Atacama Trench (red) are shown next to the respective clades as bubbles. Bubble size indicates
the relative abundance of each ASV with overlay of bubbles assigned to the same node. The number of ASVs with the same placement is indicated to the
left of the respective bubbles. The scale on the bottom left indicates the estimated substitutions per nucleotide. See SI Appendix, Fig. S3 for a version of
the tree without collapsed branches.

Fig. 3. Comparison of 15N-N2 accumulation rates in hadal sediments
determined with in situ whole-core incubations with a benthic lander (dia-
monds) and shipboard experiments (circles) with added 15N-labeled nitrate
(blue) or nitrite (green). Incubations were made at two sites, AT4 (A) and
AT10 (B) in the Atacama Trench.
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incubations (Fig. 3). The amounts of 15N-N2 accumulated were
also in broad agreement with the production in the laboratory
incubations, with in situ values exceeding those from the labo-
ratory at site AT4, whereas the opposite was the case at AT10.
While further tests are required to validate in situ metabolic
rates from the lander incubations, the consistency between the
two types of incubation again suggests that the activity of N2

production was not heavily affected by recovery. The apparent
lack of sensitivity to hydrostatic pressure, in conjunction with
the close affiliation of hadal anammox bacteria to organisms
from shallow waters, lends support to a recent hypothesis that
due to continuous burial, obligate anaerobes in hadal sediments
have little chance to diversify and thereby to establish specific
adaptations such as piezophily (44). Instead, strains are
selected from the seed stock that deposits from above and is
buried through the oxic zone. We suggest that anammox bacte-
ria, being a monophyletic clade with a well-defined obligate,
anaerobic core metabolism (30), are excellent model organisms
for further testing of this hypothesis.

This investigation was spurred by the report of high oxic res-
piration rates in hadal trenches, which reverse the general trend
of decreasing benthic activity with increasing water depth (5, 8,
45). For the Atacama and Kermadec Trenches, this trend was
confirmed in a parallel study finding 1.3- to 3.5- and 2.8- to 4.6-
fold higher respiration rates, respectively, at our trench axis
sites compared to the abyssal plain (11). Our results across two
trenches consistently demonstrate an analogous stimulation of
nitrogen cycling and, notably, a qualitative shift from the domi-
nance of aerobic nitrification to anaerobic denitrification and
anammox. We were not able to quantify N2 production at the
abyssal sites, but our estimate of N2 production based on
nitrate and ammonium fluxes to the nitrogenous zone in the
Atacama and Kermadec Trench axes, 45 ± 12 and 26 ± 8 μmol
N � m�2 � d�1, respectively, clearly exceeds the few tightly con-
strained estimates from abyssal settings: 5 μmol � m�2 � d�1 at
the Porcupine Abyssal Plain (4,800 m; ref. 15) and 5 to 13 μmol
� m�2 � d�1 as integrated for the Canada Basin (1,000 to 4,000 m;
ref. 46), while our rates are comparable to rates from slope
and rise at 2- to 3-km depth in the Atlantic and the Chukchi
Sea (28, 47, 48). It thus appears that anaerobic nitrogen trans-
formations are stimulated at least as strongly as oxygen respi-
ration in the trenches. This can be attributed to an increased
deposition of reactive organic matter, which both provides a
source of electron donors for denitrification and anammox
and, through increased oxygen respiration, leads to a shoaling
of the nitrogenous zone, bringing it closer to the source of
reactive substrates. Although the areal extent of hadal trenches
is too small for the enhanced activity to substantially impact
the global marine nitrogen budget, our results emphasize the
role of the trench sediments as hot spots in the deep sea and
call for investigations of other anaerobic processes, including
iron and sulfur cycling in these systems. Recent studies have
shown that microbial communities in hadal sediments are taxo-
nomically similar to those from shallower depths (41, 49). Our
study complements these by demonstrating that the community
carries out a similar suite of dissimilatory nitrogen transforma-
tions as its shallower counterparts. Moreover, our finding that
anammox bacteria are not only key drivers of benthic nitrogen
cycling but that those that thrive in the hadal axis sediments
are closely related to strains from shallow waters and that their
activity shows no marked effect of decompression from pres-
sures up to 1,000 bar adds perspective to the general under-
standing of hadal trenches as an extreme environment. An
extreme selective pressure is evident, e.g., for fish that are phys-
iologically excluded as a group from living deeper than ∼8,400
m (50), and both piezophily and piezosensitivity are well estab-
lished for different types of bacteria (e.g., refs. 39, 40, and 51).
Contrastingly, for anammox bacteria, our results suggest that

biogeochemical conditions may play a stronger selective role
than pressure in structuring the community.

Materials and Methods
Sediment was obtained during cruises on RV Tangaroa (TAN1711, 2017) and
RV Sonne (SO261, 2018; ref. 52). We sampled six and four sites along the axis
of the Atacama and Kermadec Trenches, respectively, one abyssal plain site in
each trench region, and two sites at bathyal and abyssal depths, respectively,
on the continental slope into the Atacama Trench (for locations and further
descriptions, see refs. 11 and 20). All sites in the Atacama region (AT1-10), as
well as Site KT6, were sampled by multicorer, while other Kermadec Trench
samples were sampled by box corer. The multicorer cores and the box core
from KT7 were brought on board with clear overlying water and visually
undisturbed surfaces, while there was a risk for loss of the uppermost sedi-
ment in the box cores from KT3, 4, and 5. In cores with intact surfaces, there
was a good agreement between the zone of nitrification, as inferred from
profiles of porewater nitrate, and the oxygen penetration depth measured in
situ by a benthic lander (11). Thus, we used nitrate profiles to estimate the
sediment loss at the box-cored sites, and we infer losses of ≤1cm at sites KT3
and KT4 but 5 to 7 cm at KT5. All sites were sampled into 9.4-cm inner diame-
ter core liners with duplicates taken for both porewater analysis and 15N
tracer incubations. For all Atacama samples, duplicates were from two differ-
ent multicorer casts, whereas for the Kermadec, samples were from the same
cast.

Sediment cores were brought to a 3 °C cold room immediately after
retrieval, and sectioning for porewater analysis typically began within 1 h, fol-
lowed by sectioning for incubations within 8 h. For Atacama samples, all sec-
tioning took place in an N2-filled glove bag, while Kermadec samples were
sectioned under air. Porewater was extracted by centrifugation and split into
aliquots for analysis of nitrate, nitrite, ammonium, and dissolved manganese,
and for Atacama, for which the porewater was handled in the glove bag, also
for dissolved iron and hydrogen sulfide, as previously described (53). Before
sectioning, a sample of the overlying water was aliquoted similarly. Nitrate
and nitrite were analyzed spectrophotometrically on fresh samples (54). Ker-
madec samples were also analyzed fresh for ammonium using the orthophe-
nylanaline method (55), whereas for Atacama samples, this protocol was
applied after frozen storage. Hydrogen sulfide was analyzed spectrophoto-
metrically on fresh samples after preservation with ZnCl2 (56), while manga-
nese and iron were analyzed on acidified samples stored cold using flame
atomic absorption spectroscopy and spectrophotometry, respectively (53, 57).
Detection limits were approximately 1, 0.5, 0.5, 2, 2, and 1 μM for nitrate,
nitrite, ammonium,manganese, iron, and sulfide, respectively. Diffusivefluxes
were estimated from concentration gradients using Fick’s first law, with tortu-
osity correction and temperature-adjusted diffusion coefficients derived from
ref. 58 using the gradient between two consecutive sections.

Rates and pathways of N2 production were determined in shipboard incuba-
tions using an adaptation of the 15N tracing technique (24, 59), including extra
precautions against oxygen contamination, as we expected low rates of respira-
tion and therefore saw a risk that oxygen respiration would not efficiently
remove traces of oxygen present in upper horizons or introduced during han-
dling. Parallel sections from two sediment cores were pooled, and 40 cm3 or
80 cm3 sediment was slurried, respectively, in 60 or 120 mL artificial seawater
(35 psu) produced from Red Sea salt. Kermadec samples were sectioned in air,
and aliquots quickly transferred to glass bottles that were sealed with butyl
stoppers and flushed with N2 for 10 min. Seawater for slurrying was degassed
separately and transferred directly from its bottle to the slurry bottle via Viton
tubing and needle through the stopper of the receiving bottle using N2 over-
pressure. Atacama samples were sectioned in an N2-filled glove bag and trans-
ferred to glass bottles already containing N2-degassed seawater. Subsequently,
the headspacewas flushedwith N2with intermittent shaking of the slurry.

For both trenches, the slurries were distributed into 6-mL Exetainers that
were filled without a headspace in an N2-filled glove bag. The Exetainers
were preamended with 15N tracer solutions, 25 μL of either 50 mM Na15NO3,
25 mM Na15NO2, or 100 mM 15NH4Cl, all ≥98% 15N. Some vials with 15NH4

+

further received 25 μL mM unlabeled 50 mM NaNO3. Resulting final concen-
trations were approximately 100 μM NO3

�, 50 μM NO2
�, and 200 μM NH4.

Standard incubations included triplicates terminated by addition of 100 μL
50%wt/vol ZnCl2 at the beginning of the incubation and after 48 h (Atacama)
or 72 h (Kermadec). For both trenches, additional time-course experiments
were conducted to check for linearity of rates during these time intervals.

In addition to the shipboard incubations, we determined 15N-N2 accumula-
tion in intact sediment cores injected and incubated with 15N-labeled nitrate
or nitrite in situ using an autonomous benthic lander. Up to six 9.5-cm i.d.
acrylic core liners were pushed into the sediment by the lander while also
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vertically inserting three steel injection needles per core. The needles were
positioned 4.5 cm apart in an equilateral triangle. Each needle had four rows
of four holes near the tip through which water containing the tracer was
ejected in a stepwise manner at a rate of 0.5 mL � cm�1 during insertion. The
tracer solution was made up in artificial seawater, which was degassed and
loaded without air contact into glass syringes each connected to one needle.
As it was not possible to stop the incubation in situ, cores were injected at dif-
ferent times with the last injection representing the shortest incubation. We
obtained data from two deployments at stations KT4 and KT10, respectively.
At KT4, injections (2 × 15NO3

�, 2 × 15NO2
�) were made twice 48 h apart, while

at KT10, injections were made five times at regular interval (1 × 15NO3
�, 1 ×

15NO2
�) over 15 h. After the last injections, the cores were retracted, the

lander returned to the surface, and cores were brought to a cold room at 3 °C
after recovery. Here, the cores were subsampled by inserting 2.8-cm i.d. acrylic
cores around each needle. The sediment in these cores was sectioned into
2.5-cm intervals, and two 2-mL subsamples per section were quickly trans-
ferred to 6-mL Exetainers, which were prefilled with water containing 0.8%
wt/vol ZnCl2. The vials were sealed without a headspace and stored for 15N-N2

analysis.
Accumulation of 15N-labeled N2 was quantified using gas chromatography

isotope ratio mass spectrometry after adding a helium headspace to the Exe-
tainer as previously described (38). For the laboratory incubations, rates of
denitrification and anammox were calculated according to ref. 58, with the
labeled fractions of the substrate pools determined from the porewater con-
centration of unlabeled substrate and the added concentration of 15N label.
For the lander incubations, rates of 15N-N2 accumulation were calculated from
linear regression of 15N-N2 (

29N2 + 2 × 30N2) concentration versus time relative
to the last injection.

Biomolecular analysis of the abundance and phylogeny of anammox bacte-
ria in the sediments conducted in subsamples of the sediment used for incuba-
tions included qPCR of anammox 16S rRNA genes and amplicon sequencing of
the anammox-specific hzsA gene. Furthermore, a deeply sequenced 16S rRNA
gene amplicon dataset obtained with “universal” primers from separate sedi-
ment cores (44) was mined for anammox bacterial sequence variants. For
qPCR and hzsA sequencing, ∼1 cm3 of sediment was sampled while setting up
incubations and frozen at �80 °C. DNA was extracted from ∼0.25 μg of this
sediment using the DNeasy PowerSoil Kit (Qiagen) following the manufac-
turers recommendations. Quantification of 16S rRNA genes via qPCR was con-
ducted with the primer pair Brod541F (60) and AMX820R (61). Every 20-μL
qPCR reaction consisted of 10 μL AMPLIQON RealQ Plus 2x Master Mix Green,
1 μL forward and reverse primer, 0.2 μL bovine serum albumin (BSA), 2 μL tem-
plate DNA and 6.8 μL ddH2O. Cycling conditions were an initial 3-min-long
denaturation at 95 °C followed by 50 loops of 95 °C for 45 s, 60 °C for 1 min, or
72 °C for 1 min. Final elongation lasted 5 min, followed by a melt curve from
50 to 95 °C with an increment of 0.5° every 5 s.

Hydrazine synthase genes were amplified via a nested PCR (31). For the
first step, we used the primer pair hzsA_382F and hzsA_2390R, while for the
second step, hzsA_526F and hzsA_1857R were used with a 1:10 dilution step
of the first PCR product. Each 50-μL reaction contained 5 μL deoxynuc leoside
triphosphate, 5 μL MgCl2, 1 μL forward and reverse primers, 5 μL Taq Buf, 1 μL
BSA, 0.25 μL Taq polymerase, 2 μL template, and 29.75 μL ddH2O. The PCR
cycling conditions of the first step were initial 3-min denaturation at 95 °C fol-
lowed by 25 to 35 loops of 95 °C for 1 min, 56 °C for 1 min, and 72 °C for 2 min,
and a final elongation for 10 min. The same conditions were used for the sec-
ond step but with a 54 °C annealing temperature. A small-scale test run of
clone sequencing was done commercially at Macrogen Inc. before the PCR
products were subjected to PacBio sequencing at the Vienna Biocenter Core
Facilities Next Generation Sequencing Unit (https://www.viennabiocenter.org/
vbcf/). The clone sequences have been deposited in GenBank with the

accession numbers MW476708 throughMW476731, while the PacBio data can
be accessed at the National Centre for Biotechnology Information Sequence
Read Archive (NCBI SRA) under PRJNA682892.

PacBio data of hzsA genes were demultiplexed and circular consensus
reads generated using the SMRT Link Software package 5.1. Further process-
ing of the circular consensus reads to ASVs was done subsequently with the
DADA2 package (version 1.9.1) in the R Studio software environment (62). In
parallel, 16S rRNA gene data of anammox bacteria were extracted from the
dataset of ref. 44 as amplicons classified either broadly in the candidate order
Brocadiales or specifically in the candidate genera Anammoxoglobus, Broca-
dia, Jettenia, Kuenenia, or Scalindua. For phylogenetic analysis, reference
sequences of anammox bacterial 16S rRNA and hzsA genes were mined from
publicly available metagenomic datasets stored in the Integrated Microbial
Genomes databases and the National Center for Biotechnology Information.
Additional hydrazine synthase amino acid sequences were obtained by using
Blast-p against the nonredundant database and clustered at 95% sequence
similarity using usearch -cluster_fast (63). These reference datasets were man-
ually filtered against short sequences and subsequently de novo aligned using
mafft-linsi with standard parameters (64). Translated hzsA ASVs [Framebot
(65)], clustered to 95% sequence similarity with usearch, and anammox 16S
rRNA gene ASVs were added to the respective reference alignments using
mafft-linsi with the –seed option. Phylogenetic trees were reconstructed using
IQTree version 1.6.12 (66) based upon the entire alignment of hydrazine syn-
thase sequences, while the 16S rRNA gene tree was based on the reference
alignment with the short ASVs being mapped to the tree using the RAxML
Evolutionary Placement Algorithm (EPA) (67). Model finder (68) suggested LG
+ G4 and TIM3 + F + R3 for hydrazine synthase and 16S rRNA genes, respec-
tively, and branch support was calculated using 500 nonparametric bootstrap
replicates. The resulting hydrazine synthase and 16S rRNA gene trees were
visualized using iTOL and ggtree, respectively (69, 70), while relative abundan-
ces of anammox 16S rRNA gene ASVs were plotted with Ampvis2 (71).

The biogeochemical dataset will be made available through the PANGAEA
repository under the project title HADES-ERC (https://www.pangaea.de).

Data Availability. Biogeochemical data have been deposited in Zenodo (DOI:
10.5281/zenodo.5605478). All other study data are included in the article
and/or SI Appendix. The clone sequences have been deposited in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) with the accession nos. MW476708–
MW476731, while the PacBio data can be accessed at NCBI SRA under
PRJNA682892.
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