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Stress response of a marine ammonia-oxidizing
archaeon informs physiological status of
environmental populations
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High representation by ammonia-oxidizing archaea (AOA) in marine systems is consistent with their
high affinity for ammonia, efficient carbon fixation, and copper (Cu)-centric respiratory system.
However, little is known about their response to nutrient stress. We therefore used global
transcriptional and proteomic analyses to characterize the response of a model AOA, Nitrosopumilus
maritimus SCM1, to ammonia starvation, Cu limitation and Cu excess. Most predicted protein-coding
genes were transcribed in exponentially growing cells, and of ~ 74% detected in the proteome, ~ 6%
were modified by N-terminal acetylation. The general response to ammonia starvation and Cu stress
was downregulation of genes for energy generation and biosynthesis. Cells rapidly depleted
transcripts for the A and B subunits of ammonia monooxygenase (AMO) in response to ammonia
starvation, yet retained relatively high levels of transcripts for the C subunit. Thus, similar to
ammonia-oxidizing bacteria, selective retention of amoC transcripts during starvation appears
important for subsequent recovery, and also suggests that AMO subunit transcript ratios could be
used to assess the physiological status of marine populations. Unexpectedly, cobalamin biosynth-
esis was upregulated in response to both ammonia starvation and Cu stress, indicating the
importance of this cofactor in retaining functional integrity during times of stress.
The ISME Journal advance online publication, 20 October 2017; doi:10.1038/ismej.2017.186

Introduction

The discovery of ammonia-oxidizing archaea (AOA)
in marine and terrestrial environments has trans-
formed our understanding of microbial controls on
the global nitrogen cycle (Stahl and de la Torre,
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2012). They comprise as much as 40% of the total
microbial population and contribute a major fraction of
transcripts in marine metatranscriptomes (Karner et al.,
2001; Hollibaugh et al., 2011; Shi et al., 2011; Baker
et al., 2012; Stewart et al., 2012), suggesting they have
major roles in global biogeochemical cycles. Apart from
serving a critical role in marine nitrification (Martens-
Habbena et al., 2009, 2015; Santoro et al., 2010; Horak
et al., 2013), AOA also contribute to carbon fixation
(Könneke et al., 2014), production of the greenhouse
gases nitrous oxide and methane (Santoro et al., 2011;
Metcalf et al., 2012), and the provision of cobalamin
(vitamin B12) to cobalamin-dependent populations in
oceanic systems (Heal et al., 2017).

The ocean is a dynamic environment with often low
and patchy distribution of nutrients (Guasto et al.,
2012). The high abundance and activity of AOA
throughout the marine environment suggest their
resilience to such dynamic conditions. For example,
AOA possess a high affinity ammonia uptake system
that presumably helps sustain ammonia oxidation and
growth despite low ammonium concentrations in
large areas of the ocean (Martens-Habbena et al.,
2009; Horak et al., 2013; Nakagawa and Stahl, 2013).
In addition to ammonium, some marine AOA can
utilize urea as a source of energy and nitrogen for
growth (Qin et al., 2014; Bayer et al., 2016). Despite
these adaptations, it is not clear how AOA respond to
sporadic pulses of reduced nitrogen species over
periods of time that span hours or days, and what
molecular machinery facilitates such responses.

Similarly, the distinct trace element requirements of
AOA may also contribute to their ecological success.
Most notably, a large fraction of proteins in AOA
genomes involved in electron transfer and ammonia
oxidation are copper (Cu)-dependent enzymes (Walker
et al., 2010). Such a reliance on copper rather than the
typical iron-dependent proteins suggests that the AOA
may be more competitive relative to other microbes in
the open ocean where iron is often limiting and
competition for bioavailable iron is high (Amin et al.,
2013). However, laboratory and field studies also
suggest that AOAmay be limited by Cu concentrations
prevalent in many regions of the marine environment
(Amin et al., 2013; Jacquot et al., 2014).

In this study, we used transcription analyses to
explore the whole cellular response of Nitrosopumilus
maritimus strain SCM1 to varying ammonia and Cu
concentrations, and relate those patterns to its global
proteome. These analyses revealed that pathways for
ammonia oxidation, electron transfer, and cobalamin
biosynthesis are among the most responsive to changes
in ammonia and Cu availability. This demonstration of
clear transcriptional responses will allow the detection of
ammonia and Cu stress among natural AOApopulations.

Materials and methods

All materials and methods are described in detail in
Supplementary Information.

Cell growth
N. maritimus strain SCM1 was cultured in synthetic
seawater medium at 30 °C in the dark as described
previously (Martens-Habbena et al., 2009; Amin
et al., 2013; Qin et al., 2014).

Transcriptional response of N. maritimus to different
ammonia and Cu levels
RNA was extracted from 0.22 μm Sterivex-GP filters
(Millipore, Billerica, MA, USA) containing N. mar-
itimus cells harvested following each of the
described ammonia and Cu treatments. Microarray
and RNA-seq were used to profile transcriptomic
responses of N. maritimus induced by ammonia
starvation and recovery and Cu limitation and
toxicity, respectively. The microarray and RNA-
sequencing data have been deposited in the NCBI
GEO database under accession numbers GSE103848
and GSE103699, respectively. Transcript abundance
of amo genes were determined by RT-qPCR on a
Roche Light Cycler machine.

Protein analysis
Filters containing exponential phase N. maritimus
cells were extracted using bead-beating to lyse cells.
Proteins in the lysate underwent reduction of
disulfides, alkylation of free cysteine residues, and
in-solution protease digestion using either trypsin or
GluC. Desalted samples were analyzed by a Waters
nanoACQUITY liquid chromatography (LC) coupled
to a Thermo QExactive HF Orbitrap high-resolution
mass spectrometer (HRMS) equipped with a nano-
electrospray ionization source. Data dependent
acquisition was performed on the top 10 ions and
data analysis was conducted using COMET (Eng
et al., 2013) and software from the trans-proteomic
pipeline (Nesvizhskii et al., 2007). Proteomics data
have been deposited to the ProteomeXchange Con-
sortium via the PRDE partner repository with the
dataset identifier PXD007728.

Results and discussion

Global transcriptome and proteome of N. maritimus
SCM1
A combined transcriptome and proteome analysis
was used to identify the global gene expression
profile of N. maritimus during exponential growth.
Transcripts recovered from exponentially growing N.
maritimus were quantified using both microarray
and RNA-sequencing (RNA-seq) platforms with
reference to the genome published in Walker et al.
(2010). In sum, 1794 and 1759 transcripts were
detected by microarray and RNA-seq, respectively,
from a total of 1795 predicted N. maritimus protein-
coding genes (Supplementary Dataset 1). The global
proteome of exponential phase N. maritimus cells
was analyzed by in-solution proteolytic digestion
followed by LC-HRMS. MS-compatible surfactants
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were used to improve recovery of membrane-bound
proteins, and two separate protease digestions, using
either trypsin or GluC, which cleave proteins at
different residues, were carried out to generate more
comprehensive proteomic data sets (see Supplemen-
tary Information for experimental details).

Approximately 74% of the total predicted proteins
were recovered by proteomics analysis
(Supplementary Dataset 1), indicating that N. mar-
itimus translates a large fraction of its genome during
growth. The high level of proteome coverage was
also observed for the oceanic species ‘Candidatus
Nitrosopelagicus brevis’ (~70%) (Santoro et al.,
2015), confirming the notion that the genomes of
free-living marine AOA are streamlined with few
redundant genes. Key enzymes for post-translational
addition of an acetyl group to the N-terminal
methionine or penultimate (subsequent to methio-
nine cleavage) residue of a protein (Nt-acetylation)
were detected in the proteome of N. maritimus.

These consist of a putative methionine aminopepti-
dase (Nmar_0601), a putative N-terminal acetyltrans-
ferase (Nmar_0292), and members of
the GCN5-related N-acetyltransferase (GNAT)
superfamily (Nmar_0309, 0358, and 0540;
Supplementary Dataset 1). We observed that ~ 6%
of the N. maritimus proteome was modified
by Nt-acetylation during exponential growth
(Supplementary Dataset 2), which is a somewhat
lower fraction than reported for other archaeal phyla
characterized on a proteome-wide scale (~8–29% Nt-
acetylated) (Eichler and Maupin-Furlow, 2013;
Vorontsov et al., 2016). Within this set of proteins
in N. maritimus, Nt-acetylation of ribosomal pro-
teins, the α-subunit of proteasome, and the β-subunit
of prefoldin (Supplementary Dataset 2) is also typical
of other characterized archaea (Eichler and Maupin-
Furlow, 2013).

The most abundant transcripts and proteins of
exponentially growing N. maritimus are mainly
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Figure 1 The global transcriptome and proteome of exponential phase N. maritimus. The first and second outermost rings (dark and light
green) indicate the open reading frames (ORFs) on the positive and negative strands, respectively. The third and fourth rings (dark and
light blue; histogram) are the relative abundance of transcripts mapped onto the genome based on the transcript read counts and
hybridization florescence intensity, respectively. The fifth and sixth rings (orange and red; histogram) are the relative abundance of
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of the most highly expressed genes in both protein and transcript levels are highlighted along the genome.
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associated with cell surface, energy generation,
carbon fixation and molecular processing (Figure 1;
Supplementary Dataset 1). The global proteome
showed that the two proteins with the highest
spectral counts (Nmar_1547 and Nmar_1201) are
predicted surface-layer (S-layer) proteins
(Supplementary Figure 1), forming the prominent
S-layer of N. maritimus (Urakawa et al., 2011) and
many other archaea (Sara and Sleytr, 2000). Simi-
larly, their homologs (T478_1299, T478_1300 and
NVIE_016740) are among the most abundant pro-
teins in the proteomes of N. brevis (Santoro et al.,
2015) and the soil AOA Nitrososphaera viennensis
(Kerou et al., 2016). A significant investment in
S-layer protein biosynthesis is also mirrored by their
high transcript abundance in both cultured (Figure 1)
and environmental marine AOA populations
(Hollibaugh et al., 2011). In addition, the high
abundance of the ammonia monooxygenase (AMO)
gene transcripts is consistent with the high demand
on the ammonia oxidation pathway required for
chemolithoautotrophic growth (Figure 1). Likewise,
the B subunit of AMO (Nmar_1503) was among the
top 5% most abundant proteins in the trypsin-based
proteome, based on spectral counts (Supplementary
Figure 1). In the trypsin digested samples, the
apparent low spectral counts of the AmoA and
AmoC (Nmar_1500 and Nmar_1502), which are
expected to have comparable stoichiometry to
AmoB, are consistent with other studies where low
abundance (Santoro et al., 2015) or absence of AmoC
was attributed to poor recovery of these presumptive
membrane-associated proteins (Kerou et al., 2016).
However, an in silico trypsin digestion of the AmoC
sequence in N. maritimus and other AOA species
revealed only a few tryptic cleavage sites that would
generate peptides easily ionized and detected by
HRMS (Supplementary Figure 2). Although surfac-
tants were used to improve the recovery of AmoC
from the membrane, trypsin digestion of AmoC in N.
maritimus resulted in only two unique peptides
capable of detection by HRMS and thus, likely
contributed to its low apparent abundance. Addi-
tionally, one of these two unique peptides was
derived from the N terminus of AmoC and was
detected only if peptide identification took into
account the Nt-acetylation (Supplementary
Figure 3a; Supplementary Dataset 2).

In contrast, a GluC digestion of N. maritimus
proteins generated more AmoC peptides capable of
HRMS detection (Supplementary Figures 2 and 4a),
that consequently resulted in significantly higher
apparent protein abundance of AmoC than in the
trypsin digestion (Supplementary Figure 3b). The
GluC digestion-based proteome of N. maritimus also
revealed 12 proteins that were not observed in the
trypsin digestion (Supplementary Dataset 1), includ-
ing a plastocyanin-like protein (Nmar_1226) pre-
sumably functioning as a quinone reductase in the
electron transfer pathway (Walker et al., 2010).
Although the protein identifications from trypsin

digestion showed greater proteome coverage com-
pared to GluC digestion (c.f., 1313 proteins from
trypsin and 480 proteins from GluC), it is clear that
the exclusive use of trypsin digestion in previous
(meta)proteomic analyses of AOA may have under-
represented the abundance of AmoC and other
proteins (Williams et al., 2012; Hawley et al., 2014;
Santoro et al., 2015; Kerou et al., 2016). These results
highlight the value of using complementary pro-
teases, such as trypsin and GluC, and assessing post-
translational protein modifications for a more com-
plete characterization of thaumarchaeotal (meta)
proteomes.

Impact of changing ammonia and Cu concentration on
activity and transcription
Marine AOA are known for their extremely high
specific affinity for ammonia (Martens-Habbena
et al., 2009). Yet, little is known about their response
to periodic ammonia starvation, as frequently occurs
in marine systems (Capone et al., 2008). We first
evaluated the starvation and recovery behavior of
N. maritimus by measuring changes in the rates of
oxygen uptake following different periods of starva-
tion and ammonia re-addition. The respiratory
activity of N. maritimus as monitored by oxygen
consumption immediately fell to near background
levels after ammonia depletion (Supplementary
Figure 4). When the period of starvation was short
(o24 h), the initial activity was regained quickly
after ammonia re-addition. However, when starved
for significantly more than 24 h, recovery was
impaired (Supplementary Figure 4). We therefore
evaluated transcriptional changes at an intermediate
period of starvation (24 h) and at 24 h following
ammonia re-addition to starved cultures.

Replicate microarrays were used to evaluate the
transcriptome of N. maritimus cells harvested at
mid-exponential phase, after 24 h of ammonia
starvation, and 24 h recovery. Hierarchical cluster-
ing of biological replicates of each treatment
showed good reproducibility (Supplementary
Figure 5a). Among the three physiological condi-
tions examined, both the exponentially growing
and recovery conditions had similar transcript
profiles but were strikingly different from ammonia
starvation (Supplementary Figure 5a). The tran-
script abundance changes in response to ammonia
starvation and recovery displayed opposite global
trends (Supplementary Figure 6a), suggesting
N. maritimus recovers most metabolic activities in
a relatively short time following ammonia avail-
ability. Relative to mid-log phase, 480 transcripts
had significantly altered abundance in the
ammonia-starved cells, 208 with reduced abun-
dance and 272 with increased abundance (Po0.05)
(Supplementary Dataset 3). In response to ammonia
re-addition, significant changes in the abundance
of 335 transcripts were observed, with 186
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increased and 149 decreased relative to starved
cells (Supplementary Dataset 3).

Based on earlier studies showing that free Cu
concentrations control the growth of N. maritimus
(Amin et al., 2013), RNA-seq was subsequently used
to examine global changes in transcript abundance
under Cu-limited (5 nM total Cu) and Cu-toxic
(750 nM total Cu) conditions relative to Cu-replete
conditions (50 nM total Cu). All Cu treatments
concentrations are environmentally relevant
(Moffett et al., 1997; Amin et al., 2013). Significant
decreases in rates of ammonia oxidation and ulti-
mately growth were observed at both Cu-limiting and
Cu-toxic concentrations (Supplementary Figure 7).
Of the 1759 transcripts detected by RNA-seq, 526
and 480 showed significant increases and decreases

(Po0.05), respectively, in Cu-limited cells relative to
control (Cu-replete) cells (Supplementary Dataset 3).
In contrast, 460 and 344 showed significant increases
and decreases, respectively, under the Cu-toxic
condition relative to the control (Supplementary
Dataset 3). Hierarchical clustering analysis showed a
clear distinction between transcript profiles of
control cultures and Cu-stressed treatments
(Supplementary Figures 5b and 6b).

Transcriptional changes in pathways for ammonia
oxidation and assimilation. The genes encoding
the three major subunits of the AMO (amoA, amoB,
amoC) are co-localized in the N. maritimus genome
but differ in organization and content relative to the
bacterial amoCAB operon. In N. maritimus, amoC

Figure 2 Transcriptional changes for genes participating in proposed pathways of ammonia oxidation, electron transfer and ammonia
assimilation in response to ammonia starvation, recovery from starvation, Cu limitation, and Cu toxicity conditions. Log2 fold changes in
expression are shown for the 24 h starvation vs exponential growth, 24 h recovery after ammonia re-addition vs 24 h starvation, Cu
limitation vs Cu-replete and Cu toxicity vs Cu-replete conditions. Upregulation is represented in red (Po0.05), downregulation in blue,
and no significant differential expression in white. Alternative models for ammonia oxidation and electron transfer are represented by the
blue, green, and orange dashed arrows, highlighting the as yet unresolved centrality of NO in AOA biochemistry. A possible function of
NO as an electron shuttle was earlier posited based on energetic considerations, and may also suggest a role in electron transfer by an ORF
(Nmar_1501) of unknown function in the archaeal AMO operon (Stahl and de la Torre, 2012). In this model, NO is produced by the
reduction of nitrite by Cu-NirK (Nmar_1259 and Nmar_1667). Subsequently, NO is re-oxidized to nitrite by a purple cupredoxin
(Nmar_1307) delivering electrons to AMO (Hosseinzadeh et al., 2016), transfer possibly facilitated by Nmar_1501 (blue dashed arrow).
Alternatively, NO is a co-reactant with NH2OH to form nitrite facilitated by an unknown Cu-containing protein (green dashed arrow)
(Kozlowski et al., 2016). Finally, the orange dashed arrow highlights the possibility, as recently shown in the AOB (Caranto and Lancaster,
2017), that NO is the primary product of NH2OH oxidation. Red arrows indicate possible electron flow. Pink dashed boxes contain the
subunits and corresponding expression patterns of complexes I, III and IV. The expression patterns of complex I and ATPase were
assigned as the averaged log2 fold changes in expression for their subunits. The log2 fold changes in the transcript abundances of four
ferredoxins (Nmar_0238, 0239, 1537 and 1765) were averaged to represent the expression pattern of the putative complex I associated
ferredoxins. No complex I and ATPase subunits and ferredoxin genes were regulated in the opposite directions (see Supplementary
Dataset 3 for the fold-expression and statistical significance of each treatment).
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(Nmar_1502) and amoA (Nmar_1500) are separated
by an ORF (Nmar_1501) of unknown function, and
amoB (Nmar_1503) is located on the opposite strand
from amoC and amoA (Figure 1; Walker et al., 2010),
suggesting that the AOA amo genes may be under
different regulatory control, which was supported by
their divergent transcriptional responses to the three
imposed stresses in this study. Transcription of all
three amo genes was depressed with Cu limitation,
whereas only amoA transcripts were reduced at toxic
Cu concentrations (Figure 2). Loss of transcripts for
amoA and amoB in response to ammonia starvation
contrasted with retention of amoC transcripts
(Figure 2). Thus, Cu and energy stress appear to be
associated with distinct physiological states.

Variation in amo gene transcript abundance over
longer periods of starvation time (up to 200 h) was
monitored by RT-qPCR. The per-cell copy numbers
of amoA and amoB transcripts decreased by nearly
32-fold within 9 h of ammonia starvation and
remained low for the remainder of the experiment
(Supplementary Figure 8). In contrast, and consistent
with the microarray analysis, amoC transcript abun-
dance remained elevated during the initial 24 h of
starvation, decreased by about 10-fold at 48 h, and
remained more abundant than amoA and amoB
transcripts over the entire 200-h experiment
(Supplementary Figure 8). The persistence of the
amoC mRNA, or continued transcription of the
amoC, following depletion of ammonia has also
been observed in ammonia-oxidizing bacteria (AOB)
(Sayavedra-Soto et al., 1998; Hommes et al., 2001;
Stein et al., 2013). Previous studies of β- and γ-AOB
have shown that a monocistronic variant of bacterial
AmoC has a chaperone-like function, likely acting to
repair or stabilize the AMO holoenzyme (Berube
et al., 2007; El Sheikh and Klotz, 2008; Berube and
Stahl, 2012). The persistence of amoC transcripts in
N. maritimus suggests that the archaeal AmoC may
play a similar role in stabilizing ammonia oxidation
function during periods of inactivity or energy stress.
This hypothesis is also supported by Nt-acetylation
of only the AmoC subunit of the holoenzyme
(Supplementary Dataset 2), a modification control-
ling subunit stoichiometry and stability of multi-
protein complexes in other organisms (Shemorry
et al., 2013; Holmes et al., 2014).

These data also offer perspective for interpretation
of environmental transcriptional data sets. For
instance, the abundance of AOA amoC transcripts
have been reported to be orders of magnitude greater
than those of amoA and amoB in the oligotrophic
open ocean (Shi et al., 2011). Analogous to the
results of our study, these environmental results
suggest that a considerable fraction of marine AOA in
oligotrophic areas frequently face periods of energy
starvation or limitation, which could result from
variable remineralization rates or competition with
ammonia-assimilating phytoplankton and heterotrophs.

Apart from the documented function of the AMO
in the oxidation of ammonia to hydroxylamine

(NH2OH) (Walker et al., 2010), the system of electron
carriers linking oxidation of NH2OH to the terminal
oxidase of N. maritimus is still unknown. It is
hypothesized that this system involves some of the
17 small blue Cu-containing plastocyanins encoded
by N. maritimus (Nmar_0004, 0185, 0815, 0918,
1102, 1129, 1142, 1161, 1226, 1273, 1307, 1443,
1542, 1637, 1650, 1665, 1678; Walker et al., 2010), all
of which have no described functions apart from the
nitric oxide (NO) oxidation activity of the biochemi-
cally characterized Nmar_1307 (Hosseinzadeh et al.,
2016). Of these, Nmar_1102 was among the 5% most
abundant proteins in the proteome (Figure 1;
Supplementary Figure 1), and was also among the
four plastocyanins (Nmar_0815, 1102, 1226, 1650)
that showed reduced transcript abundances during
ammonia starvation and Cu stress, and increased
transcript abundances during recovery (Figure 2;
Supplementary Dataset 4). Since Nmar_1102 has
also been observed in metatranscriptomes of coastal
waters (Hollibaugh et al., 2011), we hypothesize it
functions in electron transfer with one, or both, of
two putative nitrite reductases (NirK; Nmar_1667
and Nmar_1259; sharing ~ 91% amino acid identity)
implicated in ammonia oxidation (Figure 2).

The high expression of the two NirK paralogs in
the transcriptome and proteome of exponentially
growing cells (Figure 1; Supplementary Dataset 1),
their depression under ammonia limitation and Cu
stress, and their increased transcription during
recovery (Figure 2) together suggest they serve a
central role in AOA ammonia catabolism. Recent
studies have indicated that production of NO,
possibly through NirK activity, is essential for
ammonia oxidation by marine AOA pure cultures
and natural populations (Martens-Habbena et al.,
2015) and the soil AOA N. viennensis (Kozlowski
et al., 2016). High expression of nirK-like genes has
also been observed in marine metatranscriptomes
and metaproteomes (Stewart et al., 2012; Hawley
et al., 2014). Thus, similar to the observed rapid
depletion of amoA transcripts in response to ammo-
nia starvation, the expression of nirK may also be a
useful molecular marker for monitoring the activity
of natural marine AOA populations (Lund et al.,
2012).

Recently, bacterial homologs of the AOA
Cu-containing NirK present in AOB have been
suggested to not function solely in nitrite reduction.
Characterization of the Nitrosomonas europaea
hydroxylamine oxidoreductase (HAO) showed that
NO, not nitrite, is the major product of NH2OH
oxidation (Caranto and Lancaster, 2017). Those
authors further hypothesized that the bacterial NirK
may not act as a nitrite reductase, but rather oxidizes
NO to nitrite (Caranto and Lancaster, 2017). We
previously showed nearly stoichiometric conversion
of ammonia to NO when N. maritimus is exposed to
very high ammonia levels (Martens-Habbena et al.,
2015). The accumulation of NO at high ammonia
concentrations suggests a kinetic limitation at one or
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more of the subsequent steps in the reaction path-
way, and is consistent with NO production from
NH2OH oxidation or by diversion of electrons to
nitrite reduction (Figure 2). However, we also note
that other copper proteins may function in NO
oxidation, as recently reported for a cupredoxin
(Nmar_1307) isolated from N. maritimus catalyzing
oxidation of NO to nitrite (Hosseinzadeh et al.,
2016).

Electrons transferred through a conventional com-
plex III and IV would be used to generate a proton
motive force, as well as possibly directed to the
reduction of nitrite as suggested in one variant of
current models (Figure 2). Transcripts of complex III
genes (Nmar_1542-1544) showed no significant
changes in response to ammonia starvation and
recovery, but were significantly reduced under Cu
stress (Figure 2). Transcripts of three complex IV
genes (Nmar_0182, 0184, and 0185) were reduced
during nutrient and Cu stress, and they were
elevated during recovery (Figure 2). The lack of a
gene encoding the NADH-binding subunit of NADH
dehydrogenase (NuoF) in the genomes of N. mar-
itimus and other AOA suggests that reduced cofac-
tors (NAD(P)H) would be generated via ferredoxin or
FAD-dependent oxidoreductases interacting with
Complex I (NADH:ubiquinone oxidoreductase)
(Nmar_0276-0286; Nuo ABCDHIJKMLN) (Urakawa
et al., 2011). Ferredoxins, which are among the most
highly expressed genes in the transcriptome and
proteome (Figure 1; Supplementary Figure 1;
Supplementary Dataset 1), showed the greatest
variation in transcript abundance with changing
nutrient status (Supplementary Datasets 3 and 4).
Genes coding for both ferredoxins and Complex I
were reduced during nutrient or Cu stress (Figure 2;
Supplementary Dataset 4). High abundance of
ferredoxin transcripts and proteins in coastal waters
with relatively high iron bioavailability (Hollibaugh
et al., 2011; Williams et al., 2012) further supports
the importance of these electron carriers in marine
AOA. In addition, as expected, genes for many ATP
synthase subunits (Nmar_1688-1693) were among
the most highly represented in the transcriptome and
proteome of actively growing cells (Supplementary
Figure 1; Supplementary Dataset 1) and showed
significant reductions in stressed cells (Figure 2;
Supplementary Dataset 4).

Apart from serving as an essential energy source,
ammonia is also assimilated for biosynthesis by
N. maritimus using one of two ammonia transporters
(Amt1, Nmar_0588 and Amt2, Nmar_1698).
Although amt1was expressed at lower levels relative
to amt2, they are both among the most abundant
transcripts in the transcriptome of mid-log phase
cells (Figure 1; Supplementary Dataset 1). A recent
transcription study reported that actively growing
N. maritimus cells sustain high levels of amt2
expression at environmentally relevant ammonium
concentrations (low nanomolar range), whereas
expression of amt1 was depressed at these

concentrations (Nakagawa and Stahl, 2013). This is
consistent with our observation of no significant
change in amt2 transcript abundance after 24 h of
ammonium starvation relative to mid-log control,
and a significant decrease and increase (Po0.01) of
amt1 transcripts in response to the short-term
ammonium deprivation and replenishment, respec-
tively (Figure 2). Since only Amt2 (Nmar_1698 and
T478_1378) was abundant in the proteomes of
exponential phase N. maritimus (Supplementary
Dataset 4) and N. brevis cells (Santoro et al., 2015),
the constitutive expression of amt2 suggests that
N. maritimus and other AOA selectively retain the
Amt2-like high affinity ammonium uptake system
for reinitiating growth following ammonia limita-
tion. After uptake, ammonia is assimilated into
cellular nitrogen through the activities of glutamine
synthetase (GS) and glutamate dehydrogenase
(GDH). GDH (Nmar_1312 and T478_1059) was
abundant in the proteomes of exponentially growing
N. maritimus (Supplementary Dataset 4) and
N. brevis (Santoro et al., 2015), and Nmar_1312
was upregulated during the recovery from ammonia
starvation, together highlighting the primacy of GDH
in driving ammonia assimilation (Figure 2).

Transcriptional changes in the pathway for carbon
fixation. N. maritimus grows autotrophically
by fixing inorganic carbon via a variant of the
3-hydroxypropionate/4-hydroxybutyrate (HP/HB)
cycle, representing the most energy-efficient aerobic
autotrophic pathway yet characterized (Könneke
et al., 2014). All biochemically characterized thau-
marchaeotal HP/HB cycle enzymes were identified
in the proteome of exponentially growing cells, and
many of them were among the most abundant
proteins based on spectral counts, including
acetyl-/propionyl-CoA carboxylase (Nmar_0273),
malonic semialdehyde reductase (Nmar_1110), 3-
hydroxypropionyl-CoA synthetase (Nmar_1309), 3-
hydroxybutyryl-CoA dehydratase (Nmar_1308), 4-
hydroxybutyryl-CoA dehydratase (Nmar_0207), and
acetoacetyl-CoA β-ketothiolase (Nmar_1631)
(Supplementary Figure 1; Supplementary Dataset
4). Their homologs have also been detected in
marine metaproteomes (Williams et al., 2012;
Hawley et al., 2014).

Under Cu-stressed conditions, N. maritimus tran-
scripts for most of the HP/HB cycle genes were at
significantly lower abundance (Po0.05) than under
optimal growth conditions (Figure 3). In contrast,
only a few transcripts in this pathway responded to
changing ammonia availability. Among these, tran-
scripts for malonic semialdehyde reductase
(Nmar_1110), catalyzing the reduction of malonic
semialdehyde to 3-hydroxypropionate, were most
reduced in the absence of ammonia and the most
elevated upon re-exposure to ammonia (Figure 3;
Supplementary Dataset 4). This pattern appears to be
an energy sparing response to ammonia limitation,
since the conversion of 3-hydroxypropionate to
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3-hydroxypropionyl-CoA by 3-hydroxypropionyl-
CoA synthetase (Nmar_1309) is an ATP-consuming
step. There would also be a kinetic advantage to
regulatory control at this point of the HP/HB cycle.
The Vmax of recombinant 3-hydroxypropionyl-CoA
synthetase (0.59 ± 0.03 μmol·min− 1·mg− 1 protein) is
the lowest among the characterized enzymes of

thaumarchaeotal HP/HB cycle, and its Km

(1.2 ± 0.2mM) is the highest half-saturation constant
of any characterized HP/HB pathway enzyme
(Könneke et al., 2014; Otte et al., 2015). Since
activation of 3-hydroxypropionate appears to be the
major kinetic and energetic bottleneck in the
thaumarchaeotal HP/HB cycle, regulation of

Figure 3 Transcriptional changes for genes in the 3-HP/4-HB carbon fixation pathway in response to ammonia starvation, recovery from
starvation, Cu limitation, and Cu toxicity conditions. The color scheme of expression and treatment comparison to controls are the same as
that described in Figure 2. P-value cutoff of 0.05 was taken as the threshold of the significant alteration in expression relative to controls.
Pink dashed boxes contain the expression patterns of multi-subunits or paralogs of carbon fixation enzymes.
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3-hydroxypropionate formation may serve to depress
flux of carbon and energy through this pathway
under conditions of energy limitation.

Carbon fixed through the HP/HB cycle enters
central metabolism as acetyl-CoA. Two acetyl-CoAs
are generated in each turn of the pathway cycle by an
acetoacetyl-CoA β-ketothiolase. N. maritimus and all
characterized AOA encode two variants of
acetoacetyl-CoA β-ketothiolase (Nmar_0841 and
Nmar_1631) of low (~31.3%) amino acid identity to
each other. Phylogenetic analysis revealed that these
two β-ketothiolase variants affiliate with two distinct

lineages (Supplementary Figure 9). Only Nmar_1631
was abundant in the proteome of N. maritimus under
normal growth conditions (Supplementary Dataset 4)
and is presumably the variant active in the HP/HB
cycle. As expected, Nmar_1631 was transcribed at
significantly lower levels (Po0.01) in the slowly
metabolizing cells grown under Cu-stressed condi-
tions compared to Cu-replete controls (Figure 3). In
contrast, Nmar_0841 showed the opposite trend; its
transcript increased about three-fold (Po0.01) under
Cu-limited and Cu-toxic conditions relative to con-
trols (Figure 3). Increased expression of this variant

Figure 4 Transcriptional changes for genes in the pathway for cobalamin synthesis in response to ammonia starvation, recovery from
starvation, Cu limitation, and Cu toxicity conditions. Genes and gene clusters are shown as upregulated (red) (Po0.05), downregulated
(blue), or not differentially regulated (white) in stressed or recovery conditions relative to reference cultures as described in Figure 2. Gene
names in gray correspond to enzymes not yet identified in thaumarchaeotal genomes.
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under stress indicates an alternative activity that
may be related to the Nt-acetylation observed
throughout the N. maritimus proteome. This poten-
tial role of Nmar_0841 in Nt-acetylation is also
supported by a concurrent increase in the transcript
abundance of an Nt-acetylating GNAT protein gene
(Nmar_0309) (Vetting et al., 2005) under ammonia
and Cu stress conditions (Supplementary Dataset 4).
It has been shown in other organisms that a response
to varying environmental and growth conditions is
modulation of protein stability and activity by
differential Nt-acetylation, and that the extent of
Nt-acetylation is determined in part by the avail-
ability of acetyl-CoA (Yi et al., 2011; Hoshiyasu
et al., 2013). Thus, the conservation of Nmar_0841-
like variants in different lineages of AOA suggests it
plays a similar role in regulating stress-related Nt-
acetylation.

Transcriptional changes in the pathway for cobala-
min biosynthesis. The putative thaumarchaeotal
cobalamin biosynthetic pathway has been previously
identified in marine AOA genomes and metagenomes
(Walker et al., 2010; Doxey et al., 2015; Santoro et al.,
2015). Many cobalamin biosynthetic genes were found
transcribed and translated in the marine environment
(Hollibaugh et al., 2011; Williams et al., 2012). Critical
cobalamin-dependent enzymes include the different
isomerase and methyltransferase activities of
methylmalonyl-CoA mutase (MCM), methionine
synthase (MetH), and ribonucleotide reductase
(Walker et al., 2010; Doxey et al., 2015). The
production of cobalamin by marine AOA was recently
confirmed in several pure cultures (Heal et al., 2017),
and the enzymes diagnostic for catalyzing its multi-
step biosynthesis were identified here in N. maritimus
(Supplementary Dataset S4). The culture studies also
revealed remarkably high carbon-specific cobalamin
cell quotas (2800–11 600 nmol cobalamin per mol C),
suggesting that marine AOA are a major source of
cobalamin in seawater, particularly below the eupho-
tic zone (Heal et al., 2017).

Surprisingly, transcripts associated with N. mar-
itimus genes in the cobalamin biosynthetic pathway
increased under ammonia-depleted and Cu-stressed
conditions, and their transcripts decreased during
recovery from ammonia starvation (Figure 4).
A possible explanation for increased biosynthetic
demand for cobalamin was suggested by the earlier
observation that AOA produce NO as an intermedi-
ate in the ammonia oxidation pathway (Martens-
Habbena et al., 2015). Nitric oxide can rapidly bind
and react with the reduced forms of cobalamin to
produce nitrosylcobalamin (NOCbl) (Danishpajooh
et al., 2001; Kambo et al., 2005), which is subse-
quently oxidized to nitrocobalamin (NO2Cbl) in the
presence of oxygen (Wolak et al., 2006). Notably, a
recent analysis by our group confirmed that under
Cu stress and ammonia starvation, NO2Cbl was a
significant fraction of the cobalamin pool of
N. maritimus cells (Heal, Qin, et al., unpublished

results). Nitrosylated cobalamin has diminished
ability to serve as a cofactor in some organisms’
MCM and MetH (Brouwer et al., 1996; Danishpajooh
et al., 2001; Kambo et al., 2005). Thus, during
unbalanced growth of AOA associated with stress,
the possible accumulation of NO may act to deplete
the biologically active pool of cobalamin and
necessitate upregulation of its biosynthetic pathway
to meet cellular demand.

Conclusions

Overall, the transcriptome of N. maritimus revealed
a reduction in ammonia oxidation, ammonia assim-
ilation and carbon fixation during ammonia starva-
tion and Cu-stressed conditions, and an activation of
major energy production and biosynthesis pathways
during ammonia-addition recovery. As previously
suggested for the AOB, AmoC appears to serve an
additional function in the starvation stress response
of AOA. Notably, in consideration of the high
demand for cobalamin indicated by our earlier report
of high cellular quotas of cobalamin in AOA likely
due to its role in the carbon fixation pathway (Heal
et al., 2017), upregulation of the biosynthetic path-
way under ammonia starvation and Cu stress may be
a response to nitrosative stress associated with
unbalanced growth, compensating for the loss of
functional cobalamin. The global responses docu-
mented here represent diagnostic features of physio-
logical state that should be of value in assessing the
activity status of environmental populations. In
comparison to existing environmental transcrip-
tomic data sets our results suggest that despite the
extremely high ammonia affinity, a large proportion
of marine AOA experience extended periods of
starvation in oligotrophic oceans.
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