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ABSTRACT The discovery of complete ammonia oxidizers (comammox) refutes the
century-old paradigm that nitrification requires the activity of two types of microbes.
Determining the distribution and abundance of comammox in various environments
is important for revealing the ecology of microbial nitrification within the global ni-
trogen cycle. In this study, the ubiquity and diversity of comammox were analyzed
for samples from different types of environments, including soil, sediment, sludge,
and water. The results of a two-step PCR using highly degenerate primers (THDP-
PCR) and quantitative real-time PCR (qPCR) supported the relatively high abundance
of comammox in nearly half of all samples tested, sometimes even outnumbering
canonical ammonia-oxidizing bacteria (AOB). In addition, a relatively high proportion
of comammox in tap and coastal water samples was confirmed via analysis of met-
agenomic data sets in public databases. The diversity of comammox was estimated
by comammox-specific partial nested PCR amplification of the ammonia monooxy-
genase subunit A (amoA) gene, and phylogenetic analysis of comammox AmoA
clearly showed a split of clade A into clades A.1 and A.2, with the proportions of
clades A.1, A.2, and B differing among the various environmental samples. Moreover,
compared to the amoA genes of AOB and ammonia-oxidizing archaea (AOA), the co-
mammox amoA gene exhibited higher diversity indices. The ubiquitous distribution
and high diversity of comammox indicate that they are likely overlooked contribu-
tors to nitrification in various ecosystems.

IMPORTANCE The discovery of complete ammonia oxidizers (comammox), which
oxidize ammonia to nitrate via nitrite, refutes the century-old paradigm that nitrifica-
tion requires the activity of two types of microbes and redefines a key process in
the biogeochemical nitrogen cycle. Understanding the functional relationships be-
tween comammox and other nitrifiers is important for ecological studies on the ni-
trogen cycle. Therefore, the diversity and contribution of comammox should be con-
sidered during ecological analyses of nitrifying microorganisms. In this study, a
ubiquitous and highly diverse distribution of comammox was observed in various
environmental samples, similar to the distribution of canonical ammonia-oxidizing
bacteria. The proportion of comammox was relatively high in coastal water and sedi-
ment samples, whereas it was nearly undetectable in open-ocean samples. The ubig-
uitous distribution and high diversity of comammox indicate that these microorgan-
isms might be important contributors to nitrification.

KEYWORDS AOA, AOB, comammoyx, diversity, metagenome, partial nested PCR

itrification is a central part of the nitrogen cycle and the only oxidative biological
process linking nitrogen fixation and denitrification in natural ecosystems (1). For
more than a century, nitrification was thought to be a two-step process (2) that involves
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ammonia oxidation to nitrite by chemolithoautotrophic ammonia-oxidizing microor-
ganisms and nitrite oxidation to nitrate by nitrite-oxidizing bacteria (NOB). Autotrophic
ammonia oxidation has been described for specific groups of microorganisms, includ-
ing canonical ammonia-oxidizing bacteria (AOB) within Betaproteobacteria and Gam-
maproteobacteria (3) and ammonia-oxidizing archaea (AOA) within Thaumarchaea (4).

However, the discovery of complete ammonia oxidizers (comammox), which oxidize
ammonia to nitrate via nitrite, refutes this century-old paradigm that nitrification
requires the activity of two types of microbes, and it redefines a key process of the
biogeochemical nitrogen cycle (5, 6). Theoretical analyses of kinetics and thermody-
namics predict that comammox have a high growth yield and a low specific growth
rate (7), which has recently been supported by experimental observations (8). Comam-
mox were initially identified through a combination of enrichment and metagenomics
from a trickling filter connected to an aquaculture system (9) and a biofilm on the walls
of a pipe under the flow of hot water raised from a deep oil exploration well (10). All
known comammox are members of the genus Nitrospira and possess the full genetic
complement for both ammonia and nitrite oxidation (9, 10). Metagenomic evidence
of the presence of comammox in drinking water distribution systems (11, 12),
groundwater-fed rapid sand filters (13-15), wastewater treatment processes (16-19),
and agriculture soils (20) has also been reported.

The functional relationships of comammox with other nitrifiers, such as AOB, AOA, NOB,
and anaerobic ammonia oxidizers may depend on whether the main activity of the
comammox in the specific environment is ammonia oxidation or nitrite oxidation. There-
fore, the diversity and contribution of comammox are important topics for ecological
studies of the nitrogen cycle and of ammonia- or nitrite-oxidizing microorganisms.

The widespread distribution of comammox in both manmade environments and a
variety of natural terrestrial ecosystems has been analyzed by data mining of metag-
enomic data sets (9, 10). Some researchers have used the 16S rRNA (21) or nxrB
(nitrite-oxidoreductase subunit B) (22) genes for population analyses of comammox
communities. However, these genes should not be used to identify comammox be-
cause these bacteria are not distinguishable via phylogenetic analyses of these genes
from strict NOB in the genus Nitrospira (23).

The genomes of all identified comammox contain the ammonia monooxygenase
subunit A (amoA) gene, which has been widely employed as a functional and phylo-
genetic marker for population analyses of AOB (3) and AOA (24). Phylogenetic analyses
have revealed that known comammox form a monophyletic group with AOB in
Betaproteobacteria as a sister group, and AmoA of these two groups can be phyloge-
netically separated from particulate methane monooxygenase subunit A (PmoA), an
enzyme homologous to AmoA, of methane-oxidizing bacteria (MOB) (9). The three
comammox species Nitrospira inopinata, “Candidatus Nitrospira nitrificans,” and “Can-
didatus Nitrospira nitrosa” form a cluster (named clade A) in a phylogenetic tree for
AmoA (9, 10). Another cluster (named clade B) was proposed based on the amoA gene
sequences from groundwater metagenome bins that contain both ammonia and nitrite
oxidation-related genes (10). Putative comammox amoA gene sequences were previ-
ously identified as an “unusual” pmoA gene of the methanotroph genus Crenothrix in
Gammaproteobacteria (for clade A) (25) or presumed a methanotroph from Alphapro-
teobacteria (for clade B) (26) and excluded from ecological analyses of nitrifiers.

In our previous study, we improved a protocol for community analysis of AOB and
MOB using a two-step PCR technique with highly degenerate primers (THDP-PCR) that
target the copper-containing membrane-bound monooxygenase (CuUMMO) gene fam-
ily, which includes the amoA and pmoA genes (27). With this method, a relatively high
proportion of comammox was observed in some environmental samples (27).

In the present study, THDP-PCR, quantitative real-time PCR (gPCR), and data mining of
metagenomic/metatranscriptomic data sets were applied to compare the proportions of
comammox with those of AOB in various environmental samples. In addition, the popu-
lation structure and diversity of comammox in these samples were analyzed by partial
nested PCR amplification using newly designed comammaox-specific primer sets.
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RESULTS

Ubiquity of comammox. Communities of comammox, AOB, and MOB in various
soil, sediment, sludge, water, and leaf surface samples were analyzed by THDP-PCR
amplification targeting of the CuMMO gene family. HiSeq and MiSeq sequencing
generated averages of 39,129 and 3,600 reads per sample, respectively. Figure 1A
shows the proportions of comammox and AOB in different types of environmental
samples, with the two sequencing methods (HiSeq and MiSeq) yielding similar fractions
for all samples. The proportions of comammox were higher than those of AOB in 12 of
the 21 samples, and the minimal comammox to AOB ratio observed in all 21 samples
was approximately 1:5. In nearly all samples, the proportions of AOB in the genus
Nitrosospira were higher than those of AOB in the genus Nitrosomonas. The very low
proportion of comammox clade B members may be related to the limited coverage of
the highly degenerate primers for THDP-PCR, as described below.

Although the comammox-specific gPCR primers cover only comammox clade A, the
gPCR analysis of these environmental samples also supported the relatively high
abundances of comammox, sometimes even outnumbering AOB, in 9 of 21 samples
(Fig. 1B). The fractions of comammox among total bacteria were highest in the tap
water (0.5%) and coastal water (0.3%) samples, exceeding these fractions of AOB and
corroborating the results obtained by THDP-PCR. The contents of comammox and AOB
were similar in river and lake sediment samples, while AOB were much more abundant
in river and lake water samples.

The proportions of comammox and other ammonia oxidizers (AOB and AOA)
were also analyzed using 275 metagenomic data sets and 175 metatranscriptomic
data sets of different environmental samples in the NCBI Sequence Read Archive
(SRA) database (Table S1). According to the data from 111 metagenomic data sets
with at least 30 amoA gene sequences, the proportions of comammox among total
aerobic ammonia oxidizers were high in freshwater (52.3 = 37.5%), urban waterway
sediments (45.8 = 19.5%), drinking water systems (35.9 = 33.2%), coastal and estu-
ary water (35.4 = 20.7%), and paddy soils (26.8 = 11.5%) (Fig. 2). In some drinking
water influent, river water, ground water, and urban waterway sediment samples,
the proportion of comammox among the total ammonia-oxidizing microorganism
population was higher than 70%. However, the proportion of comammox in the
metatranscriptomic data sets was much lower for most of the environmental
samples (Fig. S1 and Table S1), including all wastewater treatment systems
(2.4 = 1.2%) and estuary and coastal (2.5 = 1.1%) samples. Comammox-related
reads were nearly absent from the metagenome and metatranscriptomic data sets
from open ocean samples, and this result was confirmed by data in the Community
Cyberinfrastructure for Advanced Marine Microbial Ecology Research and Analysis
(CAMERA) database (Table S2).

Diversity of comammox. To determine the diversity of comammox in various
environments, the comammox-specific primer sets A189Y/C576r (for first-round PCR)
and CA209f/C576r (for second-round PCR) (Table 1), covering both clades A and B, were
designed and applied in partial nested PCR. Using this approach resulted in successful
amplification with relatively high specificity for the comammox amoA gene (>70% of
the sequences in 13/18 samples) for all but three of the samples (hot spring sediment,
glacier soil, and wetland soil samples) (Table S3). Compared with the results obtained
using recently reported primer sets separately targeting clades A and B (28), the results
from our approach with partial nested PCR showed much higher amplification effi-
ciency for most of the samples (Fig. S2), with similar coverage of the comammox
population (Fig. S3).

A phylogenetic tree (Fig. 3) of comammox amoA genes based on sequences from
these 18 environmental samples clearly showed separation of clades A and B, with
clade A being further divided into two monophyletic groups, clades A.1 and A.2. The
split of clades A.1 and A.2 was supported by high bootstrap values at nodes of
comammox clades A.1 (bootstrap value =73) and A.2 (bootstrap value =87) in a
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FIG 1 Proportions or abundances of the amoA gene from comammox and AOB in 21 different environmental
samples, assessed by two-step PCR with highly degenerate primers (THDP-PCR) (A) or by quantitative real-time PCR,
compared with the abundance of the 16S rRNA gene from total bacteria (TB) (B). In panel A, the positive error bars
indicate differences between the two sequencing methods (lllumina HiSeq and MiSeq). In panel B, the positive
error bars indicate the standard deviation of three replicates, and the units of the results are copies per gram for
soil/sediment/sludge samples, copies per liter for water samples and copies per square meter for leaf surface. An
asterisk (*) indicates that the results were under the detection limit. For detailed information about the primer sets
used in this analysis, please see Table 1.
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FIG 2 A ternary plot of the proportions of comammox, AOB, and AOA in 111 metagenomic data sets of
different environmental samples from the NCBI SRA database with amoA gene sequence read numbers
of at least 30. The numbers directed by arrows in the figure indicate the numbers of overlapping specific
color circles. The numbers in parentheses denote the numbers of data sets used in this analysis for
specific environmental types. For detailed information for each data set, please see Table S1.

phylogenetic tree constructed using the maximum-likelihood method. The maximum-
parsimony and nearest-neighbor phylogenetic trees also supported the division of
Clade A into two monophyletic groups (Fig. 3). A similarity matrix of different opera-
tional taxonomic units (OTUs) with a 90% threshold also supported the separation of
clades A and B as well as that of clades A.1 and A.2 (Table S5). Comammox in clade B
were relatively dominant in forest soil (96% of the total comammox), plateau soil,
paddy soil, and river sediment (>40%). This result means that the low proportion of
comammox clade B in these samples, as determined by the THDP-PCR method, may be
caused by limited coverage of the primer set. Regardless, comammox in clade A were
dominant in all other samples (>95%) (Fig. 4). The proportions of clades A.1 and A.2
differed in various environmental samples; clade A.1 was dominant in activated sludge,
anaerobic sludge, lake sediment, lake water, tidal flat sediment, and coastal water
samples (>80%), whereas clade A.2 was dominant in coal mine soil, dry land soil, and
tap water samples (>80%) (Fig. 4).

Overall, 1,052 and 198 unique OTUs were identified based on 97% and 90%
similarity cutoff thresholds, respectively. Both the observed and extrapolated comam-
mox richness varied among different environmental samples. At a 90% clustering
threshold, the Chao1 richness estimates ranged from 34 (for tap water) to 114 (for the
leaf surface); at a 97% clustering threshold, the Chao1 richness estimates ranged from
75 (for tap water) to 243 (for river water) (Table 2). In addition, plateau soil and tidal flat
sediment samples exhibited relatively high Shannon indices. To compare diversity
between the different comammox clades and AOB and AOA, the same number (1,900)
of amoA gene sequences of comammox, AOB, and AOA were randomly selected from
each of 12 samples that had been efficiently amplified for all three types of ammonia
oxidizers (Fig. 5). When a 97% or 90% similarity cutoff was used, the whole-sample
amoA gene diversity indices of comammox were much higher than those of AOA and
AOB, with higher diversity for clade A.1 than for clades A.2 and B (Fig. 5). In addition,
the diversity indices for each of the 12 samples showed the same tendency (Table S6).
A diversity index comparison based on the same regions of the amoA gene in
comammox and AOB or in comammox and AOA also supported the diversity of the
comammox amoA gene being higher than the diversity of the AOB and AOA amoA
genes (Fig. S4).

Coverage evaluation of comammox-targeting primers using metagenomic and
metatranscriptomic data sets. Our diversity analyses based on sequences obtained
using PCR approaches might be prone to bias due to the coverage limitation of the
primers. The identified comammox amoA gene sequences from the 450 public met-
agenomic and metatranscriptomic data sets described above were also utilized to
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FIG 3 Maximum-likelihood phylogenetic tree of comammox AmoA based on 30 major OTUs (no less than 0.7%) with a 90% similarity
cutoff. The data in parentheses following the OTU numbers indicate the average content of each OTU in the 18 different
environmental samples amplified by comammox-specific partial nested PCR (amplification failed for the other three of the 21 samples).
The data in parentheses following the bootstrap values indicate the bootstrap values in the neighbor-joining and maximum-
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parsimony trees. The details of the content of each OTU for each environmental sample are listed in Table S4.
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FIG 4 Relative proportions of the different clades of comammox in 18 different environmental samples (amplification failed
for the other three of the 21 samples) analyzed using partial nested PCR with comammox-specific primer sets. For the detailed

read numbers of different types of ammonia oxidizers, please see Table S3.

evaluate the coverage of the designed primers (Table 3). The newly modified primer
A189Y, which has two degenerate positions more than the normally used primer, A189
(29), greatly increased the coverages for comammox clade A and clade B, from 65% to
99% and from 85% to 98%, respectively. The highly degenerate primer HD616N
showed high coverage for comammox clade A (97%) but not for clade B (67%), which
would limit the amplification of comammox clade B by the THDP-PCR method. The
primer sets A189Y/C576r and CA209/C576r, which were designed in this study for
comammox-specific diversity analysis, showed high coverage (>90%) for clades A.1,
A.2, and B. The common reverse primer used for partial nested PCR amplification, C576r,

TABLE 2 Diversity indices with 97% or 90% similarity cutoffs for comammox amoA gene
sequences?

Cutoff
97% 90%
Sample name No. of OTUs Chaol Shannon No. of OTUs Chaol Shannon
Dry land soil 82 160 3.00 36 66 243
Coal mine soil 64 99 3.17 41 59 2.08
Landfill soil 141 224 4.44 69 81 3.79
Paddy soil 85 139 3.89 37 46 2.96
Plateau soil 144 187 5.33 50 60 418
Forest soil 56 99 2.54 30 93 2.04
Tidal flat sediment 128 184 5.03 64 84 4.20
Saltmarsh sediment 117 148 425 66 73 3.83
Coastal sediment 76 144 3.55 41 53 3.06
River sediment 139 225 4.76 73 20 3.83
Lake sediment 111 211 2.81 49 65 222
Anaerobic sludge 51 181 1.93 26 59 1.66
Tap water 50 75 244 27 34 1.48
Coastal water 50 107 2.78 28 43 2.22
River water 162 243 4.87 61 84 3.86
Lake water 54 90 2.69 31 61 1.97
Leaf surface 78 152 3.40 38 114 2.84

aAmplified with partial nested PCR in different environmental samples after the read numbers were rarified
to 1,900 for each sample.
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FIG 5 Rarefaction curves of the number of OTUs, the Chao1 estimator, and the Shannon index using OTU
similarity thresholds of 97% (A) and 90% (B) for the amoA gene among different comammox clades, AOB, and
AOA, based on a combination of 1,900 randomly selected reads from each of the 12 different environmental
samples from which comammox, AOB, and AOA amoA genes were efficiently amplified. For diversity index
comparison of amoA genes of comammox, AOB, and AOA for each sample, please see Table S6é.

was mismatched with the relevant sequences in all members of AOB, the sister group
of comammox. The primer set A378f/C616r, used for qPCR analysis of comammox clade
A, did not match the corresponding sequences in AOB, and coverage of clade B was
also very low (0 and 2%, respectively).

TABLE 3 Coverage evaluation of primers based on the amoA gene sequences?
Clade (% [no./total])
Primer A.1 A.2 A B AOB (% [no./total])

A189Y 99 (282/286) 97 (672/690) 98 (954/976) 94 (50/53) 98 (1,944/1,977)
HD616N 97 (267/274) 96 (76/79) 97 (343/353) 67 (31/46) 51 (2,531/4,955)
CA209f 98 (278/285) 86 (506/586) 90 (784/871) 98 (63/64) 98 (2,429/2,506)
C576r 98 (277/283) 87 (72/83) 95 (349/366) 91 (30/33) 0 (0/5,051)
A378f 78 (188/241) 73 (66/91) 77 (254/332) 0 (0/36) 0 (0/4,298)
coé16r 84 (231/274) 58 (46/79) 78 (277/353) 2 (1/46) 0 (0/4,951)
A189 76 (217/286) 60 (415/690) 65 (632/976) 85 (45/53) 53 (1,045/1,977)
67 ( 54 ( )

A682 130/194) 26 (24/92) 154/286 73 (35/48) 66 (412/626)

atxtracted from metagenomic or metatranscriptomic data sets in public databases, as described in Table S1.
A sequence was considered to be covered by this primer if it had no mismatches or only one mismatch
that was not located in the last four positions near the 3’ end. The numbers in parentheses denote the
number of sequences matched with each primer and the number of extracted sequences that cover the
region of this primer.
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Although amoA gene sequences of comammox in clades A.1 and B were detected
in previous diversity analyses of methane/ammonia-oxidizing bacteria using the primer
set A189/A682 (29), clade A.2-related amoA gene sequences were not efficiently
detected with this primer set (according to the NCBI database; data not shown). This
difference may be due to the low clade A.2 coverage (26%) of primer A682, as evaluated
by in silico analysis (Table 3), and one mismatch of the 3’ end of primer A682 with the
comammox clade A.2 sequences was observed in this study (Fig. S5).

DISCUSSION

Determining the diversity and proportion of comammox species, a newly discovered
type of ammonia-oxidizing bacteria, in various environments is important for under-
standing their contributions to the global nitrogen cycle.

The THDP-PCR method greatly enhances the coverage of the amoA/pmoA gene (27).
Based on the wide coverage of PCR primers, this approach can be used for simultane-
ous analysis of the community composition of both AOB and comammox. The results
of the THDP-PCR analysis in this study showed that the proportions of comammox were
higher than or similar to those of AOB in many of the environmental samples assayed,
even though this method provided limited coverage of comammox clade B. The high
proportions of comammox in various environments, based on the qPCR (Fig. 1B) and
public metagenomic data set analyses (Fig. 2), support the ubiquitous distribution and
relative abundance of comammox. It is interesting that there were low proportions of
comammox amoA in metatranscriptomic data sets, even for wastewater treatment
systems, which were shown to have a high proportion of comammox in metagenomic
data sets. This needs further research.

As reported previously (10), comammox amoA gene sequences have rarely been
detected in open ocean metagenomic/metatranscriptomic data (Table S1 and S2). We
also failed to amplify comammox amoA genes from open-ocean water and sediment
samples (data not shown). However, the THDP-PCR, qPCR (Fig. 1), and public metag-
enomic data set analysis (Fig. 2 and Table S1) results support the high proportions of
comammox in estuary and coastal environments. Whether environmental parameters
such as the concentration of ammonia and salinity affects the distribution of comam-
mox warrants further research.

Comammox were found to be distributed in various environments. Several primer
sets have been developed by the specific amplification of all comammox clades from
various environments. Although primer sets that are separately specific for comammox
clade A or clade B amoA have been reported for quantitative real-time PCR and
diversity analyses (28), they resulted in lower amplification efficiency than our partial
nested PCR approach (Fig. S2). Another designed primer set, covering both clades A
and B together, had two mismatches with most of the sequences in clades A and B, as
previously described (14). The high-throughput sequencing and evaluation of the
primer sets for coverage and specificity clearly demonstrated that the partial nested
PCR amplification applied in this study can be used for efficient amplification of amoA
of most types of comammox from various environments.

According to the results of partial nested PCR, the proportion of clade A among the
total comammox population was higher than 95% in most of the samples in this study
(14/18) (Fig. 4), while the dominant comammox type in the forest soil sample was clade
B, with clade A as a minor type, as reported recently (28). Furthermore, the relative
abundance of comammox clade A was shown to be higher than that of AOB in the
forest soil sample by THDP-PCR and gPCR analyses (Fig. 1), which have limitations in
amplifying comammox clade B. These results indicate that the content of comammox
clade B in the forest sample may be much higher than that of AOB, and that
comammox might be important contributors to the nitrogen cycle in forest soils.

The phylogenetic tree of comammox AmoA indicated clear separation of comam-
mox in clade A into two groups, clades A.1 and A.2. The amoA gene of comammox in
clade A.2 has not been detected in previous studies of community analyses of AOB or
MOB, and the low coverage of commonly used primers (e.g., A189/682) may be one of
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the reasons (Table 3 and Fig. S5). The proportions of clades A.1 and A.2 varied
depending on the environment (Fig. 4), suggesting differential niche adaptation for
these two clades.

The diversity of comammox varied substantially in different environments. Among
all analyzed samples, the tap water sample showed the lowest diversity and highest
comammox proportion among total bacteria, which suggests that specific types of
comammox in clade A.2 are adapted to the tap water system. Analysis of comammox
amoA gene sequences from metagenomic/metatranscriptomic data sets in public
databases (Fig. 2, Fig. S1, and Table S1) and identification of comammox in metag-
enomic bins from analysis of drinking water systems (11, 12) also support the high
proportion of comammox in drinking water.

Unexpectedly, the amoA gene diversity of comammox was much higher than those
of AOB and AOA in many of the compared samples in this study, although all identified
comammox groups are related to Nitrospira sublineage Il (23). The high diversity of the
comammox amoA gene might be associated with the niche adaptation potential and
thus with their ubiquitous distribution, although further research is needed in this
respect.

Although comammox have been observed in various natural and manmade envi-
ronments, comammox activity has been confirmed in only three enriched strains (9, 10),
which, according to the phylogenetic tree, are affiliated with clade A.1 (Fig. 3). Members
of clades B and A.2 have been identified as comammox only through the binning of
metagenomic data sets from ground water (10) and drinking water (12), respectively.
Therefore, the complete nitrification activity of clades B and A.2 should be investigated
in future studies. We should also consider that the clustering of comammox based on
the amoA gene may not completely match with clustering based on their genomic or
physiological characteristics. It is clear from this study that the community composition
and diversity of comammox are distinct in different environments. However, the limited
number of types of samples may limit the representation of the comammox distribu-
tion characteristics in different habitats in this study. Overall, the relationship between
comammox distribution and environmental parameters requires further research. To
understand the nitrification potential of different environments, the primary environ-
mental factors affecting the abundance of comammox and their composition should be
addressed. Furthermore, the contribution of comammox to nitrification relative to the
contributions of conventional AOB and AOA should be demonstrated, because numer-
ical dominance does not always coincide with high biochemical activity (30).

MATERIALS AND METHODS

Description of environmental samples and DNA extraction. Twenty-one various environmental
samples were collected, including seven soil samples, seven sediment samples, two sludge samples, four
water samples, and one plant leaf surface sample. The soil, sediment, and sludge samples were used
directly for DNA extraction. For the water samples, 4 to 5 liters of water were filtered through 0.22-um
nitrocellulose filters (Merck Millipore, Billerica, MA), which were then used for genomic DNA extraction.
For the leaf surface sample, 3 pieces of lotus leaves were washed with 1 liter of sterile water and then
treated as a water sample. Detailed information for all of the samples is shown in Table S7. The
environmental samples were stored at —20°C before DNA extraction. Total genomic DNA was extracted
using a DNeasy PowerSoil kit (Qiagen, Dusseldorf, Germany) following the manufacturer’s instructions.

THDP-PCR amplification and high-throughput sequencing. Amplifications using DNA extracted
from the 21 environmental samples were performed using a modified THDP-PCR method (27). Briefly, the
first round of genomic DNA PCR amplification was performed using the primer A189Y-tag (degener-
acy = 16) and the highly degenerate primer HD616N-tag (degeneracy = 6,144), which provide good
coverage of most bacterial amoA and pmoA genes, as well as the newly discovered comammox amoA
gene sequences. Genomic DNA from each sample was amplified individually, and the PCR products were
purified using an AxyPrep PCR clean-up kit (Axygen, Tewksbury, MA). Tagged primers with different
barcodes and 2 ul of purified first-round PCR product were then used for the second round of
amplification. The primers employed in the current study, with their targets and corresponding annealing
temperatures, are listed in Table 1. The amplification reaction and thermal programs were the same as
described previously (27). Appropriately sized PCR product fragments were separated by agarose gel
electrophoresis and purified with an AxyPrep PCR clean-up kit (Axygen, Tewksbury, MA). Purified PCR
products were assessed with a Qubit 2.0 fluorometer (Thermo Fisher, Waltham, MA) to determine their
DNA concentrations and were then pooled at equal concentrations for sequencing using an lllumina
HiSeq or MiSeq system according to the manufacturer’s protocols.
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PCR amplification and high-throughput sequencing of comammox amoA genes. For partial
nested PCR amplification of the comammox amoA gene, the first round of nested PCR was performed
using an automated thermal cycler (Eastwin, Beijing, China) with the primers A189Y (degeneracy = 16)
and C576r in a total volume of 50 ul, containing 25 ul of Premix Ex Taq (TaKaRa, Tokyo, Japan), 1 ul of
each primer (10 uM), 2 ul of bovine serum albumin (BSA; 20 mg ml~7), and template DNA (1 to 10 ng).
The thermal program used was as follows: an initial step at 94°C for 5 min, followed by 20 cycles of 94°C
for 1 min, 52°C for 50, and 72°C for 50's, with a final step at 72°C for 10 min. Approximately 2 to 4 ul
of the first-round PCR product was used as a template for the second round of partial nested PCR with
2 pl of each of the primers (10 uM) CA209f and C576r-barcode in a total volume of 50 ul and the
following thermal program: an initial step at 94°C for 5 min, followed by 30 to 35 cycles of 94°C for 1 min,
50°C for 50s, and 72°C for 50, with a final step at 72°C for 10 min. To compare PCR amplification
efficiency and coverage for different comammox types, the primer sets reported by Pjevac et al. (28) were
applied as described by the authors. Purified PCR products were pooled at equal concentrations for
sequencing using an lllumina HiSeq system according to the manufacturer’s protocols. For amplification
of the comammox amoA-amoB gene region with the THDP-PCR method, the tagged highly degenerate
primer HDamoB-tag, targeting the amoB and/or pmoB gene, and the tagged comammox-specific primer
A378f-tag were used. The two-step PCR amplification process was the same as that described above for
the THDP-PCR method, except that the annealing temperature of the first PCR step was 50°C.

PCR amplification and high-throughput sequencing of amoA genes from AOA and AOB.
Amplification of the amoA gene was performed with the primers amoAT1F-barcode/amoA2R (31) and
Arch-amoAF-barcode/Arch-amoAR (24) for AOB and AOA, respectively, using an automated thermal
cycler (Eastwin, Beijing, China). To differentiate samples, a 12-bp-long barcode was added to both
forward primers. The PCR conditions were the same as those described by Rotthauwe et al. (31) and
Francis et al. (24). Purified PCR products were pooled at equal concentrations for sequencing using an
lllumina HiSeq System according to the manufacturer’s protocols.

qPCR. Copy numbers of the amoA gene from comammox and AOB and copy numbers of the 16S rRNA
gene from total bacteria (TB) were quantified by gPCR. The specific primer set A378f/C616r was designed for
quantitation of comammox clade A, using sequences of the comammox amoA gene. The specificity of this
primer set was confirmed using clone libraries. The primer sets used for quantification of the amoA gene from
comammox and AOB and quantification of the 16S rRNA gene from TB and their corresponding annealing
temperatures are listed in Table 1. During analysis of the fraction of comammox and AOB among TB, the bias
caused by differences in the gene copy numbers of the 165 rRNA and amoA genes in the bacterial genomes
was not considered. The reactions were performed in triplicate for each sample, and the 20-ul total reaction
volume contained 10 ul of SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan), 2 ul of template DNA (5 to 10 ng),
0.4 pul of each primer (10 uM), 0.2 ul of BSA (20 mg ml~"), and 0.4 ul of ROX reference dye (50X). Plasmid
DNAs containing the corresponding gene fragments were serially diluted to generate external standard
curves. gPCR was performed using a Stratagene Mx3000P system (Thermo Fisher, Waltham, MA). The thermal
cycling programs were as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 30s, annealing for 30s (see
Table 1 for annealing temperature), and 72°C for 30 s. Melting curves were analyzed to detect the presence
of primer dimers. The qPCR results were analyzed using MxPro qPCR software version 3.0 (Thermo Fisher,
Waltham, MA). Consistency in the results was confirmed by the strong linear relationship between the
threshold cycle and the log value of the gene copy number (for the 16S rRNA gene from TB and the amoA
gene from comammox and AOB, R? values were 0.997, 0.998, and 0.973, and amplification efficiency values
were 104.5, 99.6, and 98.2%, respectively).

High-throughput sequencing data analyses. The quality of the postsequencing data was visual-
ized using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences were primar-
ily processed using the QIIME software package (32). The barcode sequence region (8 bases for
THDP-PCR amplicons and 12 bases for partial nested PCR and AOB/AOA amoA gene amplicons) was
removed, and the amplicon sequences were filtered based on their Phred quality scores (Q = 20). For
THDP-PCR and AOB/AOA amoA amplicons, only one sequence direction was used for further analyses,
because assembly of both of the sequence directions was difficult due to the relative length of the PCR
products (Table 1 for detailed information); however, for the partial nested PCR amplicons, quality-
controlled sequences from both directions were assembled into one relatively long sequence. Next,
chosen THDP-PCR amplicons with the same direction and the assembled nested PCR amplicons were
assigned to individual samples according to their barcodes and then chimera-checked by USEARCH61
(33) using the expanded CuMMO-related gene database constructed by Wang et al. (27).

For THDP-PCR amplicons, the sequences were first prefiltered using the expanded CuMMO-related
protein database with 40% identity using USEARCH61 (33) and then assigned to OTUs based on a 90%
identity threshold for nucleic acid sequences using the expanded CuMMO-related gene database via
pick_open_reference_otus.py with QIIME (32). Sequences shorter than 200 bp and singletons were re-
moved, and the longest sequence in each OTU was chosen as its representative sequence. Taxonomic
identification of the OTU representatives was carried out using MEGAN with the lowest common
ancestor, as previously described (27).

Based on the partial nested PCR amplicon data, sequences were assigned to OTUs according to a 97%
identity threshold, as described above. Sequences shorter than 250 bp were removed. The set of
representative sequences was then translated into protein sequences using FrameBot (34) and filtered
using the criteria of amino acid length of =126 and OTUs with read numbers of =5. Sequences were also
reassigned to another series of OTUs based on a 90% identity threshold, through assignment of the
representative sequence in each OTU with a 97% identity threshold. The protein sequences of the OTU
representatives were employed to construct phylogenic trees using the neighbor-joining, maximum-
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likelihood, and minimum-parsimony methods. The taxonomy of each OTU was obtained from the
phylogenic position of each representative in these trees. To compare diversity indices of different
samples with the same sequence numbers, samples with more than 1,900 reads identified as comammox
were rarified for diversity index analyses (number of OTUs, Chao1 estimator, and Shannon index), based
on OTU thresholds of 97% or 90%, using the single_rarefaction.py script in the QIIME package. The
analyses of the AOB/AOA amoA gene data were similar to those of the partial nested PCR amplicon data,
except that the length filter criterion was changed to 200 bp due to the relatively shorter length of the
nonassembled AOB/AOA amoA sequences. For comparison of the diversity indices of comammox with
those of AOB and AOA, the same amoA gene regions of assembled sequences of comammox and
forward reads (read 1) of AOB (from 169 to 306 nucleic acid region of the full-length amoA gene of
Nitrospira inopinata) and assembled sequences of comammox and reverse reads (read 2) of AOA (from
331 to 561 nucleic acid region of the full-length amoA gene of Nitrospira inopinata) were selected for
each sequence and used for the diversity analysis as described above.
Distribution of comammox in public metagenomic and metatranscriptomic data sets. To
confirm the ubiquity and diversity of comammox, 275 metagenomic and 175 metatranscriptomic data
sets were downloaded from NCBI SRA (35) through screening with keywords (e.g., metagenome,
metatranscriptome, water, soil, waste, and marine). The extracted data were trimmed to remove
sequences shorter than 60 bp and low-quality bases (Q = 20) using Sickle version 1.33 (https://github
.com/najoshi/sickle). Next, the trimmed paired-end sequences were assembled using fastg-join in ea-utils
version 1.1.2-806 (36). For read pairs that could not be assembled, only one read remained to maintain
an accurate count. Finally, all of the retained sequences were combined into one file. Based on Functional
Gene Pipeline/Repository (37) data and identified comammox AmoA sequences, a reference data subset
with 381 AmoA/PmoA representative protein sequences that covered most AOB, AOA, MOB, and
comammox was constructed. This AmoA/PmoA reference data subset was used in tBLASTn queries to
search against metagenomic or metatranscriptomic data sets with an e-value cutoff of 10. The extracted
shotgun sequences were translated (minimum amino acid length, 30) and classified using FrameBot (34)
as described above, and the classification was manually checked once again. Potential nonspecific
sequences were removed if the sequence could not be translated during FrameBot analysis. For
marine-related environments, 55 metagenomic and 25 metatranscriptomic data sets in the CAMERA

database (41) were also searched using the same methods described above.

The identified comammox amoA gene sequences were also utilized to evaluate comammox amoA
gene-related primers using a previously described pipeline (38). These gene sequences were translated,
aligned, and classified using RDP Tools (https://github.com/rdpstaff/RDPTools) after processing in the
FunGene pipeline (https://github.com/rdpstaff/fungene_pipeline).
Accession number(s). The amoA/pmoA gene sequences of comammox, AOB and MOB obtained
using the THDP-PCR method and the amoA gene sequences of comammox obtained using the partial
nested PCR method were deposited in NCBI GenBank Sequence Read Archive (SRA) under accession
number SRP115447. The amoA gene sequences of comammox (using the method reported by Pjevac et
al. in reference 28), AOA and AOB for comparison were deposited in NCBI GenBank SRA under accession
numbers SRR7279855 to SRR7279858. The sequences inserted in the standard plasmids used in the qPCR
analyses were deposited in NCBI GenBank under accession numbers MH454492, MH444515, and
MH444516.
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