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Abstract

Effective degradation of N,N-Dimethylformamide (DMF) is challenging as only few bacterial
isolates are known to be capable of degrading DMF. Here, we analyzed 20,762 complete genomes
and 28 constructed draft genomes for the genes associated with DMF degradation. We identified 952
genomes that harbor genes involved in DMF degradation, expanding the known diversity of
prokaryotes with these metabolic capabilities. Our findings suggest horizontal acquisition of
DMF-degrading gene via plasmids are important in the order Rhizobiales and genus Paracoccus, but
not most other lineages. Degradation pathway analysis reveals that most putative DMF degraders
using aerobic Pathway | will accumulate the methylamine (MA) intermediate, while members of the
Paracoccus, Rhodococcus, Achromobacter, and Pseudomonas genera could potentially mineralize
DMF completely under the aerobic condition. The aerobic DMF degradation via Pathway Il is more
common than thought and is primarily present in a-, p-Proteobacteria and Actinobacteria classes.
Most putative DMF degraders could grow with supplied nitrate anaerobically (Pathway I11), however,
genes for the use of compound methyl-CoM to produce methane were not found in selected genomes.
These analyses suggest that microbial consortia could be more advantageous in DMF degradation
than pure culture, particularly for methane production under the anaerobic condition. The identified
genomes form an important foundation for optimizing DMF degradation and have important

applications for the bioremediation of DMF-containing wastewaters.

Keywords: DMF; Biodegradation pathways; Plasmid-mediated HGT; Denitrification;

Methanogenesis
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Importance

DMF is extensively used as a solvent in industries, and was classified in Group 2A (probable
carcinogens). DMF is a refractory compound resistant to degradation, and until now, only few
bacterial isolates have been reported to degrade DMF. To achieve effective microbial degradation of
DMF from wastewater, it is necessary to identify genomic diversity with the potential to degrade
DMF and characterize the genes involved in two aerobic degradation pathways and potential
anaerobic degradation for methane production. A wide diversity of organisms have the potential to
degrade DMF. Plasmid-mediated horizontal gene transfer could play critical roles in DMF
degradation for Rhizobiales and Paracoccus. Most DMF degraders could grow anaerobically with
nitrate as electron acceptor, while co-cultures are required to complete intermediate methanogenesis
for methane production. This is the first genomics-based global investigation into DMF degradation
pathways. The database generated by this study lay an important and currently missing foundation for

the degradation of DMF.
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1. Introduction

N,N-Dimethylformamide (DMF) is a synthetic solvent with low evaporation rate, complete
miscibility with water and the majority of other solvents, and is extensively used in synthetic textile,
leather, electronics, pharmaceutical and pesticides industries (1). DMF is listed as a high production
volume chemical (2), with an estimated global annual consumption of 285,000 ton in 2001 (3). The
global consumption of DMF is expected increase dramatically (4). Its use creates industrial
wastewater with high levels of DMF, risking contamination of the environment. DMF ranks 7th on
the Japanese Pollutant Release and Transfer Register in both the Sewage Treatment Plant and Wastes
(5). DMF is a leading cause of liver disease in chronically exposed workers (6), and elevated risks of
a cardiac injury and liver and kidney dysfunction of the general population living near synthetic
leather factories (7). DMF was classified as probably carcinogenic to humans (Group 2A) by
International Agency for Research on Cancer (2).

Various physicochemical methods have been investigated to remove DMF from wastewater,
including photocatalytic oxidation (8, 9), plasma oxidation (10), catalytic wet oxidation (11, 12),
physical adsorption (13, 14), membrane separation (15, 16), and chemical extraction (17). Microbial
degradation is considered to be a superior alternative as it is economical, eco-friendly, and highly
efficient (18-22). So far, limited bacterial isolates are capable of utilizing DMF as the sole carbon and
nitrogen source, including members of Paracoccus, Methylobacterium, Mesorhizobium,
Ochrobactrum, Alcaligenes, Pseudomonas, Mycobacterium, and Bacillus (Table 1). Besides
Paracoccus and Bacillus, members of six additional genera (i.e., Hyphomicrobium, Nitratireductor,
Burkholderia, Rhodobacter, Catellibacterium, and Bradyrhizobium) were recently reported as
potential DMF degraders under anaerobic conditions (23-25). In our recent study, Paracoccus and
Hyphomicrobium are likely major DMF degraders under aerobic conditions identified using
amplicon-based marker gene analyses (26), and supported by the identification of genes encoding
N,N-dimethylformamidase (DMFase) (27). In addition, members of six other genera, i.e.,
Achromobacter, Methyloversatilis, Nitratireductor, Pontibaca, Rhodopseudomonas, and Starkeya,
carry genes encoding the large and/or small subunits of DMFase (27). These results consolidate the
wide distribution of DMF degraders beyond our current knowledge. It would be useful to determine

if more taxa which are capable of degrading DMF.


https://doi.org/10.1101/2021.03.18.435917
http://creativecommons.org/licenses/by-nc-nd/4.0/

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.18.435917; this version posted March 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Aerobic degradation of DMF is considerably more efficient than anaerobic degradation (24, 28).
Therefore, most of the studies have been centered on the aerobic degradation of DMF. Nevertheless,
a capability of DMF degraders to conduct denitrification would offer additional advantage for
removal of DMF in environments with low oxygen availability (22). Anaerobic degradation of
DMF is possible for denitrifiers, utilizing nitrate as an electron acceptor. It would be particularly
beneficial under anaerobic condition if DMF degraders are methanogens, which could produce
energy. These facultative DMF-degrading bacteria require nitrate as the electron acceptor and the
presence of methanogens to utilize intermediates of DMF degradation (23, 29). However, it is unclear
if denitrifying and/or methanogenic DMF degraders exist in nature.

Genes related to DMF degradation are either present on chromosomes or plasmids of bacteria.
Multiple strains, e.g., Paracoccus aminovorans JCM 7685 (30), Paracoccus aminophilus JCM 7686
(31), and Methylobacterium sp. DML1 (32), are reported to carry genes encoding DMFase on the
plasmid. Likewise, recently we found that, of the 13 Paracoccus metagenomic assembled genomes
(MAGs) which harbor the large subunit of DMFase, 11 MAGs have plasmids with a copy of this
gene, while 4 only have this gene on their plasmid (27). The presence of plasmids carrying
DMF-degrading genes suggests the possibility of horizontal gene acquisition, regardless of ancient
or recent events. In most cases, DMF degrader isolates described in the literature are taxonomically
identified using 16S rRNA gene, but complete genomes of most isolates are missing, hindering our
ability to test if these bacteria carrying the genes encoding DMFase are the result of vertical descent
or horizontal acquisition.

Here, we summarized all DMF-degrading bacterial isolates from published literature and
described their abilities to grow anaerobically, to reduce nitrate, and to degrade hydrolysis
intermediates of DMF. Moreover, we analyzed all 20,762 complete prokaryotic genomes deposited in
GenBank and the 28 MAGs from enriched microbial consortia with DMF as the carrier solvent (26,
27) to resolve the questions mentioned above: 1) identify the putative DMF degraders and the
metabolic pathways from DMF degradation, 2) determine whether the gene inherits vertically or
horizontally, and 3) determine whether the putative DMF degraders have the capability to utilize

nitrate as an electron acceptor and to utilize intermediates of DMF degradation to produce methane.
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Overall, the current study substantially expands our knowledge of the diversity of DMF degraders

and their potential to function under aerobic and anaerobic conditions.

2. Materials and methods
2.1. Bioinformatic analyses

To identify putative DMF degraders, the nucleotide sequences of 20,762 complete prokaryotic
genomes deposited in GenBank (accessed 11-22-2020) were downloaded and processed using
Prodigal (33) to call open reading frames (ORFs). The resulting ORFs were searched against the
metabolic pathways of DMF degradation (34) in the KOfam database (35) using hmmscan (E-value <
le-15 and covered fraction of hmm > 50%) in HMMER V3.2.1 (36). Subsequently, the predicted
OREFs of selected genomes harboring at least one copy of the gene for the large and/or small subunit
of DMFase were searched against the targeted KO families mapped to pathways of nitrogen
(map00910) and methane (map00680) metabolism from the KOfam database (35). The 28 MAGs
carrying genes encoding DMFase from enriched microbial consortia (27) were analyzed using the
same procedure. Caution should be taken when interpreting the results. A strict cut-off (i.e., e-value <
le-15 and a coverage > 50% of the gene) was applied to identify the gene in the genomes/MAGs,
which may result in the drop of genes. In addition, the presence of a gene is not evidence for the
occurrence of the process.

The number of replicons (i.e., chromosome and plasmid) contained in each complete genome
were obtained from prokaryotic genome reports

(ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME REPORTS/prokaryotes.txt). To determine the

location of the genes encoding DMFase, we mapped the GenBank accession number to chromosome
or plasmid. The location of genes encoding DMFase of the MAGs were based on the predicted
plasmid information using Platon V1.2.0 (37) in a separated study (27), whereas the number of

replicons contained in the MAGS is unknown.

2.2. Phylogenetic visualization
The phylogenetic trees of 952 putative DMF degraders were constructed using Geneious

(https://www.geneious.com) with 40 single-copy marker genes (38) which were extracted from the
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ORFs with fetchMGs v1.2 (39), aligned with Clustalo (40), and trimmed with trimAl v1.2 (-gt 0.5)
(41). Likewise, a neighbor-joining phylogenetic tree of 1,243 amino acid sequences of K03418 gene
encoding the large submit of DMFase in 952 putative DMF degraders was constructed using
Geneious with the same extraction, alignment, and trimming methods using amino acid sequences.

Interactive Tree Of Life (iTOL) (42) was applied to visualize the phylogenetic trees.

2.3. Data availability
The 28 MAGs containing genes encoding DMFase are available at

https://bitbucket.org/junhuilinau/hmm/src/master/.

3. Results
3.1. Available DMF degrading isolates from the literature

At the time of writing, there are around 30 reported bacterial isolates capable of degrading and
utilizing DMF as the sole carbon and nitrogen source (Table 1). All isolated DMF degraders are
aerobic, and from the phylum Proteobacteria, particularly Alphaproteobacteria and
Gamaproteobacteria. Additionally, one Actinobacteria isolate (43) and two Firmicutes isolates (44,
45) have been characterized. Most of these DMF degraders are capable of reducing nitrate but
hydrolyzing urea. Of these bacterial isolates, some (e.g., Paracoccus sp. DMF-3, Alcaligenes sp.
KUFA-1, and Pseudomonas sp. DMF 5/8) can grow on high concentration (~ 50 g/L) DMF solutions.

Two pathways have been reported for aerobic DMF degradation (34): I) DMFase hydrolyzing
DMF to formate and dimethylamine (DMA), followed by converting DMA to methylamine (MA) by
dimethylamine dehydrogenase (Fig. 1). This is the most common pathway. 11) DMF is degraded via
sequential oxidative demethylations, giving rise to N-methylformamide (NMF), formaldehyde
(HCHO), and formamide (FA), which can be further converted to ammonia and formate by
formamidase (Fig. 1). Under aerobic conditions, DMF is ultimately degraded to NH4* and COz2 in
both pathways. Most tested isolates from literature are capable of degrading NMF (20 isolates), DMA
(24) and MA (24), whereas 23 tested positive and 2 negative for FA degradation activity, and 19

tested positive and 3 negative for formate degradation activity (Table 1). Results for Paracoccus
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aminophilus DM-15 (= JCM 7686) were contradictory (46, 47). Our genomic analysis described
below supports the idea that this isolate is capable of oxidizing formate (Fig. 1).

Recently, anaerobic degradation of DMF by microbial consortia is attracting increasing interest
because of the simultaneous energy production (23, 29, 48-50). The anaerobic degradation of DMF
depends on facultative DMF-degrading bacteria and the presence of intermediate-utilizing
methanogens for methane production, and requires nitrate as electron acceptor (23, 29). Among the
intermediates of aerobic Pathway I, DMA and MA are common substrates for methylotrophic
methanogens (51), while formate can be fermented to methane by hydrogenotrophic methanogens
(52). Pathway Il was recently proposed for anaerobic conditions (48). Here DMF is hydrolyzed to
formate and DMA by facultative DMF-degrading bacteria, while formate and DMA were

subsequently converted to methane by hydrogenotrophic and methylotrophic methanogens.

3.2. Putative N,N-dimethylformamidase in prokaryotes

Among the 20,762 complete prokaryotic genomes, 924 (4.5%) harbor at least one copy of the
gene encoding the large and/or small submits of DMFase (Fig. l1la). These genomes are
phylogenetically distributed across 11 phyla, including Acidobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria, Firmicutes, Nitrospira, Planctomycetes, and Verrucomicrobia, as well as archaeal
Euryarchaeota. This is the first evidence that archaea have the potential for DMF degradation. The
majority of genomes are from the Proteobacteria (472) and Actinobacteria (377) phyla. Additionally,
28 MAGs, discovered in metagenomes from 1-year enriched microbial consortia in the presence of
DMF as the carrier solvent (26, 27), contained genes encoding DMFase. A single copy of the gene
encoding the small submit of DMFase is identified in 41 genomes/MAGs from Alphaproteobacteria
(31), the Mycolicibacterium genus in Actinobacteria (10), and Betaproteobacteria (1). These results
suggest the DMF degraders are far more widely distributed than previously known, and include

archaea.
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Table 1 Summary of properties of bacterial DMF degraders from the literature

(Sub)Phylum Genus Strain Aerobic Anaerobic Nitrate Max NMF DMA MA FA HCHO Formate Reference
a-Proteobacteria Paracoccus P. aminophilus DM-15 + + + 30 + + + + + -+ (31, 43, 46, 47, 53, 54)
(=JCM 7686)
(GCA_000444995.1)
P. aminovorans DM-82 + NA + 30 + + + + NA - (43, 46)
(=JCM 7685)
(GCA_900005615.1)
P. denitrificans SD1 + + + >283 NA NA NA NANA NA (55-57)
Paracoccus sp. MKU1 + NA + >94 NA NA NA NANA NA (58)
Paracoccus sp. MKU2 + NA + >94 NA NA NANANA NA (58)
Paracoccus sp. DMF + NA + 15 NA + + + NA + (20)
Paracoccus sp. DMF-3 + NA NA 50 + + + NA NA (19)
Methylobacterium Methylobacterium sp. TH-15 + NA NA 20 + + + NA - (43)
Methylobacterium sp. DM1 + NA G >2 NA + + + + + (32)
(GCA_003111705.1)
Mesorhizobium M. tamadayense MM3441 + + + 40 + + + + NA + (22)
Ochrobactrum Ochrobactrum sp. DGVK1 + + NA >189 NA + NA (21, 59)
B-Proteobacteria  Alcaligenes Alcaligenes sp. KUFA-1 + NA + 50 NA NA NA- NA NA (34, 60)
v-Proteobacteria Pseudomonas Pseudomonas sp. DMF 3/3 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 3/4 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 3/5 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 3/6 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 3/11 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 3/12 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF/HWI-5  + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 4/4 + NA + >10 + + + + NA + (34)

10
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Pseudomonas sp. DMF 5/3 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 5/5 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 5/7 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 5/8 + NA + 56.7 + + + + NA + (34)
Pseudomonas sp. DMF 5/9 + NA + >10 + + + + NA + (34)
Pseudomonas sp. DMF 5/10 + NA + >10 + + + + NA + (34)
Pseudomonas sp. MBYD-1 + NA NA >05 NA + + + NA + (61)
Actinobacteria ~ Mycobacterium Mycobacterium sp. TH-35 + NA NA 30 + + + - NA - (43)
Firmicutes Bacillus B. cereus D-1 + + + NA NA NA NANANA NA (45)
B. subtilis + NA - NA NA NA NANANA NA (44)

Max, the maximum concentration of DMF that permits bacterial growth of the isolate (g/L). NMF, N-methylformamide; DMA, dimethylamine; MA, methylamine;
FA, formamide; HCHO, formaldehyde.

Growth activity: +, positive; -, negative; NA, not available. G, presence of the putative gene. -/+, conflicting results between studies.

11
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The median copy number of the large subunit of DMFase (K03418) is 1, with Catenulispora
acidiphila DSM 44928 (GCA _000024025.1) within the Actinobacteria phylum harboring the
maximum copies of K03418 gene (9). Totally, 216 genomes/MAGs (22.7%) carry multiple copies of
K03418 gene, whereas the gene sequences within the same genome could be more similar to that of
other genomes. For example, 4 K03418 genes on the chromosome of Mesorhizobium terrae
(GCA_008727715.1) are distributed in three clades (1.2, 111.2, and 1V.2), and nine K03418 genes on
the chromosome of Catenulispora acidiphila DSM 44928 are distributed in clades 1.2 and 11.7 (Fig.
2).

Next, we assessed the potential for degradation of intermediates in the DMF degradation pathways
under the aerobic conditions (Fig. 1). In the case of Pathway I, 67.1% (639/952) of genomes/MAGs
harbor K00317 encoding dimethylamine dehydrogenase [EC:1.5.8.2]. These genomes/MAGs belong
to Firmicutes, Actinobacteria, and a-, B-, y-Proteobacteria (Fig. 1a). Only 5.8% (55/952)
genomes/MAGs carry at least one copy of genes (K08685, K15228, or K15229) encoding MA
dehydrogenase [EC:1.4.9.1]. Thirteen additional genomes/MAGs carry genes encoding MA
dehydrogenase but none for DMA dehydrogenase. Of the 55 putative DMA and MA degraders, 3
genomes don’t carry K00148 encoding HCHO dehydrogenase [EC:1.2.1.46] which converts HCHO
to F, although K00148 is present in 98% (933/952) of the DMF degrading genomes/MAGs (median
copy 8). Moreover, all 68 putative MA degraders carry K00148.

In Pathway 11, KO1455 encoding formamidase [EC:3.5.1.49] converts FA to formate and is present
in 304 genomes/MAGs. The gene involved in formate oxidation is ubiquitous, i.e., at least one of the
genes (K00122, K00123, K00126, and K22515) encoding formate dehydrogenase is present in all
952 genomes/MAGs. MA is often the end-product of the DMF degradation (Pathway ) in most
putative DMF degraders, as the genes encoding MA dehydrogenase [EC:1.4.9.1] are absent. For 52
genomes/MAGSs, genes for complete mineralization of DMF to CO: are present, including 25
genomes/MAGs that carry the formamidase gene (including 15 Rhodococcus (Actinobacteria) and 7

Paracoccus MAGs (a-Proteobacteria)).

12
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Fig. 1 Phylogenetic distribution of putative DMF degraders. A) genes involved in DMF

mineralization. The consensus phylogenetic tree was based on 40 single copy marker genes (see

Methods for details); B) DMF mineralization pathways under aerobic conditions (34). Enzyme
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involved in the first step of Pathway Il is unknown. Squares indicate enzyme; rounded rectangles
indicate produced intermediates. Percentage in black indicates genomes involved in the specific step
of the degradation process; percentage in light blue in the brackets indicates genomes involved in
each step from DMF to the specific intermediate of the degradation process. Line in light blue
indicates pathway I; line in orange indicate pathway II; line in black indicates shared metabolic

reactions.

3.3. The role of horizontal gene acquisition via plasmids in DMF degradation

It is estimated that 1.6-32.6% of the genes of each prokaryotic genome has been acquired via
horizontal gene transfer (HGT) (62). Previous studies have provided evidence of plasmid-borne
genes encoding DMFase (27, 31, 32). However, it is unclear whether horizonal acquisition of this
gene is frequent because of the low number of sequenced genomes of DMF degraders. Out of the
952 genomes/MAGs, 34.2% (326) carry at least one plasmid, whereas 90% (857) carry one or more
copies of K03418 only on the chromosome. A total of 95 genomes/MAGs, accounting for 29.1% of
326 genomes with plasmid, harbor the K03418 gene on the plasmid, while 18 genomes carry the gene
on both the chromosome and the plasmid and 77 genomes harbor K03418 only on the plasmid.
Notably, all 59 putative DMF degraders in the Rhizobiales order of a-Proteobacteria only harbor
K03418 on their plasmids, with the exception of Ensifer mexicanus ITTG R7 (GCA_013488225.1)
and Ciceribacter thiooxidans F43B (GCA_014126615.1) which harbor K03418 on both the plasmid
and chromosome (Fig. 3). Multiple copies (median 4) of plasmids in Rhizobiales genomes could
enhance the opportunity to acquire K03418 gene. Our analyses suggest that plasmids play an
important role in acquisition of genes encoding DMFase in the order Rhizobiales.

The majority of K03418 sequences (60) in Rhizobiales genomes clustered together in clade 1.3
with other a-Proteobacteria genomes, while the other 18 K03418 sequences in Rhizobiales genomes
are distributed in three other clades, including, 11.3, consisting of 3 Rhizobiales sequences and 12
Cyanobacteria sequences; 111.2 (4), where 4 K03418 sequences in Rhizobiales are similar to
sequences of other a-Proteobacteria, and 1V.2, consisting of 11 K03418 sequences in Rhizobiales,
which are similar to K03418 sequences of Actinobacteria and other a-, -, y-Proteobacteria (Fig. 2).

Likewise, multiple Paracoccus genomes carry K03418 only on the plasmid. These results suggest
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that, irrespective of ancient or recent HGT event, horizonal gene acquisition via plasmids plays a

critical role in DMF degradation, particularly for Rhizobiales and Paracoccus.
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Fig. 2 Neighbor-joining phylogenetic tree of 1,243 amino acid sequences of K03418 in 952 putative

DMF degraders. The inner circle C1 indicates individual K03418 sequences; the middle circle C2
indicates K03418 sequences that are present in a genome/MAG in multiple copies; the middle circle
C3 indicates K03418 sequences in the order of Rhizobiales; the outer circle C4 indicates gene
location (chromosome or plasmid). Colors of inner circle (C1), middle circles (C2, C3), and the labels

indicate phyla.

In addition, both putative archaesal DMF degraders, Haloferax gibbonsii LR2 and
Halalkalicoccus jeotgali B3, carry a single copy of K03418 on their plasmids. Nineteen out of 23
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279  Cyanobacteria genomes carry plasmids (median 5 copies), including Nostoc sp. CO057
280 (GCA _013393925.1) which carries the most copies (15) of plasmids among all DMF degraders,
281 whereas only 1 Cyanobacteria genome harbors K03418 on the plasmid. It appears that
282  plasmid-mediated HGT of K03418 is rare in Cyanobacteria, indicative of vertical descent. This is
283  further supported by the evolutionary analyses of K03418 gene, i.e., the K03418 sequences of
284  Cyanobacteria are clustered together in 1.2 and 11.3 (Fig. 2), in contrast to Proteobacteria,
285  Actinobacteria and Planctomycetes where they are not clustered together.
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Fig. 3 Presence of DMFase (K03418) on plasmids. The inner bar indicates the copy number of
replicons (chromosome and plasmid), the outer bar indicates the copy number of K03418. The MAGs
in red indicate the presence or absence of plasmids estimated in a separate study (27) rather than the

specific copies of chromosome and plasmid.

3.4. Anaerobic degradation of DMF with nitrate but no methane production

The anaerobic degradation of DMF, i.e., Pathway Ill, has been tested in lab-scale anaerobic
bioreactors (23, 29). However, culturing the DMF-degrading bacteria under anaerobic conditions is
difficult. Although all isolates metabolize DMF aerobically, several are known as facultative
anaerobes (Table 1), e.g., Paracoccus aminophilus JCM 7686, Paracoccus denitrificans SD1,
Mesorhizobium tamadayense MM3441, Ochrobactrum sp. DGVK1, and Bacillus cereus D-1.
Anaerobic degradation of DMF is possible for denitrifiers, which use nitrate as an electron acceptor.

We analyzed the presence of nitrate reduction genes involved in three pathways, i.e., assimilatory
nitrate reduction (to ammonium), dissimilatory nitrate reduction (to ammonium), and denitrification
to N2. Of 952 putative DMF degraders, 96.4% (918) possess genes for all steps of at least one of the
three nitrate reduction pathways (Fig. 4). About 95.2% (906) harbor genes for assimilatory nitrate
reduction to ammonium; 40.2% (383) harbor the genes involved in dissimilatory nitrate reduction to
ammonium; and 10.8% (103) harbor all genes involved in each step of denitrification. These results
suggest that most putative DMF degraders are likely to grow under the anaerobic condition while
utilizing nitrate as electron acceptor. The addition of nitrate to anaerobic bioreactors therefore could
be sufficient for DMF degradation under anaerobic conditions (18).

A total of 632 (66.4%) putative DMF degraders are potential denitrifiers that also possess
K00317 encoding DMA dehydrogenase, converting DMA to MA and HCHO, and among which 55
genomes/MAGs harbor genes involved in MA oxidation. A total of 616 genomes/MAGSs possess
K00148 which converts HCHO to formate (Fig. 4a). Additionally, 299 putative denitrifiers, carrying
K01455, have the potential to convert FA (Pathway Il intermediate) to F. Moreover, all putative
denitrifiers can utilize formate as substrate. It appears the putative denitrifiers among the DMF
degraders are capable of utilizing the metabolic intermediates, particularly formate and HCHO, to

grow under the anaerobic condition.
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Fig. 4 Nitrate reduction of putative DMF degraders. A) Enzymes and genes involved in nitrate
reduction; B) three nitrate reduction pathways (KEGG map00910). Squares indicate abbreviated
enzyme names; rounded rectangles indicate produced intermediates. Percentage indicates genomes
involved in each step from DMF to the specific intermediate of the degradation process. Line in light

blue indicates the first step of dissimilatory nitrate reduction and denitrification; line in blue indicates
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the second step of dissimilatory nitrate reduction; line in purple indicates the other steps of

denitrification; line in orange indicates the assimilatory nitrate reduction.

One advantage of anaerobic DMF degradation is energy production. Simultaneous methane
production was achieved while degrading DMF using microbial consortium, albeit maintaining
continuous culture is difficult (23, 29). We next analyzed the potential of putative DMF degraders to
produce methane (Fig. 5). Although 910 genomes/MAGs possess the genes involved in the
conversion of DMA to methyl-CoM, the genes for methyl-CoM reductase [EC:2.8.4.1] needed to
produce methane was not observed. In addition, none of the genomes/MAGs carry genes for
converting MA to methyl-CoM. These results suggest that microbial consortia are required that
include methanogens to complete the methanogenesis of DMA and MA for methane production.
Moreover, when formate is used as the electron donor, it is oxidized by formate dehydrogenase
[EC:1.17.98.3, EC:1.8.98.6] to CO2 and reduced coenzyme F420, which is a required intermediate
for methane production (63). Although 929 genomes/MAGs have the potential to oxidize formate to
reduced coenzyme F420, none of the genomes harbors the genes encoding methyl-CoM reductase
[EC:2.8.4.1] involved in the last step from methyl-CoM to methane.

Together these findings suggest over 50% of the putative DMF degraders could grow
anaerobically while utilizing nitrate as electron acceptor and degrade the hydrolyzed intermediates,
whereas other methanogens are required to complete the methanogenesis of DMA to produce

methane.
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Fig. 5 Methanogenesis potential of putative DMF degraders. A) Enzymes and genes involved in the
methanogenesis of dimethylamine (DMA), methylamine (MA), and formate (F); B) methanogenesis
pathways (DMA and MA: KEGG map00680; formate based on previously established pathways (63).
Squares indicate enzyme; rounded rectangles indicate metabolic intermediates. Line in light blue

indicates methylotrophic methanogenesis; line in orange indicates hydrogenotrophic methanogenesis;
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line in grey indicates pathway without identified gene; line in black indicates not tested pathway;

dotted line indicates multiple processes.

4. Discussion

DMEF is a refractory compound resistant to degradation, and until now, only a small number of
bacterial isolates have been reported to degrade DMF under aerobic conditions. However, recent
studies using 16S rRNA-based identification under both aerobic (26) and anaerobic conditions (23-25)
suggest a much wider distribution of DMF degraders.

Our results indicate that a total of 4.5% of publicly available full prokaryotic genomes are
putative DMF degraders and are far more widely distributed than previously known. Besides
genomes in Proteobacteria, Actinobacteria, and Firmicutes phyla, putative DMF degraders are
present in 8 other phyla, including two archaeal lineages. Knowledge, isolation and further
characterization of these genomes would be particularly useful for developing biodegradation
systems, either as pure culture or as enriched microbial consortia. DMF is miscible with water and the
majority of organic solvents (1) and has been widely used as carrier solvent in enrichment or isolation
of bacteria capable of degrading other water insoluble xenobiotic compounds. In this regard, our
results further strengthen our recent statement that when isolating xenobiotic degraders, the presence
of the carrier solvent should not be ignored (26). For instance, Mesorhizobium tamadayense
MM3441 was initially enriched and isolated to degrade pyrene with DMF as the carrier solvent (22),
however it is also able to degrade DMF. The 28 MAGs harboring genes encoding DMFase included
in this study were also enriched to degrade other xenobiotic compounds in the presence of DMF
(27). DMF should be cautiously used as carrier solvent for enriching microbial cultures to degrade
other xenobiotic compounds due to it may result in the co-selection of other bacteria which are
capable of utilizing DMF as substrates and/or the target xenobiotic compounds (22, 26).

Despite it is unclear when the HGT events occurred, horizontal acquisition of genes encoding
DMFase via plasmids plays an important role in DMF degradation. However, the importance of HGT
events differs between taxa. Although HGT of the DMFase is frequent in the order of Rhizobiales and
the genus Paracoccus of a-Proteobacteria, it was relatively rare in Cyanobacteria. Horizontal gene

acquisition is important for and common in the order of Rhizobiales (64) and recognized as a major
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driving force in the evolution of lifestyles in this order (65, 66). Likewise, HGT via plasmids is also
considered as the driving force of Paracoccus evolution (54, 67). Our analyses on plasmid carriage
further support the important role of plasmid in HGT occurred in Paracoccus, i.e., 19 out of 21
complete Paracoccus genomes deposited in GenBank carry plasmid.

Most of the putative DMF degraders may result in the accumulation of MA intermediates for
organisms metabolizing DMF via Pathway | because only around 6% of the DMF degraders have
the potential to convert MA to HCHO. DMF degraders containing genes involved in MA
degradation are primarily found in the genera Paracoccus, Rhodococcus, Achromobacter, and
Pseudomonas (Fig. 1). These taxa could potentially mineralize DMF completely to CO2 via Pathway
|. DMF degraders without genes for MA degradation could still be useful for DMF degradation when
used as part of amicrobial consortium/ mixed cultures. DMF degradation via Pathway 11 was thought
to be less common (34), whereas the genes encoding the N-demethylase for the degradation of DMF
and NMF via oxidative demethylations are not known. Therefore, we are not able at this point to
evaluate the genomic diversity involved in the sequential oxidative demethylations of DMF in
Pathway Il. This knowledge gap requires identification of the N-demethylase genes involved in the
sequential oxidative demethylation reactions. Nevertheless, among known bacterial DMF degraders,
all tested isolates are capable of utilizing NMF as the sole carbon source (Table 1). Moreover, near
30% of putative DMF degraders carry the gene for the degradation of FA (intermediate of Pathway
I1), and almost all contain the genes for the degradation of formate and HCHO (intermediates of both
Pathways | and Il). DMF degraders containing genes for FA degradation are distributed across
multiple phyla, but primarily present in o-, B-Proteobacteria and Actinobacteria classes, including
Rhodococcus and Paracoccus genera. Most putative DMF degraders seem to be capable of growing
anaerobically with nitrate as electron acceptor. However, Pathway Il is incomplete because genes
encoding methyl-CoM reductase as the last step of methanogenesis are absent. Individual taxa seem
unlikely to complete the DMF methanogenic degradation with methane production, and other
methanogens are required to complete the methanogenesis of hydrolyzed intermediates. Thus,
microbial consortia have advantages by enabling co-metabolism and complementary enzymes in
Pathway I11. Recently, it was shown that the effective methanogenic degradation of DMF could not

be maintained during the long-term operation of anaerobic membrane (23) and up-flow anaerobic
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sludge blanket bioreactors (23, 29). Nitrate addition improves the performance of an anoxic
denitrification reactor (18). Yet, it is not clear how nitrate would influence methane production.
Nitrate dose is expected to play a key role for methanogenic degradation of DMF as heterotrophic
denitrification takes over methanogenesis when C/N < 5 (68), highlighting the need for further

studies on the effect of nitrate on methanogenic degradation of DMF.

5. Conclusions

Taken together, our results reveal that 952 fully sequenced genomes harbor genes encoding
DMFase, and are phylogenetically distributed across 11 phyla, substantially expanding the functional
diversity in DMF degradation. Horizontal gene transfer via plasmids plays critical roles in DMF
degradation for certain taxa, e.g., order Rhizobiales and genus Paracoccus. Although many members
of Paracoccus, Rhodococcus, Achromobacter, and Pseudomonas genera appear to be able to
potentially mineralize DMF completely via Pathway | under aerobic conditions, mixed microbial
cultures probably are needed for DMF degradation particularly via Pathway |11, where methanogens
are required to complete the methanogenesis of DMF degradation intermediates. This study provides
in-depth information on genome-scale metabolic pathways in DMF degradation and their

phylogenetic distribution.
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