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Abstract

Nontuberculous mycobacteria (NTM) are ubiquitous environmental opportunistic pathogens
that can cause chronic lung disease. Within the United States, Hawai'i has the highest inci-
dence of NTM lung disease, though the precise reasons are yet to be fully elucidated. One pos-
sibility is the high prevalence of NTM in the Hawai’i environment acting as a potential reservoir
for opportunistic NTM infections. Through our previous initiatives to collect and characterize
NTM in Hawai’i, community scientists of Hawai'i have collected thousands of environmental
samples for sequencing. Here, these community scientists were invited for the first time into a
high school lab in O’ahu for a genomic sequencing workshop, where participants sequenced
four of the collected isolate genomic samples using the Oxford Nanopore Technologies Min-
ION sequencer. Participants generated high quality long read data that when combined with
short read lllumina data yielded complete bacterial genomic assemblies suitable for in-depth
analysis. The gene annotation analysis identified a suite of genes that might help NTM thrive in
the Hawai’i environment. Further, we found evidence of co-occurring methylobacteria, revealed
from the sequencing data, suggesting that in some cases methylobacteria and NTM may coex-
ist in the same niche, challenging previously accepted paradigms. The sequencing efforts pre-
sented here generated novel insights regarding the potential survival strategies and microbial
interactions of NTM in the geographic hot spot of Hawai’i. We highlight the contributions of
community scientists and present an activity that can be reimplemented as a workshop or
classroom activity by other research groups to engage their local communities.
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Introduction

Nontuberculous mycobacteria (NTM) are environmental opportunistic pathogens that can
cause chronic lung disease in susceptible individuals, particularly those with preexisting lung
conditions [1] like cystic fibrosis [2, 3]. NTM thrive in a variety of environments including soil
and natural freshwater sources, but are especially well adapted to human-made plumbing sys-
tems [4].

Hawai’i has more NTM lung disease cases per capita than any other US state [5]. Our prior
research of 62 households found that clinically important NTM species are prevalent in the
Hawai’i environment [6] and may be the source of the high rate of NTM infections [7, 8]. To
more broadly study NTM diversity, a Hawai’i-based community science network involving
more than 200 local students and teachers from 11 different schools collected more than 2,800
environmental samples from across O’ahu, Kaua’i, Hawai’i Island, and Maui [9]. Results were
shared at the Inaugural Hawai’i NTM Lung Disease Education and Research Conference [9] at
‘Iolani School in Honolulu in February 2020 in partnership with the ‘Aina-Informatics Net-
work (AIN). AIN is an educational program pioneered by ‘Tolani School that was designed to
bring genome sciences and bioethics into Hawai’i classrooms [10]. AIN leverages and applies
the recent developments in long read genomic sequencing from the Oxford Nanopore Tech-
nologies (ONT) MinlION, a portable, easy to use, and low-cost sequencer [11], to teach high
school students how to perform genomic sequencing. We use this same sequencing technology
in our research to characterize the genomes of diverse clinical and environmental NTM spe-
cies [12], bringing MinION sequencing to the participants of the Hawai’i-based community
science network.

Here, we describe an engaging hands-on sequencing activity that was held during the Inau-
gural Hawai’i NTM Lung Disease Education and Research Conference, where twenty-two
community scientists worked together to sequence four bacterial isolate genomes with a Min-
ION. The long reads were supplemented Illumina short reads from the same samples to con-
struct hybrid genome assemblies. Subsequent analysis identified plasmids and genomic
elements that revealed that some of the samples had methylobacteria, suggesting that methylo-
bacteria were living in close proximity to NTM, and that they were isolated or co-isolated dur-
ing the NTM culture selection process. Annotation of all identified genomes revealed the
presence of genes implicated in metabolizing different carbon sources, regulating homeostasis
of important metals, and for tolerating toxic compounds and antimicrobials. The results show-
cased here reveal novel insights into the environmental NTM that inhabit Hawai’i and the ben-
efits of educational outreach activities.

Materials and methods
Volunteer participation

The Hawai’'i NTM research project was approved by the Kaiser Hawai’i IRB (IRB# 00000402).
Written consent to participate in the workshop was obtained from all adult participants. For
minors under 18 years of age, written consent was obtained from parents or guardians.

Environmental sample collection and processing

Bacterial samples were collected from the Hawai’i community science project following meth-
ods previously described [6]. Four of these samples were selected for whole genome sequenc-
ing based on their unexpected pink pigmentation, which is typical of methylobacteria but not
NTM. Initial species identifications were determined through single locus PCR amplification
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Table 1. Origin and rpoB identification of workshop isolates.

ID Island
HIOI Hawai’i
HIO2 O’ahu
HIO3 O’ahu
HI04 Hawai’i

https://doi.org/10.1371/journal.pone.0291072.t001

Sample location description Taxa ID Colony color
Kitchen sink M. abscessus Pink
Garden hose M. porcinum Buff-white

Beach showerhead M. intracellulare Pink
Showerhead M. avium Pink

and Sanger sequencing of the rpoB gene, which resulted in a mycobacterial identification for
each sample. The samples were named HI01-04.

HIO1 was isolated from a kitchen sink on the island of Hawai’i and was identified as Myco-
bacterium abscessus. HI02 was isolated from a garden hose on the island of O’ahu and was
identified as Mycobacterium porcinum. HI03 was isolated from a beach showerhead on the
island of O’ahu and was identified as Mycobacterium intracellulare. HI04 was isolated from a
household showerhead on the island of Hawai’i and was identified as Mycobacterium avium
(Table 1).

For textual clarity, the genus name Methylobacterium is abbreviated as Me. to distinguish
methylobacterial species from mycobacterial species (abbreviated as M.).

Bacterial culture and genomic DNA extraction

One mL of bacterial sample glycerol stock was added to 50mL of 7H9 broth. Cultures were
incubated on a shaker at the sample’s original culture temperature, either 30°C or 37°C, until
turbid (7-11 days). Once turbid, the cultures were centrifuged for 10min at 5,000 rpm to pellet
the bacteria. The supernatants were discarded and the bacterial pellets were resuspended in
ImL of sterile 1xPBS. The resuspended samples were transferred into new sterile 1.5mL tubes,
and centrifuged for 2min at 13,000xg. The supernatants were discarded and bacterial pellets
were stored at 4°C until same-day gDNA extraction was initiated.

Before the workshop, bacterial culture stocks were grown (S2 File) and high molecular
weight DNA was extracted according to Epperson et al. [13]. This protocol uses minimal bio-
hazardous reagents and is compatible with student use. High concentration intact DNA sam-
ples were eluted, quantified, and stored at 4°C or room temperature until sequencing.

INlumina sequencing

The same pools of DNA used for ONT sequencing were also packaged into sequencing librar-
ies using the DNA Prep kit from Illumina (P/N 20018705) and sequenced on a MiSeq using
2X300bp paired end chemistry. Sequence reads were trimmed using Skewer v0.2.2 [14] during
which the adapter sequence 5'~-CTGTCTCTTATACACATCT -3’ was removed, read ends were
trimmed for a minimum quality of 20, and reads were filtered for a minimum length of 40
bases after trimming.

ONT sequencing

Workshop participants, which included high school students, college students, teachers, and
mentors, were briefed on the sample origins and the laboratory techniques used to extract high
molecular weight gDNA (S1 File). These modules were adapted from AIN’s extensive curricu-
lum centered around MinION sequencing for high school students, providing the instruc-
tional component for this workshop [10]. In groups of 5 to 6 people, participants prepped
DNA libraries for sequencing using the Rapid Barcoding Kit (SQK-RBK004) from ONT,
where 2.5l of fragmentation mix was added to each 400ng sample to cleave DNA and attach
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barcoded adapters. Each student group received their own unique barcode. Barcoded samples
were pooled in pairs: HI01 was pooled with HI02, and HI03 was pooled with HI04. Sequencing
adapters were attached by adding 1pl of rapid adapter (RAP) to 10pl of barcoded DNA. After
checking the number of active pores and priming the flow cell, the library was prepared for
sequencing by mixing the sequencing buffer (SQB) and loading beads (LB).

The pooled libraries were loaded onto two separate MinION flow cells (FLO-MIN106D
R9.4.1). Flow cell 1 started with 1,271 active pores and was loaded with samples HI0O1 and
HIO02. Flow cell 2 started with 1,352 active pores and was loaded with samples HI03 and HI04.
Sequencing was performed for 22 hours and 27 minutes. By the end of the sequencing round,
flow cell 1 had 433 active pores and flow cell 2 had 760 active pores. Raw ONT reads were sub-
jected to high accuracy basecalling and demultiplexing using Guppy v3.4.5 [15].

Assembly and annotation

Following the workshop, the ONT and Illumina reads were assembled using Unicycler v0.4.4
[16] to construct hybrid genome assemblies. Assemblies were annotated with Prokka v1.13.3
[17]. Roprokka (https://github.com/jrhendrix/Roprokka) was used to count the number of
dnaA genes and to determine the species of origin for 16S and rpoB gene sequences.

We grouped the contigs by likely genus of origin based on the presence of a species-identi-
fying gene or connections to another contig with such a gene. Unconnected contigs less than
200,000bp in length were aligned to the BLAST nr database and sorted by sequence homology.
Average Nucleotide Identity (ANI) analysis of the entire genome relative to known bacterial
species was performed by GenBank.

Microbiological screening of mixed genome samples

Following sequencing, samples that indicated possible methylobacterial genomes were
restreaked onto Middlebrook 7H10 agar plates supplemented with OADC (oleic acid, albu-
min, dextrose, and catalase). Plates were incubated at 30°C for 13 days at which point two sam-
ples displayed two distinct morphologies. Per plate, one colony was picked to represent each
morphology. Colonies were smeared onto duplicate microscope slides then heat fixed. Sample
slides were stained for acid fast bacilli (AFB) using Kinyoun cold method (Hardy Diagnostics)
or Gram stained (Fluka Analytical) as per manufacturer’s instruction. Stained samples were
visualized by light microscopy at 1000x magnification (SeBa, Laxco).

To determine whether distinct colony morphologies could be separated, each colony mor-
phology was also inoculated into Middlebrook 7H9 broth. Liquid cultures were incubated at
30°C until turbid. Once turbid, 10ul was streaked onto Middlebrook 7H10-OADC agar sup-
plemented with 2% malachite green. Plates were incubated at 30°C.

Results and discussion
ONT sequencing

Two MinION device sequencing runs were performed, generating 7.4Gb of data on flow cell 1
and 7.8Gb of data on flow cell 2. Read length distributions can be seen in Fig 1. The number of
sequences per sample varied from just over 200,000 to nearly 700,000 reads with 95.6-98.8%
reads having an average quality score greater than 14.0. Sample HI04 had the fewest reads and
the lowest ONT read coverage of 46x while the other three samples had ONT read coverages
greater than 150x.
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Fig 1. ONT read length distribution. The length of ONT reads followed a pattern of exponential decay with fewer longer reads. For ease of viewing, the
distributions of read lengths greater than or equal to 30,000 are shown as insets.

https://doi.org/10.1371/journal.pone.0291072.9001

Assembly and annotation

Genomic sample HIO1 was assembled into six contigs that totaled 6,542,183 bp. The main
chromosomal unit consisted of a single circularized contig that contained five 16S and one
rpoB annotation from Methylobacterium (Me.) populi. Five independent contigs were identi-
fied: four circularized with sequence similarity to methylobacterial plasmids and one uncircu-
larized sequence with slight sequence similarity to existing methylobacterial genomes (Fig 2,
top panel). GenBank ANI analysis identified this genome as Methylobacterium (Me.) rhodesia-
num. HIO1 contained genes involved in the import of ammonia (amt, amtB), the degradation
of nicotinic acid (nicA, nicB), and the homeostasis of iron (iscA), magnesium (corA, mgtA),
and divalent cations (mntH). Various genes suggest decreased sensitivity to arsenic (arc3, arsB,
arsC), cadmium (cadA), copper (copA), mercury (merR, merR1), lithium (nhaK), zinc (zntA),
and general organic hydroperoxide (ohrB). Some genes also conferred resistance to the antibi-
otics beta-lactams (ampC), bicyclomycin (bcr), fosmidomycin (fsr), and multi-drug families
(sugE) (Table 2).

Genomic sample HI02 was 7,202,187 bp with evidence of all three contigs being part of a
single chromosomal unit. Two 16S and one rpoB gene were identified as Mycobacterium (M.)
porcinum (Fig 2, second panel). GenBank ANI analysis also identified this genome as M. porci-
num. Genome annotation of HI02 revealed genes involved in nutrient acquisition from
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Fig 2. Assembly graphs of samples HI01-04 where contigs are partitioned by genus. Thicker lines represent DNA contigs (segments pieced together with
high confidence.) Thinner lines between contigs indicate that the assembler found some evidence that the contigs are contiguous. Circularized plasmids are
indicated by a thick contig line with both ends connected by a thinner line. Contigs identified as being from mycobacterial origin are on the left, contigs
identified as methylobacteria are in the middle, and contigs that either aligned to a different genus or could not be assigned are shown on the right. For each
genus grouping, the total DNA content is recorded under the assembly graph. Features discussed in the text are labeled. Contig sizes are not drawn to scale.

https://doi.org/10.1371/journal.pone.0291072.9002

ammonia (amt), caffeine (cdhA, cdhB, cdhC), and homeostasis of iron (irtA), magnesium
(corA, mgtA), and divalent cations (mntH). The genome also contained genes that lower sus-
ceptibility to arsenic (acr3, arsB, arsC), cadmium (cadl), copper (copA, mctB), mercury

(merR1), and organic hydroperoxide (ohrB). The annotations included genes that confer resis-
tance to beta-lactams (ampC), bicyclomycin (bcr), daunorubicin and doxorubicin (drrA), eth-
ambutol and isoniazid (iniA), and multi-drug families (sugE) (Table 2).
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Table 2. Presence of select annotations per genome.

Function Gene HIO01-Me HI03-Me HI04-Me HI02-NTM HI03-NTM HI04-NTM Citation

Metabolism

Ammonium import amt [18]
amtB | [15]

Caffeine breakdown cdhA [19]
cdhB ] [19]
cdhC [19]

Nicotinic acid breakdown nicA [20]

[

nicB
Metal Homeostasis
Iron transport irtA
iscA
Magnesium transport corA
mgtA
Divalent cation transport mntH
Toxic Metal Tolerance
Arsenic resistance acr3
arsB
arsC
Cadmium transport cadA

Copper tolerance copA [32-34]
mctB [35]
Heavy metal tolerance atml [36]
Lithium transport nhaK [37]
Mercury resistance merA [38]
merR [39]
merRI [39]
Organic hydroperoxide tolerance ohrB [40]
Zinc tolerance ZntA [41]

Antibiotic Resistance

B-lactam resistance

ampC

bla
Bicyclomycin resistance ber
Daunorubicin, doxorubicin resistance drrA
drrB
Isoniazid resistance iniA
Fosmidomycin resistance for
Multidrug resistance mmr
stp
sugE

https://doi.org/10.1371/journal.pone.0291072.1002

Genomic sample HI03 was assembled into ten contigs that totaled 11,759,980 bp. Contig 1
contained a 16S and rpoB annotation identified as Mycobacterium (M.) intracellulare. Contig 2
contained five 16S genes and one rpoB gene from Me. populi. Copies of the dnaA gene were
present on contigs 1 and 2. Of the eight unconnected small contigs, there were six methylobac-
terial plasmids, one Brucella anthropi plasmid, and one unidentified plasmid (Fig 2, third
panel). The contigs associated with NTM and methylobacterial DNA were separated into
assemblies HI03-N'TM and HI03-Me, respectively. GenBank ANI analysis identified these
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genomes as Me. populi (H103-Me) and M. intracellulare (HI03-NTM). HI03-NTM contained
genes involved in ammonia transport (amt), iron homeostasis (irtA) along with improved tol-
erance of copper (mctB), and zinc (zntA) and resistance to daunorubicin and doxorubicin
(drrAB), and multi-drug families (mmr, stp). The DNA associated with Me. populi in HI03-Me
included genes to extract nutrients from ammonia (amtB), caffeine (cdhABC), and nicotinic
acid (nicAB), maintain proper iron levels (iscA), and improve tolerance of arsenic (acr3),
organic hydroperoxide (ohrB), lithium (nhaK), mercury (merR1), and zinc (zntA) along with
resistance to drugs beta-lactams (ampC), bicyclomycin (bcr), and fosmidomycin (fsr). Both
genomes contained genes for maintaining homeostasis of magnesium (corA, mgtA, mntH),
and increasing tolerance to arsenic (arsBC), copper (copA), mercury (merR), and multi-drug
families (sugE) (Table 2).

Genomic sample HI04 contained 13,295,817 bp with 18 contigs. Contig 1 consisted of
5.5Mb with one of each dnaA, 168, and rpoB annotations from Mycobacterium (M.) avium.
Contigs 2, 3, and 4 included two, six, and three 16S genes, respectively, all from Methylobacter-
ium (Me.) aquaticum. Contig 4 also contained a dnaA and rpoB gene from Me. aquaticum.
Contigs 5 and 6 had high sequence similarity to methylobacterial chromosomes while contig 7
had highest similarity to mycobacterial chromosomes. Of the small-unconnected contigs there
were ten methylobacterial plasmids and one plasmid identical to p18K in M. avium (Fig 2, bot-
tom panel). The contigs associated with NTM and methylobacterial DNA were separated into
assemblies HI04-NTM and HI04-Me, respectively. GenBank ANI analysis identified these
genomes as Methylobacterium ajmalii (HI04-Me) and M. avium (HI04-NTM). Contigs in
assembly HI04-NTM contained genes for metabolizing ammonia (amt) maintaining iron
homeostasis (irtA), increasing tolerance to copper (mctB) and mercury (merR1), and confer-
ring resistance to a multi-drug family (mmr). The HI04-Me assembly included genes for
extrapolating nutrients from ammonia (amtB), caffeine (cdhAC), and nicotinic acid (nicAB),
maintaining iron homeostasis (iscA), improving tolerance to chromate (chrAl, srpC), copper
(copA), organic hydroperoxide (ohrB), lithium (nhaK), and zinc (zntA), and conferring resis-
tance to beta-lactams (bla), bicyclomycin (bcr), and fosmidomycin (fsr). Both genomes con-
tained genes to maintain magnesium homeostasis (corA, mgtA, mntH), increase tolerance of
arsenic (acr3, arsBC) and resistance to daunorubicin and doxorubicin (drrA) and multi-drug
families (stp, sugE) (Table 2).

Samples HI01, HI03, and HI04 contained methylobacterial genomes and were subjected to
additional microbiological culturing to determine if the cultures were true single-colony iso-
lates as originally thought. When grown on 7H10-OADC plates, each sample produced pink
medium-sized colonies after three days of incubation. By day 13, HI03 and HI04 produced a
second morphotype that was small and white, typical of MAC species (Fig 3). The colony mor-
phology on the HIO1 sample plate remained uniform.

Each distinct colony morphology was subjected to acid-fast bacillus (AFB) and Gram stain-
ing. All pink morphologies were Gram negative and not AFB. The white morphologies from
HI03 and HI04 were AFB and inconclusive by Gram staining (Fig 3). While NTM are consid-
ered Gram positive bacteria, mycolic acids have been reported to interfere with Gram staining
methods, often leading to inconclusive results.

All distinct colony morphologies were also grown on 7H10-OADC containing malachite
green (MG). The white morphologies from HI03 and HI04 along with the pink morphologies
from HIO1 and HIO3 grew successfully. Only the pink morphology from HI04 failed to grow
on 7H10-OADC-MG.
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Original culture streak
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AFB Stain Gram Stain
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Fig 3. Replating of HI04 to show NTM and methylobacteria separation. Original culture streak of HI04 showing uniform pink colonies (left). HI04 was
streaked a second time on 7H10-OADC plates and incubated for 13 days at 30°C, circled in purple are the two colony morphologies that appeared (center). The
distinct pink and white colonies of HI04 were AFB and Gram stained and visualized by light microscopy at a total magnification of 1000X (right).

https://doi.org/10.1371/journal.pone.0291072.9g003

Conclusion

In this study, isolated bacterial cultures from four environmental samples were sequenced
with Illumina and MinION platforms. The Illumina reads produced assemblies fragmented
into hundreds of contigs and were not sufficient on their own for our analytical goals. During
the NTM workshop discussed here, community scientists including high school students and
teachers successfully sequenced these same samples with the ONT MinION platform. The
addition of long reads greatly improved the assembly results, allowing us to separate dual
genomes, distinguish and identify plasmids, and map the location of species-identifier genes.

HIO1 comprised a single circularized Methylobacterium chromosomal unit and up to five
plasmids. HI02, though not complete, appeared to contain only a single chromosomal unit
and had exclusively NTM DNA. By comparison, while HI03 and HI04 were each isolated as
single colonies initially, each sample contained DNA of two distinct genomes with each having
two dnaA annotations and genome sizes nearly twice the expected size of a single NTM
genome. These data suggest that HI03 and HI04 contained both NTM and methylobacterial
genomes. The finding of methylobacteria and NTM co-existence was surprising given prior
reports suggesting that NTM and methylobacteria rarely occur together in the same environ-
ment [54] and never in the same biofilm [55]. A number of putative biofilm producing genes
were found in the NTM genomes, including the non-ribosomal peptide synthetases pstA1,
pstB1, pstC2 [56, 57] and the methylobacterial genomes, including sucA [56], pstA, pstB, pstC,
suggesting that all of the isolates may be capable of producing biofilms. Although we did not
perform biofilm experiments as part of this study, some literature suggests that methylobac-
teria may interfere with NTM biofilms either by preventing adhesion to a surface [55] or
degrading an existing NTM biofilm [58] but the exact compound or method remains
unknown. If this is the case, it is possible that the methylobacteria in this study lacked the
mechanism for preventing or degrading NTM biofilms resulting in the co-existing
populations.

We explored the possibility of contamination at several steps of the protocol. Because the
samples contained distinct Methylobacterium species, it is unlikely that these bacteria were
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introduced as a contaminant during the culturing step. It is also unlikely that methylobacteria
was introduced during the workshop activity, because upon classification of the ONT and Illu-
mina sequencing reads using Kraken [59], all read sets except those from HI02 contained a
mixture of both species (results not shown).

Even though initial Sanger sequencing of the rpoB gene revealed that all four samples were
pure NTM, the whole genome sequencing and assembly results indicate that methylobacteria
were present at the time of DNA extraction; however, it is unclear how the methylobacteria
survived the NTM-specific culturing steps. The Sanger NTM rpoB call of sample HIO1 may
indicate that NTM was present in the initial isolation, but at low abundance, and may have
been outcompeted by methylobacteria during subsequent culture preparations for DNA
extraction. Since the Sanger NTM rpoB sequencing method involves targeted amplification
with primers optimized for NTM, it is possible to get amplification of the NTM rpoB gene
even in the presence of other non-NTM species.

We used NTM culturing processes that select for mycobacteria using two antimicrobial
agents: malachite green and cetylpyridinium chloride (CPC). Malachite green is a potent anti-
bacterial agent included in Middlebrook media because mycobacteria are highly resistant to its
killing effects, while other species are not. In previous studies, Mycobacterium tuberculosis was
found to be capable of surviving on malachite green due to the gene encoding liproprotein sig-
nal peptidase II (IspA) [60]. All of the isolates in this study, including the methylobacteria, had
at least one copy of this gene. Though it is unclear if IspA is typical of methylobacterial
genomes or if it performs the same functional role outside of M. tuberculosis, the presence of
this gene could partially explain the survival of methylobacteria in Middlebrook media. CPC is
an antiseptic compound that kills non-acid-fast bacteria [61] e.g., methylobacteria. Though no
specific gene was identified, the methylobacteria grown in this study appear to be resistance to
CPC as well. Because of the assumed antagonistic relationship between NTM and methylobac-
teria, to the best of our knowledge, survival of methylobacteria in mycobacterial culturing con-
ditions has not been tested.

After recovering the DNA sequences from both mycobacteria and methylobacteria, the
samples were recultured and the pink (methylobacteria) and white/clear (mycobacteria) were
separated successfully in culture. It is possible that the NTM facilitated methylobacterial sur-
vival during the selection processes through a symbiotic relationship. It is also possible that
methylobacteria in Hawai’i are uniquely able to co-exist with NTM.

To better understand the genomic content of NTM and methylobacteria in this study, the
assemblies were divided by species and assessed individually for annotations that could con-
tribute to their ability to survive within showerheads, kitchen sinks, and garden hoses. Each of
the environmental samples contained genes for acquiring ammonia (amt), a rich nitrogen
source essential for cellular survival [62]. NTM assemblies tended to have amt whereas the
methylobacteria all contained amtB except for HIO1-Me that had both genes (Table 2).
HI02-NTM and HI03-Me had complete sets of chdABC which is required for the C-8 oxida-
tion mechanism to degrade caffeine. The methylobacterium in HI04-Me had two of the three
genes and may not be capable of forming the entire dehydrogenase enzyme [63]. The presence
of genes nicA and nicB suggest that these methylobacterial strains may be capable of degrading
nicotinic acid [64]. Additional laboratory experimentation is needed to determine whether
these microbes can use ammonia, caffeine, or nicotinic acid as carbon or nitrogen sources.

Each genome contained the same gene sets for maintaining homeostasis of magnesium
(corA, mgtA) [65, 66] and divalent cations (mntH) [67]. Our analysis suggests that NTM and
methylobacteria rely on different mechanisms to acquire iron. The NTM had irtA, which
encodes a membrane protein that facilitate the import of iron-bound siderophores in iron-
deprived environments such as those inside activated macrophages [68]. In contrast, the
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methylobacterial genomes contained iscA whose protein product binds iron directly and may
work in conjunction with the ferredoxin family (fdx genes) also found among the annotations
[22, 69].

All genomes included the arsenic arsBC genes encoding a membrane pump that transports
arsenic out of the cell [70]. Arsenic is found ubiquitously in natural environments and the
arsBC genotype is common in bacteria isolated from arsenic-contaminated sewage and creeks
[71]. The gene acrC was also present in all but HI03-NTM and may function as an additional
pump for arsenic export [28].

Among the annotations were numerous genes associated with resistance to antibiotics such
as B-lactams, isoniazid, and ethambutol. While the p-lactamases encoded by ampC and bla
directly inactivate B-lactam antibiotics [42, 43], some of the other identified genes encode
efflux pumps that simply purge various drugs from the cell [49, 51]. All the samples used in
this study were isolated from environmental sources where they are unlikely to have encoun-
tered these specific antibiotics. It is unclear whether these genes are remnants from previous
exposure to antibiotics or if they serve different functions when in the environment. Regard-
less, the presence of these genes suggest that these environmental opportunistic pathogens are
already equipped to survive antibiotic treatment when they infect a host; however, additional
experimental analysis is required to test antibiotic tolerance.

To date, thousands of environmental samples have been collected across the Hawaiian
Islands. In addition to these four samples that were sequenced by both long read and short
read sequencing, we also plan to undertake short read genomic sequencing of hundreds of
more NTM isolates, and to perform long read sequencing on a select number of these to pro-
duce high quality complete genome assemblies as described here. As more of these samples are
fully sequenced and assembled, we aim to further elucidate the genomic diversity of Hawai’i
environmental and clinical NTM, in order to better understand the high NTM infection bur-
den in the state of Hawai’i and to shed further light on the co-existence of NTM and
methylobacteria.

Our results show that NTM sequencing can be conducted successfully in a high school labo-
ratory setting, and used as an efficient method to teach the concepts of microbial genomics.
Through this workshop we have identified a suite of genes that may help environmental NTM
survive a variety of environmental conditions, and the presence of antibiotic resistance genes
suggests that NTM are already equipped to persist treatment in the event of causing an infec-
tion. We also found evidence of NTM co-existing with methylobacteria. It is unclear at this
time whether the co-existence and co-isolation of mycobacteria and methylobacteria is unique
among NTM in Hawai’i or whether it may contribute to the high incidence of NTM lung
infections in the state. This work was made possible by the community scientists who collected
thousands of samples from their local environments across Hawai’i and who, though this
workshop, also contributed to the genomic sequencing. The sequencing activity was designed
such that it can be reimplemented in high school classrooms or workshops in order to engage
students and community members in the concepts of microbial genomics and opportunistic
environmental pathogens, leading to novel insights for further research.

Supporting information
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