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Next-generation DNA sequencing can be used to catalog individual organisms within complex, polymicrobial specimens. Here,
we utilized deep sequencing of 16S rRNA to implicate Actinomadura madurae as the cause of mycetoma in a diabetic patient
when culture and conventional molecular methods were overwhelmed by overgrowth of other organisms.

CASE REPORT

50-year-old woman from northern Mexico with a diagnosis

of diabetes presented with a 12-year history of a gradually
enlarging right foot demonstrating multiple draining lesions. She
reported a long course of originally pruritic lesions on the plantar
instep of her right foot which over many years developed into
multiple bulbous nodules with central pinpoint ulcerations ex-
pressing purulent and granular material. Although the patient re-
mained ambulatory throughout the course of her disease, she
gradually had to modify her footwear to accommodate the in-
creasing size of her foot, which at the time of presentation was
causing her great pain. Approximately 4 years prior to the current
presentation, the diagnosis of actinomycotic mycetoma was re-
portedly established by histology, and she was initiated on antibi-
otic therapy with penicillin (500 mg orally [p.o.] 4 times daily
[QID]) and later transitioned to doxycycline (100 mg p.o. twice
per day [BID]). Despite treatment, the lesions continued to
steadily grow, and 2 years prior to presentation she received a
6-week course of intravenous penicillin therapy with continuous
daily infusions (20 million units intravenously [i.v.] per day
[QD]). The patient noted some retreat of the lesions and improve-
ment in her pain and pruritis while on this treatment, and she was
transitioned to oral penicillin (500 mg p.o. QID), ciprofloxacin
(500 mg p.o. BID), and doxycycline (100 mg p.o. BID) for sup-
pression. No new lesions evolved while she was on this therapy,
but approximately 1 year prior to presentation the patient self-
discontinued ciprofloxacin and shortly thereafter noted increas-
ing drainage from her foot. Intravenous penicillin (20 million
units i.v. QD) was resumed for an 8-week course, but no response
in the amount of discharge or reduction in the size of the nodules
was achieved and the antibiotic was consequently discontinued.
Culture of discharged material reportedly returned with over-
growth of skin flora and provided no evidence of infection with
Actinomyces species. The patient repeatedly declined the recom-
mendation of surgical debridement.

The patient was referred to the Infectious Disease clinic at Har-
borview Medical Center for further evaluation. A punch biopsy
specimen of the lesion was submitted to pathology, revealing
marked acute and chronic inflammation and an inclusion of
abundant filamentous structures consistent with aerobic actino-
mycetes (Fig. 1). Grocott’s methenamine silver (GMS) staining
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for fungal organisms was negative. Based on these findings, the
diagnosis of actinomycotic mycetoma was suggested. A portion of
the specimen was concurrently submitted for culture in order to
establish the identity of the aerobic actinomycetes-like organism
and to evaluate its antibiotic sensitivities; however, the culture
quickly became overgrown by Staphylococcus aureus, preventing
culture for slower-growing aerobic actinomycetes species. A sec-
ond biopsy specimen was submitted for culture and was again
positive for S. aureus, once more precluding the detection of aer-
obic actinomycetes through prolonged culture.

Formalin-fixed paraffin-embedded (FFPE) material from the
biopsy specimen was concurrently submitted for molecular char-
acterization of the pathogen to the University of Washington Mo-
lecular Diagnosis Microbiology Section. No fungal DNA was de-
tected by 28S ribosomal DNA (rDNA) and internal transcribed
spacer (ITS) sequencing. 16S rRNA sequencing (1) yielded good
quality sequence in the reverse direction only, producing 326 bp of
unidirectional sequence data with 100% identity and 100% cov-
erage with S. aureus (GenBank accession no. CP005288.1).

In an effort to more fully characterize the organisms present
in this specimen, we performed deep sequencing of 16S rRNA
PCR amplicon from the sample using an Ion Torrent Personal
Genome Machine (PGM) sequencer (Life Technologies). DNA
extraction from FFPE material was performed as reported pre-
viously (2). DNA was amplified from the specimen in two sep-
arate reactions, in which sequencing adapters were incorpo-
rated on opposite ends of the amplicon, enabling bidirectional
sequencing across the full length of 16S rRNA variable regions
1and 2 (3). Primer pairs (“reverse orientation” forward primer
5'-CCATCTCATCCCTGCGTGTCTCCGACTCAGTTC
CGATAACCTGCTGCCICCCGTAGGAG-3" and “reverse orien-
tation” reverse primer 5'-CCTCTCTATGGGCAGTCGGTGATAG
AGTTTGATCITGGCTCAG-3'; “forward orientation” forward
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FIG 1 Histological section of actinomycotic mycetoma. (A) Punch biopsy
material stained using hematoxylin and eosin. An inclusion of filamentous,
basophilic organisms consistent with Actinomyces species is seen. Original
magnification, X100. (B) Same section as shown in panel A; original magnifi-
cation, X400.

primer 5'-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCT
GGCAACGGCAGAGTTTGATCITGGCTCAG-3" and “forward
orientation” reverse primer 5'-CCTCTCTATGGGCAGTCGGT
GATCTGCTGCCICCCGTAGGAG-3' [I = deoxyinosine]) were
obtained from IDT and included 10-bp “bar codes” unique to
each library, permitting multiplexing on the same sequencing run.
PCR conditions for construction of sequencing libraries were as
described elsewhere (3) except that an annealing temperature of
60°C was used and 28 cycles were performed. PCR products were
purified using 0.7 vol of AMPure beads (Agencourt), eluted in low
TE buffer (10 mM Tris [pH 8], 0.1 mM EDTA), and quantified by
the use of a Qubit double-stranded DNA (dsDNA) HS kit (Life
Technologies). A template procedure for Ion Torrent sequencing
was performed using a OneTouch 2 system (Life Technologies),
and sequencing was performed on an Ion PGM sequencer (Life
Technologies) using a 400-bp sequencing kit and a 318 v2 chip
according to the manufacturer’s instructions. Base calling was
performed using TorrentServer software, version 3.6.2. Sequence
data from each of the two PCRs were combined after reverse com-
plementation of those sequences from the “reverse” orientation,
after which data processing, denoising, and classification of se-
quence reads against the Ribosomal Database Project database
(RDP, Release 10, Update 3) (4) were performed as described
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elsewhere (3). Taxonomic assignment was performed for full-
length (~350-bp) consensus sequences that were greater than
99% identical to a reference sequence; those not matching any
reference sequence below that threshold, including chimeric se-
quences, were left unassigned. Taxonomic classifications repre-
sented by less than 1% of the total sequence reads were not con-
sidered in this analysis. Cumulatively, those low-abundance
classifications accounted for 2,592 reads (7.15% of the total reads
passing quality filters).

Table 1 details the classification of deep-sequencing reads from
the specimen submitted for analysis. The tallies and percent abun-
dance of reads corresponding to each organism are indicated. For
some sequences, multiple organisms met the identity threshold
for species-level classification; in such cases, species names sepa-
rated by a slash and genus names separated by a semicolon list the
possible taxonomic assignments. Consistent with culture results,
reads classified as S. aureus were highly prevalent. A number of
other organisms were also detected, reflecting the polymicrobial
nature of such specimens (5). Nevertheless, deep sequencing re-
covered 748 reads (2.07% of the total) that were 99.3% to 100%
identical to a sequence representing Actinomadura madurae
(GenBank accession no. X97889.1). This pathogen is one of the
classical agents of actinomycotic mycetoma and is consistent with
the organism visualized histologically.

Based on this information, a course of sulfamethoxazole-
trimethoprim therapy was considered. However, on imaging, the
patient’s osteomyelitis was found to involve all bones of the foot,
including the calcaneus. Given the extent of infection, neither ad-
ditional antibiotic therapy nor debridement with subsequent re-
construction was felt to be a viable option, and a recommendation
was made for below-the-knee amputation. The patient agreed
to this procedure, and was discharged on a course of oral
sulfamethoxazole-trimethoprim.

Many sites of the human body are colonized by complex com-
munities of microbes in both health and various disease states (6).
Chronic infections (7) and diabetic foot ulcers (5, 8, 9), in partic-

TABLE 1 Deep-sequencing results

No. of % of

reads reads Classification”

13,000 35.94 Staphylococcus aureus™®

4,402 12.17 Alcaligenes faecalis

3,049 8.43 Acinetobacter bereziniaelA. guillouiae*

1,449 4.01 Comamonas testosteroni*/C. thiooxidans*

1,084 3.00 Acinetobacter Iwoffii*

935 2.59 Acinetobacter lwoffii*/A. psychrotolerans

924 2.55 Pseudomonas geniculata/ P. hibiscicola; Stenotrophomonas
maltophilia

748 2.07 Actinomadura madurae*

747 2.07 Flavobacterium lindanitolerans

738 2.04 Escherichia coli*/E. fergusonii*; Shigella dysenteriae*/S.
flexneri*

654 1.81 Campylobacter concisus

476 1.32 Enterobacter cowanii; Escherichia coli*/E. hermannii;
Shigella boydii/S. flexneri/S. sonnei

458 1.27 Staphylococcus epidermidis

417 1.15 Ochrobactrum anthropi*/O. cytisi*/O. lupini*

377 1.04 Enterobacter asburiae*/E. cancerogenus*/E. cloacaelE;
cowanii; Leclercia adecarboxylata

4,120 11.39 =99.0% match to a reference strain

@ Asterisks indicate the presence of reads with 100% identity to a reference strain.
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ular, can contain highly diverse bacterial populations. Polymicro-
bial specimens may be difficult or even impossible to fully charac-
terize by techniques in common clinical use: culture introduces
bias against fastidious or slow-growing organisms (10) and can be
practically employed to classify only a limited number of species,
while molecular methods such as 16S rRNA gene sequencing (11)
may detect only the predominant organism in a sample or may
generate a mixed and uninterpretable signal (12). Both of these
diagnostic limitations complicated analysis of the patient speci-
men in this report, a biopsy specimen from a diabetic foot ulcer.
Consequently, the likely causative organism of the patient’s foot
infection could not be identified by existing clinical diagnostic
approaches.

In contrast to conventional approaches, deep sequencing (or
“next-generation DNA sequencing”) provides independent se-
quence data from millions of individual DNA molecules, allowing
each fragment to be classified independently. Although the appli-
cation of deep sequencing to microbial communities traces its
origins to metagenomics research (13), we recently demonstrated
the feasibility of using deep sequencing to interrogate the compo-
sition of polymicrobial specimens in a clinical context by sequenc-
ing bacterial 16S rRNA amplified directly from patient material
(3). In this case report, we have utilized the approach to investigate
the causative agent of biopsy-proven actinomycotic mycetoma.
Deep sequencing successfully detected the presence of A. madu-
rae, a causative agent of that disorder, with a high-confidence
classification, establishing a molecular diagnosis for the patient’s
disease.

Mycetoma (or “madura foot”) is a clinical syndrome charac-
terized by deformation, cutaneous lesions and sinuses, infection
of tissues extending from the cutaneous layer to the underlying
fascia, and an indolent course (14, 15). It is considered endemic to
Central America, South America, Africa, and India (16). Although
the disease can be caused by a number of fungal or bacterial agents
that are typically introduced through traumatic inoculation from
contaminated soil (15), A. madurae is among the most common
agents of mycetoma occurring worldwide (17). Several treatment
regimens for actinomycotic mycetoma have been published (18—
20), and in general, the condition shows response to a wide
range of antibiotics, including aminoglycosides, rifampin,
amoxicillin-clavulanic acid, doxycycline, and sulfamethoxa-
zole-trimethoprim, although combination antibiotic therapy is
recommended (21). In one small, prospective study, initial treat-
ment with intravenous gentamicin, intravenous penicillin, and
oral sulfamethoxazole-trimethoprim followed by oral sulfame-
thoxazole-trimethoprim and oral amoxicillin maintenance was
found effective in empirically treating disease minimally involving
the bones, while regimens incorporating intravenous amikacin
and oral sulfamethoxazole-trimethoprim for initial treatment and
oral sulfamethoxazole-trimethoprim for maintenance therapy
were useful in cases of more extensive bony involvement (21). The
diagnosis of A. madurae in this case potentially explains the pa-
tient’s poor response to the initial penicillin therapy, as other re-
ports have noted that this organism has been most effectively
treated using therapies that include trimethoprim-sulfamethoxa-
zole or alternative agents such as streptomycin or dapsone (22).

Sequence reads originating from A. madurae comprised only a
small fraction of the overall reads, with those corresponding to S.
aureus being the most prevalent (Table 1). This finding is consis-
tent with the results of both culture and Sanger sequencing for the
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specimen, which were dominated by S. aureus. The portion of the
biopsy material sequenced may have contained little of the aerobic
actinomycetes inclusion, which represented a focal area within the
larger sample (Fig. 1). Further, it should be noted that read counts
in 16S rRNA amplicon deep-sequencing studies are semiquanti-
tative and correlate only roughly with the relative abundances of
organisms due to bias introduced through PCR (23, 24), differing
DNA extraction efficiencies for particular organisms (25), and
organism-specific differences in 16S rRNA operon counts (26).
Thus, the relative abundance of A. madurae within this particular
polymicrobial sample, and within the patient’s lesion, in general,
may have been higher than that suggested from the read count
alone.

Deep sequencing has previously been used to characterize cul-
tured bacterial isolates (27) and to explore the composition of
microbial populations in metagenomic research (28, 29). Here, we
have extended the application of next-generation DNA sequenc-
ing technologies to perform molecular diagnosis in a clinical con-
text. The case exemplifies several capabilities of deep sequencing
as a clinical diagnostic tool, specifically, deconvoluting the iden-
tity of individual organisms within polymicrobial samples, classi-
fying organisms directly from patient specimens without the need
for culture, and characterizing nonviable or unculturable organ-
isms (in this case, organisms killed by FFPE processing prior to
pathology examination). Relatively inexpensive “benchtop” next-
generation DNA sequencers are becoming more accessible to clin-
ical laboratories, and we anticipate that molecular diagnosis using
deep sequencing will become increasingly common in the future
(30, 31).

Nucleotide sequence accession number. The consensus se-
quence determined in this work has been submitted to GenBank
under accession no. KF680773.
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