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ABSTRACT

Mycobacteriophage DS6A is unique among the more than 8,000 isolated mycobacteriophages due to its ability to form plaques
exclusively on mycobacteria belonging to the Mycobacterium tuberculosis complex (MTBC). Speculation surrounding this speci-
ficity has led to unsupported assertions in published studies and patents that nontuberculous mycobacteria (NTM) are wholly
resistant to DS6A infection. In this study, we identified two independent nonessential regions in the DS6A genome and replaced
them with an mVenus-expressing plasmid to generate fluorescent reporter phages ®*GFP12 and ®>GFP13. We show that even
though DS6A is able to form plaques only on MTBC bacteria, infection of various NTM results in mVenus expression in trans-
duced cells. The efficiency of DS6A in delivering DNA varied between NTM species. Additionally, we saw a striking difference in
the efficiency of DNA delivery between the closely related members of the Mycobacterium abscessus complex, M. abscessus and
Mpycobacterium massiliense. We also demonstrated that TM4 and DS6A, two phages that do not form plaques on M. massiliense,
differ in their ability to deliver DNA, suggesting that there is a phage-specific restriction between mycobacterial species. Phyloge-
netic analysis reveals that the DS6A genome has a characteristically mosaic structure but provided few insights into the basis for
the specificity for MTBC hosts. This study demonstrates that the inability of the MTBC-specific phage DS6A to form plaques on
NTM is more complex than previously thought. Moreover, the DS6A-derived fluorophages provide important new tools for the
study of mycobacterial biology.

IMPORTANCE

The coevolution of bacteria and their infecting phages involves a constant arms race for bacteria to prevent phage infection and
phage to overcome these preventions. Although a diverse array of phage defense systems is well characterized in bacteria, very
few phage restriction systems are known in mycobacteria. The DS6A mycobacteriophage is unique in the mycobacterial world in
that it forms plaques only on members of the Mycobacterium tuberculosis complex. However, the novel DS6A reporter phages
developed in this work demonstrate that DS6A can infect nontuberculous mycobacteria at various efficiencies. By comparing the
abilities of DS6A and another phage, TM4, to infect and form plaques on various mycobacterial species, we can begin to discern
new phage restriction systems employed within the genus.

he standard treatment for a drug-susceptible Mycobacterium

tuberculosis infection is four drugs (rifampin, isoniazid, pyr-
azinamide, and ethambutol) for 2 months, followed by 4 months
of two drugs (rifampin and isoniazid). One of the key aspects of
successfully treating tuberculosis is ensuring that the infecting
strain is susceptible to each of the antibiotics given; therefore,
quickly diagnosing antibiotic resistance is important for success-
ful patient outcome as well as for lowering the incidence of the
generation of drug-resistant mutants from improper antibiotic
administration (1). Unfortunately, even with the advent of mod-
ern genomic techniques that can rapidly identity M. tuberculosis
resistance alleles, the gold standard of antibiotic susceptibility
testing is still to examine M. tuberculosis growth in the presence of
antibiotics (2, 3), and in many resource-limited countries, this
remains the only available assay. However, the culture method is
very time-consuming, preventing access to appropriate chemo-
therapy regimens by a patient for up to 2 months.

Reporter mycobacteriophages provide an alternative method
for quickly diagnosing M. tuberculosis infections and profiling
their antibiotic susceptibilities (4). These phages have been mod-
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ified to contain a fluorophore, and infected cells will “light up,”
providing a visual cue for their survival in the presence of antibi-
otics. The first generation of reporter mycobacteriophages was
developed by Jacobs et al. (4); luciferase was inserted into myco-
bacteriophage D29, providing a way to rapidly determine the an-
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tibiotic susceptibility profile of infecting M. tuberculosis. While
highly informative, these phages were limited to efficient function
only in M. tuberculosis in laboratory settings, performing poorly
with clinical samples and in populations of M. tuberculosis with
mixed antibiotic susceptibilities (1). In second-generation re-
porter phages, this original concept was improved through the use
of fluorescent reporters (5). During infection with these second-
generation reporter phages, bacteria fluoresce, which can be read-
ily detected by microscopy or flow cytometry. When assaying for
surviving bacteria following antibiotic treatment, these reporter
phages provide exquisite sensitivity and the ability to detect par-
tially or fully resistant cultures by allowing any remaining subpop-
ulation of bacteria to be easily monitored through fluorescence
detection methods (5).

The third generation of fluorescent reporter phages (P*GFP10),
through the use of an advanced fluorescent reporter (mVenus)
and stronger phage promoter (L5-P, ), emits a fluorescent signal
100 times stronger than the second-generation fluorescent re-
porter phages and is able to detect M. tuberculosis in patient spu-
tum (6). ®*GFP10 phage has been shown to be sensitive for de-
tecting M. tuberculosis infections in numbers as few as 10" bacteria
per sputum sample when infected with 10® phage, has been eval-
uated for use in both patient diagnostics and antibiotic resistance
screening, and is currently being utilized in clinical studies in
KwaZulu-Natal, South Africa (7).

In mycobacteria, shuttle phasmids (8) have been critical to the
development of genetic manipulation systems for mycobacteria,
including the development of transformation systems, transposon
mutagenesis, recombination substitution mutagenesis, and trans-
fer of point mutations (9-13), as reviewed extensively by Hatfull
and Jacobs (14). Thus, TM4- and D29-based recombinant myco-
bacteriophages make attractive tools for mycobacterial research
due to their broad host range, which includes many species of
mycobacteria. Unfortunately, that same property limits the ability
of TM4- and D29-derived fluorophages to differentiate between
strains of M. tuberculosis and nontuberculous mycobacteria
(NTM), some of which may cause symptoms similar to tubercu-
losis but require different treatments (15). Ideally, to improve the
technology, a fluorophage would be created from a mycobacterio-
phage with a host range limited to M. tuberculosis.

Mycobacteriophage DS6A has demonstrated a permissive host
range of only members of the Mycobacterium tuberculosis complex
(MTBC) bacteria (http://phagesdb.org/phages/DS6A/), including
the species M. tuberculosis, M. bovis, M. microti, M. canettii,and M.
africanum, with this limited host range established by the inability
of DS6A to form plaques on any NTM. This restricted host range
led to the initial usage of DS6A as a therapeutic (16-18) and served
as the basis for several patents for its implementation as a diagnos-
tic tool (19-22). Since its discovery over 50 years ago (23), DS6A
has garnered much speculation that its specificity to members of
the MTBC is due to complete resistance by nonpermissive hosts
(24). This speculation has driven the idea that reporter phages
based on DS6A could be specific to mycobacteria of the MTBC
and therefore could also be powerful tools for studying these bac-
teria, treating infections, and acting as a much-needed tool in
diagnosing patients. For over 2 decades, the benefit of DS6A has
remained speculative, as no DS6A-based fluorophage had been
constructed.

In this study, we examined the restriction of the DS6A host
range to the MTBC using two independent genetically engineered
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DS6A-based reporter phages. Furthermore, phylogenetic analysis
of this phage has been performed to determine the evolutionary
linkage of this narrow-host-range phage by comparison to over
1,500 sequenced phage genomes (25) (http://phagesdb.org/hosts
/genera/1/). Our results show that the inability of DS6A to form
plaques on NTM does not equate to a lack of infectibility by DS6A.
Additionally, our work demonstrates the possible presence of
novel restriction methods utilized by multiple species of mycobac-
teria.

MATERIALS AND METHODS

Reagents. General laboratory chemicals were obtained from Sigma or
Thermo Fisher. Enzymes used in cloning were obtained from New Eng-
land BioLabs, unless otherwise noted.

Bacterial species/strains. All strains and DNA constructs are listed in
Table 1. Strain mc?6230 (ApanCD ARDI) (6) was grown at 37°C in our
standard growth medium (SGM) (7H9 [BD Difco] supplemented with
1% glycerol, 10% oleic acid-albumin-dextrose-catalase [OADC], 1%
pantothenate [Acros Organics], and 0.1% Tween 80) (14). All other my-
cobacterial strains were grown in 7H9 medium containing 1% glycerol,
10% OADC, and 0.1% Tween 80 at 37°C, except for Mycobacterium ma-
rinum, which was grown at 30°C. Escherichia coli strain HB101 was grown
in LB medium (BD Difco) supplemented with 0.2% maltose and 10 mM
MgSO,. Transformed E. coli cells were grown in either liquid or solid LB
medium with 100 pg/ml carbenicillin (Gold Bio).

Amplification of mycobacteriophages. Mycobacteriophage DS6A
and DS6A-based fluorophages were amplified by growing mc?6230 cells
to an optical density at 600 nm (ODyg,,) of 0.8, concentrating the cells
10-fold through centrifugation and resuspension in fresh SGM medium
without Tween, aliquoting 600 pl to a fresh tube, and mixing in 100 .l of
diluted DS6A phage to yield ~10° to 10° PFU per plate. Bacterium-phage
mixtures were incubated for 20 min at 37°C to allow for phage adsorption.
Next, 6 ml of 7H9 top agar (supplemented with 10% OADC and 1%
pantothenate) was added to each mixture, which was then plated via soft-
agar overlay onto SGM plates. Plates were incubated for 7 to 8 days, and
then 4 ml of MP buffer (150 mM NaCl, 10 mM MgSO,, 2 mM CaCl,, 50
mM Tris [pH 7.5]) (14) was added; plates were gently shaken at room
temperature for 30 min, and then all the soft agar and liquid were scraped
off into a 50-ml conical tube. Tubes were centrifuged at 4,200 rpm for 30
min and then filtered through a 0.45-pm Steriflip filter (Millipore). The
titers of the recovered phages were determined, and stocks were stored at
4°C. D29 and TM4 phages were amplified using standard protocols (26).
®2GPF10 fluorophage was amplified using the same procedure as for D29
but with incubations at 30°C due to the temperature sensitivity of the
phage.

Isolating mycobacteriophage DNA. To extract phage DNA, 500 .l of
phage lysate (titer, =10'" PFU/ml) was mixed with 10 pl of 10 mg/ml
lysozyme (Sigma) in a 1.5-ml microcentrifuge tube and incubated at 50°C
for 15 min. Next, 50 pl of 10% SDS solution was added and mixed in
gently, and then 10 pl of 10-mg/ml proteinase K (Sigma) was added with
gentle mixing. The tube was then incubated at 50°C for 30 min before
mixing in 100 wl of 5 M NaCl, followed by 100 pl of prewarmed hexade-
cyltrimethylammonium bromide (CTAB), mixing by inversion, and in-
cubating at 50°C for 30 min. Next, 770 .l of phenol-chloroform was
added, and the mixture was shaken vigorously for 1 to 2 min prior to
centrifugation for =5 min at 15,000 rpm. The upper fraction was trans-
ferred to a new microcentrifuge tube, to which 760 pl of chloroform-
methanol alcohol solution (2:1 ratio) was then added, followed by vigor-
ous shaking for 1 to 2 min and then centrifugation for =5 min at 15,000
rpm. The upper fraction was transferred to a new microcentrifuge tube,
isopropanol (0.7 times the sample volume) was added, and gentle inver-
sion was done to precipitate the DNA. The DNA was pelleted by pulse
centrifugation at 15,000 rpm; the supernatant was removed, and the pellet
was washed in 1 ml 70% ethanol and recentrifuged in the same manner.
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TABLE 1 Bacteria and mycobacteriophages used in this work

Strain or phage construct Species or parental phage Genotype* Reference(s)
Strains
mc’6230 M. tuberculosis ARDI ApanCD 6
mc®155 M. smegmatis eptCl 13,33
mc®7231 M. asiaticum WT 34
mc>7232 M. fortuitum WT 34
mc?7233 M. massiliense WT 35
mc’7234 M. avium WT 34
mc?7235 M. abscessus WT 35
mc®7236 Mycobacterium avium-M. intracellulare 1403 WT 34
mc’7237 Mpycobacterium avium-M. intracellulare 193B WT 34
mc?7238 M. marinum WT 34
Phage constructs
Ph90 DS6A WT 23
phAE900 DS6A A(gp42-gp65)::Pacl/pYUB328 Pacl This work
phAE901 DS6A A(gp66-gp72)::Pacl/pYUB328 Pacl This work
®>GFP10 T™M4 TM4"%::A(gp48-gp65)::Pacl/pYUB1551 Pacl 6; see also Fig. S1 in the
supplemental material
D>GFP12 DS6A A(gp42-gp65)::Pacl/pYUB1552 Pacl This work
®>GFP13 DS6A A(gp66-gp72)::Pacl/pYUB1552 Pacl This work

“WT, wild type; TM4", temperature-sensitive TM4.

The ethanol was removed, and the DNA pellet was resuspended in 50 wl of
ultrapure water and stored at 4°C.

Generation of DS6A shuttle phasmid. Shuttle phasmids were con-
structed as described by Jacobs et al. (8). High-quality intact phage DNA
served as the genetic starting material for shuttle phasmid construction.
T4 DNA ligase was used to ligate intact phage DNA into concatemers at
room temperature overnight. Concatemers were partially digested using
Sau3Al in five 2-fold serial dilutions of enzyme, beginning at 2.5 units/
reaction, for exactly 15 min at 37°C before being placed on ice. The extent
of digestion was evaluated by gel electrophoresis, with analyses indicating
that 0.6 and 0.3 unit of Sau3AI were appropriate for shuttle phasmid
construction.

Plasmid fragments ligated to partially digested DS6A DNA were gen-
erated by first digesting pYUB328 (27) with Xbal for 2 h at 37°C. The
digested DNA was then dephosphorylated with SuperSAP (Affymetrix)
for 28 min at 37°C before denaturing at 80°C for 20 min. Finally, linear
plasmid DNA was digested with BamHI at 37°C overnight, resulting in
two asymmetrical BamHI cohesive ends (two DNA arms). The final prod-
uct was verified two ways: (i) DNA arms were run on an agarose gel, with
the resulting bands of 1,165 bp and 3,783 bp demonstrating the complete
removal of intact pYUB328, and (ii) 2 wl of DNA fragments was ligated for
4 h, and the ligation was run on an agarose gel to confirm the BamHI
cohesive ends after BamHI digestion and dephosphorylation efficiency
after Xbal digestion.

Sau3Al partially digested phage DNA was mixed with pYUB328 plas-
mid fragments in a ratio of 1:4 and ligated overnight with T4 ligase at
room temperature. The resulting ligation was N-packaged (MaxPlax) and
subsequently used to infect HB101 E. coli cells (standard protocol). Cells
were spread on plates containing 100 pg/ml carbenicillin and incubated
overnight at 37°C. The resulting colonies were harvested by scraping and
grown in LB containing 100 wg/ml carbenicillin. DNA was isolated from
the pooled colonies using a QIAprep Spin miniprep kit (Qiagen), and
various DNA amounts were electroporated into 200 pl of M. tuberculosis
strain mc”6230 using a Bio-Rad electroporator with settings of 2.5 kV, 25
wF, and 1,000 (). The entire electroporation volume was plated via soft-
agar overlay onto SGM plates. The plates were incubated at 37°C for 7 days
and then examined for the presence of plaques. The resulting plaques were
picked and amplified, and DNA was harvested via CTAB DNA prep, as
described above. Sequencing primers CGGCCGCATAATACGACTC
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ACTA and CCGCAATTAACCCTCACTAAAG were used to identify the
plasmid insertion site in the DS6A DNA.

Generation of DS6A fluorescent reporter phages. The two DS6A
shuttle phasmids generated were digested with Pacl and run on a 1%
agarose gel. Of the two bands on the gel, the higher-molecular-weight
band was excised and extracted using the QIAquick gel extraction kit
(Qiagen). New fragments were constructed with pYUB1552, a pYUB328-
derived vector expressing mVenus from the L5-P, ., promoter (see Fig. S1
in the supplemental material), as described above, except that Pacl was
substituted for BamHI in the second digestion. These fragments were
ligated to the two gel-purified PacI-ended DS6A DNA fragments over-
night at room temperature. DNA was N-packaged and used to infect
HBI101 cells as described above. The resulting colonies were examined for
green fluorescence, glowing colonies were picked and grown in LB con-
taining 100 pg/ml carbenicillin, and DNA was extracted. DNA was elec-
troporated into mc®6230 as described above, and at 7 days, the resulting
plaques were examined for green fluorescence. Glowing plaques were
picked and amplified, and the resulting phages were stored at 4°C.

Phage infection of bacteria. The efficiency of phage infections for all
strains was determined via spot assays. Log-phase cells (600 pl) were
mixed with 4 ml of top agar (SGM) and plated on SGM. Phages were
diluted with MP buffer in 10-fold increments, and 4 p.l of each dilution
was spotted on each strain in duplicate and allowed to incubate for 7 days.
Efficiency calculations were conducted from spots yielding from 2 to 15
plaques.

Phage infections for amplification of each phage were performed by
growing wild-type M. smegmatis or M. tuberculosis to log phase, centri-
fuging the cells, and resuspending them at 5 times the original concentra-
tion with MP buffer. Next, 600 .l of cells was mixed with 100 .l of phage
(diluted to yield ~50,000 to 100,000 PFU/plate), allowed to adsorb for 25
min at 30°C or 37°C, mixed with 6 ml of top agar (SGM), and plated for 2
to 3 days for M. smegmatis or 7 to 8 days for M. tuberculosis. Phages were
harvested by adding 4 ml of MP buffer to each plate and then gently
shaking them at room temperature for 30 min. The soft agar and liquid
were scraped off into 50-ml conical tubes, which were then centrifuged
at 4,200 rpm for 30 min and filtered through a 0.45-pm Steriflip filter
(Millipore). The titers of the recovered phages were determined, and
stocks were stored at 4°C.
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FIG 1 Schematic of the multistep construction of a DS6A shuttle phasmid. DS6A genomic DNA isolated from phage is linear and was ligated to concatemerize.
Partial Sau3AI digestion was used to delete random regions of 1 to 10 kb. The cohesive ends generated by Sau3AlI are compatible with the two BamHI fragments
generated from pYUB328, and the ligation of the two pYUB328 fragments to Sau3AI-digested DS6A resulted in a linear DNA fragment flanked by \-cos sites at
each end. Incubation of this ligation mix with in vitro N-packaging mix started the packaging reaction by cutting at the first cos site, followed by inserting the DNA
from the first cos site to the second cos site, and terminating the packaging reaction by cutting the second cos site. Transduction of in vitro packaged \ to E. coli
HB101 delivered the linear DNA from X heads to E. coli. The two cohesive ends of the N-cos site were ligated to circularize. This process generated a phasmid
library where modified pYUB328 DNA (with one cos site) is inserted at random places in the DS6A genome. Transformation of this library into M. tuberculosis
generates DS6A plaques in cases where the recombinant DNA has replaced a small nonessential region of DS6A DNA. The deletion sites in these phages were
determined by sequencing. Amp®, ampicillin resistance; Amp'®’, 100 wg/ml ampicillin; Mtb, M. tuberculosis.

Infections for imaging. To infect M. tuberculosis with fluorophages,
10 ml of cells was grown to an ODg,, of 0.8, washed three times in MP
buffer, resuspended in 1 ml of SGM, and then incubated at room temper-
ature for 1 to 3 days. NTM bacteria were similarly washed but were resus-
pended in medium without pantothenate and incubated overnight at 4°C
or at 37°C for 3 h prior to phage infection. To infect the cells, 2 pl of cells
was aliquoted into a sterile 1.5-ml microcentrifuge tube, and 25 wl of 10'°
PFU/ml fluorophage was mixed in. Mixtures were incubated at 37°C over-
night prior to imaging.

Microscopy. Infected cells were centrifuged (10,000 rpm, 2 min), and
the supernatant was discarded. Pellets were resuspended in 5 pl of MP
buffer before being transferred to a wet-mount slide. Imaging was per-
formed using a Nikon-TI microscope at X 60 magnification (40X /numer-
ical aperture [NA] of 0.75 at 1.5X), and image processing was performed
using NIS Elements-AR software. Exposure was set for 40 ms for bright-
field microscopy and 400 ms for detecting mVenus fluorescence.

Flow cytometry. Cells were prepared as described above and then
diluted after 18 h in 100 ] of MP buffer before being transferred to a flow
cytometry tube. Samples were run on either a FACSCalibur flow cytom-
eter in a biological safety hood or on a BD FACSCanto II cell analyzer, and
100,000 events were acquired. All flow cytometry data were analyzed using
FlowJo (version 10), and gating was done on the negative sample of each
strain. All bacterial infections were analyzed in duplicate.

Phylogenetic analysis and tree construction. Genes of interest from
the genome of DS6A were selected from the database at PhagesDB.org.
BLAST analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the genes of
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interest from DS6A was performed against the full phage database using
the BLAST 2.3.0+ function tblastn with an E value cutoff of 10>, Hits
were then aligned using Clustal Omega (28, 29). Phylogenetic relation-
ships were computed using maximum parsimony analysis using the
MEGA?7 software (30). The maximum parsimony search method was sub-
tree-pruning-regrafting with 10 initial trees.

RESULTS

Generation of DS6A shuttle phasmids. The DS6A shuttle
phasmid was generated using a multistep cloning method (Fig. 1)
that resulted in the replacement of a nonessential region of the
phage genome with a plasmid and that required high-quality in-
tact phage genomic DNA. Standard amplification of mycobacte-
riophages is performed in M. smegmatis mc*155 (31). However,
DS6A phage amplification requires MTBC strains of mycobacte-
ria, but standard mycobacteriophage amplification protocols reg-
ularly yield low phage titers and fractured phage DNA (26). High-
titer DS6A was obtained using a modified protocol in mc?6230, a
biosafety level 2 (BSL2)-laboratory-safe strain of M. tuberculosis
(32), yielding high-quality phage DNA suitable for DS6A shuttle
phasmid construction (see Fig. S2A in the supplemental material).
Nonessential regions for phage propagation were determined by
creating a random deletion library of DS6A in which the deletion
region was replaced by the plasmid DNA. To delete 1 to 10 kb of
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DNA, harvested concatemerized DS6A DNA was partially di-
gested by Sau3AlI, a four-base “cutter” restriction enzyme with 287
randomly distributed recognition sites in DS6A, and the resulting
DNA fragments were ligated with plasmid pYUB328 that had been
previously digested with Xbal and BamHI, which generate termini
compatible with Sau3Al-digested ends. This random library was
amplified in E. coli and transformed into M. tuberculosis to select
for partial phage genomes capable of producing phages, as con-
firmed by the ability to form plaques. Approximately 25 plaques
were obtained on M. tuberculosis, and eight representative plaques
were picked, amplified to 10'° PEU/ml, and digested with Pacl to
confirm the presence of plasmid DNA in these phages (see Fig.
S2B). We observed two bands upon digestion, the larger band
being the high-molecular-weight DS6A DNA and the smaller, at
~3,900 bp, representing a single cos pYUB328 plasmid. It is im-
portant to note that these phages could infect M. tuberculosis but
remained incapable of forming plaques on M. smegmatis or any
other mycobacterial strain outside the MTBC. Thus, these genet-
ically engineered DS6A phasmids retained the selectiveness of the
parental DS6A.

The deletion mutagenesis site mapping of these phages estab-
lished that there are at least two nonessential regions in the DS6A
phage genome, as evidenced by two unique DS6A shuttle phasmids,
pPhAE900 {with a deletion of bp 32941 to 43686 [A(gp42-
gp65)]} and phAE901 {with a deletion of bp 43912 to 47301
[A(gp66-gp72)]} (Fig. 2A). It was noted that while no genes pre-
viously thought to be essential for plaque formation were deleted
in these phasmids, the deletion in phAE900 includes the integrase
gene, whereas the phAE901 deletion includes mazG. While both
these genes can play roles in phage life cycles, they appear to have
no obvious detrimental effects on the DS6A phasmids, as the two
mutants gave rise to similarly sized plaques and could be amplified
to wild-type titers.

Generation of DS6A reporter mycobacteriophages. A salient
feature of these shuttle phasmids is the introduction of two Pacl
sites at each end of the deletion junction. The PacI site was intro-
duced because its 8-bp recognition site is 100% AT rich and not
found in the heavily GC-rich (~67% GC content) genomes of
mycobacteria. The DS6A genome shares both this GC nucleotide
bias (68.4% GC content) and the lack of a PacI site, making a Pacl
site ideal for the easy insertion of recombinant DNA in phAE900
and phAE901. These shuttle phasmids were converted into re-
porter phages by replacing pYUB328 with pYUB1552, a plasmid
that expresses mVenus under the highly constitutive L5-P, g pro-
moter, generating ®>GFP12 and P>GFP13, respectively, from
PhAE900 and phAE901. All of the ~20 plaques arising on M.
tuberculosis lawns after electroporation with ®>GFP12 and
®>GFP13 had fluorescent green borders, indicating that the fluo-
rescent reporter cassette had integrated successfully into phAE900
and phAE901 (Fig. 2B). The successful insertion of a single cos
pYUB1552 in the DS6A genome was also confirmed by Pacl
digestion (data not shown). As with phAE900/901, these
phasmids were unable to form plaques on any tested mycobac-
teria from outside the MTBC, including M. smegmatis, M. for-
tuitum, M. abscessus, and M. massiliense, demonstrating that the
reporter version of this phage again retained its selectivity. Ad-
ditionally, these phages could be amplified to titers similar to
those of parental DS6A (10'° PFU/ml), demonstrating the pro-
duction of mVenus in infected cells was not deleterious to
phage production.
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Comparison of infection efficiencies of DS6A/®*GFP12 and
TM4/®>GFP10 in M. tuberculosis. The percentage of fluorescent
cells in the population and the fluorescence intensity of infected
M. tuberculosis are dependent upon both the infection efficiency
and multiplicity of infection (MOI) (6). Both the TM4-based
®>GFP10 and the DS6A-based ®>*GFP12 express the mVenus
gene from the same P, promoter of phage L5. We reasoned that
if the two phages infect M. tuberculosis with similar efficiencies,
comparable portions of the population should turn fluores-
cent, with similar mean fluorescence intensities, when infected
at comparable MOIs.

Results show that ®*GFP10 and ®*GFP12 (Fig. 3A) induced
infected M. tuberculosis cells to fluoresce at similar intensities, pla-
teauing at 18 to 20 h postinfection. When overlaid with their re-
spective brightfield images, the fluorescence microscopy images
indicated that 90 to 95% of the cells were infected by these two
phages in multiple microscopic fields. These data indicate that
the DS6A reporter phage is highly efficacious at infecting and
expressing the reporter gene in M. tuberculosis. Fluorescence
microscopy provided a good representative “snapshot” of the
value of ®>GFP12 as a reporter phage; however, it is a qualitative
observation. Flow cytometry analysis was performed to quantitate
the infection efficiency of ®*GFP12 compared to that of ®*GFP10
(Fig. 3B). With ®*GFP10 infection of M. tuberculosis, 87.7% of the
cells were positive for mVenus, and ®>*GFP12 mirrored those re-
sults, with 86.1% of cells fluorescing, demonstrating that the
newly generated fluorophage was efficient at both infecting and
generating fluorescence in M. tuberculosis.

DS6A can inject its DNA but is unable to productively infect
NTM. Prior to the generation of DS6A reporter phage, it was
possible to observe productive infection by DS6A phage only by
scoring for the efficiency of plaque formation on the host. DS6A
reporter phage, for the first time, provide a visual alternative to
determine whether the initial steps, such as phage adsorption,
receptor binding, and DNA injection, are occurring even when
DS6A is unable to form plaques on the bacterial lawn. The pres-
ence of fluorescence after ®*GFP12 infection would mean that
DS6A is able to perform the first three steps of the phage life cycle.
Four species of NTM were tested: the M. smegmatis laboratory
strain mc*155 (33) and clinical strains Mycobacterium avium-M.
intracellulare complex 1403 (34), M. abscessus (35), and M. fortui-
tum. To our surprise, all 5 strains fluoresced, with the fluorescence
intensity of individual cells on par with that of M. tuberculosis cells
infected by ®>GFP12 (Fig. 4A); however, there were differences in
efficiencies of infection. Visual estimates indicated M. smegmatis
was infected the most efficiently, with 30 to 50% of cells fluoresc-
ing, whereas Mycobacterium avium-M. intracellulare complex
1403, M. abscessus, and M. fortuitum had significantly fewer fluo-
rescing cells, in the range of 5 to 20%. Additionally, time-lapse
imaging was performed, and cells were monitored for fluores-
cence initiation and termination (data not shown). In each strain,
cell fluorescence ceased 2 to 4 h after initiation; however, differ-
entiation between phage-induced lysis and phage-induced cell
death was indeterminate due to the two events yielding the same
cellular phenotype of a residual dark shell (data not shown).

To quantify the ability of DS6A to infect NTM, flow cytometry
analysis was performed on nine NTM species/strains, i.e., M.
smegmatis, M. abscessus, Mycobacterium avium-M. intracellulare
1403, Mycobacterium avium-M. intracellulare 193B, M. asiaticum
(34), M. marinum (34), M. fortuitum, M. avium (34), and M.
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FIG 2 Generation of DS6A fluorescent reporter phages. (A) The two nonessential regions in DS6A identified after deletion mutagenesis site mapping of all the
recombinant DS6A phages are shown. The first deletion of ~11 kb spanned genes gp42 to gp65, and the resulting phage was named phAE900. The second deletion
mapped to an adjacent 3.4-kb region spanning gp66 to gp72, and the resulting phage was named phAE901. (B) The pYUB328 plasmid inserted in phAE900 and phAE901
was replaced by the pYUB1552 plasmid, resulting in ®*GFP12 (i) and ®°GFP13 (ii), respectively. Comparable expression of mVenus from the P, 4 ; 5, promoter resulted
in plaque boundaries of similar fluorescence intensities after electroporation of ®*GFP12 and ®°GFP13 into M. tuberculosis. Genome maps were generated using
Phamerator (53), with rightward- and leftward-transcribed genes shown as colored boxes above and below the genome, respectively. Genes are sorted into phamilies
according to sequence similarity (37); the pham assignment number is shown above or below each gene with the number of phamily members in parentheses. Genes are
colored according to their pham assignment, and white-colored genes are those that do not have homologues among other mycobacteriophages.
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FIG 3 Comparison of DS6A- and TM4-derived fluorescent reporter
phages. The fluorescence intensity of M. tuberculosis after infection with
®>GFP10 and P*GFP12 was evaluated by fluorescence microscopy (A) and
flow cytometry (B).

massiliense (35), which were infected with either ®>GFP12 or
®>GFP10 (Fig. 4B). Uninfected cells were used as controls for
autofluorescence. Flow cytometry data revealed several trends in
the ability of each phage to infect a mycobacterial host (Table 2).
First, although all mycobacterial strains were infected by
®2GFP10, the degree of infectivity varied. M. tuberculosis, M.
massiliense, Mycobacterium avium-M. intracellulare 193B, and M.
smegmatis were all very efficiently infected, with infection rates of
=80%. Each of the remaining strains exhibited differing infectiv-
ity efficiencies, ranging from 70% in M. marinum down to 30% in
Mycobacterium avium-M. intracellulare 1403. In all cases, there
was a clear population shift from nonfluorescent to fluorescent,
and in many cases, there were two distinct fluorescent populations
(Fig. 3B and 4B). The basis for these distinct fluorescent popula-
tions is unknown, but we hypothesize it is caused by either phage
infection of the more metabolically active cells or the cells that are
about to undergo division within the population. Second, eight of
the nine NTM were susceptible to ®>GFP12 infection, albeit, with
the exception of M. tuberculosis, at a lower efficiency than with
®>GFP10. M. asiaticum, M. smegmatis, M. avium, and Mycobac-
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terium avium-M. intracellulare 193B were the most susceptible to
®>GFP12, with infection efficiencies of =30%, whereas the effi-
ciencies for M. marinum and M. fortuitum were around 20%. My-
cobacterium avium-M. intracellulare 1403 and M. abscessus had
infection rates of only 6%, and M. massiliense appeared to be com-
pletely resistant to ®>GFP12. Taken together, all NTM besides M.
massiliense were infectible by both phages. However, sensitivity of
the NTM to infection with ®>*GFP10 was 2 to 4 times higher than
with ®>GFP12.

Comparison of plaque formation efficiencies of various
phages. Flow cytometry data indicated that most strains of myco-
bacteria tested are infectible by DS6A, and all are infectible by
®>GFP10. These results indicate that phage infection and induced
fluorescence do not equate to phage plaque formation on a host,
but it is not known if this phenomenon is DS6A specific. Prior
work by Jacobs-Sera et al. demonstrated that the cluster G phages
Halo and BPs have different efficiencies of plaque formation when
infecting M. smegmatis and M. tuberculosis (36). To determine if
infection/fluorescence correlates with plaque formation with
other phages, we compared the efficiencies of plaque formation
with phages DS6A, ®*GFP12, TM4, D29, and ®*GFP10 on M.
tuberculosis and the four NTM species M. smegmatis, M. abscessus,
M. fortuitum, and M. massiliense (Fig. 4C). As expected, all five
phages produced plaques on M. tuberculosis, and all except DS6A
produced plaques on M. smegmatis. However, none of the five
phages were able to form plaques on the other NTM, which is
contrary to what was expected considering the flow cytometry
data demonstrating infectibility.

When these results are taken with the flow cytometry data, an
interesting picture emerges. M. massiliense is wholly resistant to
plaque formation with both fluorophages and yet exhibited fluo-
rescence with ®°GFP10 only. M. fortuitum showed moderate
fluorescence with both phages but cannot produce plaques with
either, whereas M. abscessus had moderate fluorescence with
®>GFP10 but only minimal fluorescence with ®>*GFP12. Previ-
ously, bacteria that could not produce plaques with a phage were
considered resistant; however, these data indicate that the rela-
tionship between resistance and plaque formation is far more
complex.

Phylogenetic analysis of DS6A. A large collection of se-
quenced genomes of phages infecting actinobacterial hosts (http:
/Iphagesdb.org) reveals a continuum of genetic diversity but with
uneven representation of different types. The genomes can thus be
grouped into separate clusters and subclusters according to their
genomic relationships, but with sometimes poorly delineated
boundaries between the different groups (37). This finding is con-
sistent with the pervasive genomic mosaicism of phage genomes,
whereby different DNA segments with different evolutionary his-
tories are reassorted by homologous and illegitimate recombina-
tion.

DS6A is currently classified as a “singleton” genome, as it has
no close relatives among the more than 1,500 sequenced phages of
actinobacterial hosts (38). Furthermore, fewer than 50% of the
predicted proteins have identifiable homologues in these other
sequenced phages (Fig. 5), a characteristic of singleton phage ge-
nomes (37). For the 46 genes with identifiable homologues, the
best protein matches typically share less than 60% amino acid
identity and only two gene products have matches with greater
than 70% amino acid identity. Moreover, the top matches corre-
spond to representatives of 24 different clusters, subclusters, or
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FIG 4 Comparison of DS6A- and TM4-derived fluorescent reporter phage infections of NTM. (A) The fluorescence intensity of M. tuberculosis, M. smegmatis,
Mycobacterium avium-M. intracellulare 1403, M. abscessus, and M. fortuitum after infection with ®>GFP12, shown by fluorescence microscopy and brightfield
imaging. (B) Comparison of fluorescence intensities and percentages of the population infected using ®*GFP12 and ®*GFP10 at similar MOIs. Flow cytometry
analysis of M. smegmatis, Mycobacterium avium-M. intracellulare 1403, M. abscessus, M. fortuitum, M. marinum, M. asiaticum, M. avium, M. massiliense, and
Mpycobacterium avium-M. intracellulare 193B is shown. In each case, uninfected cells were used to control for autofluorescence. (C) Plaque formation efficiencies

of representative mycobacteriophages on MTBC and NTM.

singleton genomes, reflecting the characteristically mosaic nature
of the DS6A genome (37). Rather than examining the phylogeny
of the DS6A genome in its entirety, we compared a selected set of
DS6A genes based on their functional and spatial distribution in
the DS6A genome. Sequences of the DS6A structural proteins
gpl1 (major capsid protein), gpl6 (major tail protein), and gp19
(tape measure protein), DNA-interacting proteins gp34 (DNA
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polymerase [Pol] III B-subunit), gp56 (integrase), gp70 (MazG),
and gp77 (primase), and the late lysis proteins gp30 (lysin A) and
gp31 (lysin B) were queried against all sequenced mycobacterio-
phages at the protein level to determine their closest relative and
whether the phylogenetic analysis would provide some answers
regarding DS6A evolution (see Fig. S3i to ix in the supplemental
material).
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TABLE 2 ®*>GFP12 and ®*>GFP10 infection efficiencies of NTM

% mVenus-positive
cells for:

Ratio of ®>*GFP10 value

Species ®>GFP12  ®°GFP10  to ®*GFP12 value
M. tuberculosis 86.1 87.7 1.02
M. smegmatis 33.1 77.8 2.35
M. abscessus 6.2 349 5.64
Mycobacterium avium- 6.1 28.8 4.72

M. intracellulare 1403
Mpycobacterium avium- 28.1 80.4 2.86

M. intracellulare 193B
M. asiaticum 39.2 46.3 2.35
M. marinum 23.8 68.5 2.88
M. fortuitum 19.7 42.2 2.14
M. avium 28.5 58.5 2.05
M. massiliense 1.1 84.1 76.45

The phylogenetic data are summarized in Fig. 5 and Table 3.
The major capsid protein had the closest similarity to the singleton
phage Sparky, a singleton phage that is closely related to cluster X
phages (37). The tape measure protein showed strongest relation
to the singleton phages Muddy, ArV2, Pine5, and Lucky10, as well
as many other phages. The major tail protein was most closely
associated with the two cluster X phages Gaia and Nebkiss. Addi-
tionally, of the two DNA processing proteins MazG and primase,

MazG was more closely associated with cluster X phages, whereas
the primase was closely associated with both cluster X phages and
cluster J phages. Based on the sequence similarity among the
genes, it is difficult to state whether the presence of genes similar to
cluster X in DS6A is a result of one major rearrangement or of
several independent recombination events over time. Uniquely,
the DNA polymerase III B-subunit most closely mapped to cluster
AR phages. The integrase maps to a wholly different cluster, clus-
ter F, as well as to a variety of other clusters. Last, the lysin protein
lysin A was found to be highly conserved and present in a multi-
tude of differing clustered phages, whereas lysin B had the stron-
gest similarity to cluster A and cluster L phages.

An unusual feature of the DS6A genome is the organization of
the genes near the center of the genome that are anticipated to be
involved in the establishment and maintenance of lysogeny (Fig.
5). First, the integrase gene (gp56) encodes a member of the ty-
rosine-integrase family of site-specific recombinases but has an
unusual structure in which an excise-like domain is present within
the gene, inserted approximately at codon 380; HHPred analysis
shows significant similarity (E value, 10~°) of this domain to the
gp36 excise domain of mycobacteriophage Pukovnik (39). This is
a highly unusual organization, and we are not aware of any other
examples of this. Second, a predicted attP gene was identified
through a 49-bp sequence (the common core; DS6A coordinates
36358 to 36406) shared with a putative attB site that overlaps a
tRNA"® gene present in both M. smegmatis and M. tuberculosis
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FIG 5 Representation of phylogenetic analysis of various DS6A proteins against sequenced mycobacteriophages. Proteins selected for analysis are boxed. The
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TABLE 3 Amino acid identities and similarities of DS6A gene products to their closest phage relatives

Protein length

% identity % similarity

Gene name Gene product (amino acids) Closest phage relative(s) (amino acids) (amino acids)
gpll Major capsid 348 Sparky 70, 30 82,44

gpl6e Major tail 223 Gaia, Nebkiss 56, 56 74,74

19 Tape measure 1,208 Varied (most similar to Pine5, Muddy, ArV2) 31, 32,29 47,45, 44
gp30 Lysin A 486 Varied (most similar to Avani) 55 64

gp31 Lysin B 345 Cluster A, cluster L 46, 45 58,57

gp34 DNA Pol III B-subunit 383 ArV1 30 44

gp56 Integrase 582 Varied (most similar to Zapner) 49 62

gp70 MazG 174 Gaia, Nebkiss 60, 60 70, 70

77 Primase 265 Cluster X, cluster J 39, 39 53, 54

H37Rv (Msmeg_4746 and NT02MT2737, respectively). How-
ever, the attP site is not located in its anticipated location ad-
jacent to the integrase gene open reading frame but is rather
positioned upstream in the gp50-gp51 intergenic region. Last, a
gene encoding a putative DS6A DNA binding protein (gp58) is
a good candidate for providing repressor function, and the
gene is divergently transcribed from another predicted DNA
binding protein gene, gp59 (Fig. 5). Thus, although the lysog-
eny of DS6A in M. tuberculosis has not been demonstrated, we
predict that lysogeny can be established and maintained.

DISCUSSION

Our work reveals aspects of the DS6A phage unknown before the
construction of DS6A fluorescent reporter phages. Past specula-
tion for the usage of DS6A as a diagnostic tool manifested itself
through several patents based on the idea that DS6A was so spe-
cific to MTBC bacteria that only they would fluoresce when in-
fected with DS6A fluorophages or express DS6A phage DNA (19—
22). However, in light of our current work, DS6A applications as a
specific diagnostic phage are more limited than was earlier hy-
pothesized. Currently, there are two mycobacteriophage-based
diagnostic tests to screen for M. tuberculosis infections. The first
test uses @*GFP10 (6) and has demonstrated early success for
diagnosing drug-susceptible M. tuberculosis infections in South
Africa (7). It is unclear if the DS6A-based fluorophage is a better
alternative to ®>GFP10, considering that the performances of
DS6A and ®*GFP10 are comparable on laboratory-grown cul-
tures of M. tuberculosis, and that DS6A, in most cases, is relatively
less efficient at infecting NTM in comparison to ®*GFP10. The
second test uses the commercially available FASTPlaque tubercu-
losis (TB) assay (40) in which D29 phages are used to infect patient
samples; extracellular phages are then neutralized, and D29 prog-
eny phages are screened by visualizing plaque formation on lawns
of fast-growing M. smegmatis. Although our DS6A fluorophage
does not form plaques on lawns of M. smegmatis, these phages
could be used to modify this assay and potentially reduce the time
to diagnosis from days to hours. As with D29 phage, DS6A fluo-
rophages would be used to infect M. tuberculosis, but instead of
screening for plaques after extracellular neutralization, samples
would be screened for fluorescence, potentially yielding results
both more quickly and more sensitively.

DS6A plaques are not evidently turbid on lawns of M. tubercu-
losis, suggesting that it is virulent in nature or that it is temper-
ate but forms lysogens at relatively low frequencies, as reported
for some other mycobacteriophages (41). DS6A genomic fea-
tures reflect components characteristic of temperate phages,
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including a putative repressor gene (gp58), an integrase gene
(gp56), and a putative attP site (gp50-gp51 intergenic region).
Furthermore, we predict that if integration occurs, it will be at
the tRNA"* gene present in both M. smegmatis and M. tubercu-
losis. Phylogenetic analysis of the integrase protein adds an-
other level of complexity to this hypothesis; we show that the
DS6A integrase is closely related to the integrase in cluster F
phages as well as in one cluster K phage. However, cluster F
phages are not known to readily infect M. tuberculosis, suggest-
ing these phages either diverged from a common ancestor or
coinfected an alternative host bacterium, which allowed for the
genetic recombination to occur and further contributed to the
observed DS6A mosaicism. As our fluorescence work in this
study demonstrated, it is also possible that although cluster F
phages cannot form plaques, they can inject their DNA into M.
tuberculosis, facilitating the potential interaction between DS6A
and a cluster F phage. Based on this phylogenetic analysis, in
theory, DS6A could still act as a temperate phage, and we hy-
pothesized that efficient lysogeny, leading to superinfection
immunity, could be the reason behind the inability of DS6A to
form plaques on NTM. However, as ®>*GFP12 is missing the
attP site, repressor, and integrase genes and should therefore
not be capable of lysogeny, this suggests that efficient lysogeny
is not the basis for the inability of ®*GFP12 or its parental
strain DS6A to form plaques on NTM.

Host metabolism is known to influence the outcome of phage
infection. The species of the MTBC that DS6A is known to infect
(M. tuberculosis, M. bovis, M. canettii, M. microti, and M. africa-
num) grow slowly, with doubling times of at least 16 h. The pres-
ence of MazG, a nucleoside triphosphate pyrophosphohydrolase
known to upregulate the host metabolism (42), was also thought
to be required by DS6A for efficient propagation and to serve the
need to propagate faster than the division time of M. tuberculosis.
Surprisingly, the presence and absence of mazG in ®*GFP12 and
®>GFP13, respectively, did not affect fitness, and both phages
generated titers comparable to that of wild-type DS6A. It is possi-
ble, however, that DS6A was able to utilize M. tuberculosis MazG
to compensate for the loss of its own gene. The functional com-
plementation of an important gene in the mycobacteriophage life
cycle by the host gene is not unprecedented. Mycobacteriophages
Omega and Corndog have been shown to exploit mycobacterial
bacterial nonhomologous end-joining (NHE]) DNA ligase (LigD)
to circularize their short 4-bp cos ends (43). Creating AmazG mu-
tants of M. tuberculosis and evaluating the ability of phAE901/
®>GFP13 to form plaques on them could reveal another host sys-
tem that mycobacteriophage can commandeer.
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Bacteria utilize a wide variety of systems to prevent phage in-
fection, including restriction-modification (R-M) systems, abor-
tive infection systems (Abis), and clustered regularly interspaced
short palindromic repeat (CRISPR) systems (44—46), but few such
systems have been characterized in mycobacteria. Our novel
DS6A fluorophages allow us to start evaluating if these systems
operate in NTM. Differences in the efficiencies of plaque forma-
tion with phages on differing bacterial hosts have been demon-
strated (36, 47-49), and although not yet well explored, mycobac-
terial restriction systems are a potential explanation. M. abscessus
and M. massiliense are very closely related bacteria, and DS6A can
infect M. abscessus at low levels, whereas M. massiliense appears to
be completely resistant; possible mechanisms underlying these
observations range from the lack of a specific phage receptor in M.
massiliense to a defense system in M. abscessus that functions early
in the phage life cycle, for example, an R-M system that interferes
with genome replication, a necessary step in achieving a bright
fluorescent signal. In contrast, 40% of M. asiaticum cells appeared
infected, indicating a later inhibition in the phage life cycle, such
as through an Abi, is the cause of the inability for DS6A to form
plaques.

The trend of DS6A to infect without forming plaques was mir-
rored in our flow cytometry measurements and plaque formation
results with ®*GFP10. This phage was very efficient at generating
fluorescence in M. massiliense and M. fortuitum, but it was unable
to form plaques even at titers of 10'® PFU/ml. In the presequenc-
ing era, plaque formation efficiencies were an accurate method to
differentiate various acid-fast mycobacterial species. Presently,
with modern tools and technologies, these mycobacterial reporter
phages are still useful for developing genetic tools to deliver re-
combinant DNA or for genetic manipulation. For example, al-
though TM4 and its derivatives do not yield plaques in M. absces-
sus or M. chelonae (50), these phages can deliver recombinant
DNA, such as fluorescent reporters, transposons, and allelic ex-
change substrates for genetic replacement (51), in M. abscessus.
Similar tools will now be generated using DS6A shuttle phasmids
to provide an alternative to the TM4-derived mycobacteriophages
in cases where TM4 and its derivatives cannot be used.

Even when mycobacteriophage classification was in its infancy,
DS6A was recognized as having distinct features related to its re-
stricted host range. Realistically, there are likely many more
phages like DS6A, those with unique or specialized host ranges;
however, the usual selection method of finding new mycobacte-
riophages through growth on M. smegmatis, due to the safety con-
cerns of working with pathogenic Mycobacterium species, is likely
a source of limitation to finding other phages with unique host
ranges. By expanding the number and types of mycobacterial
strains utilized in phage enrichment and isolation methods, such
as by using nonpathogenic M. tuberculosis derivatives certified for
BSL2 usage (6, 10, 52) as well as NTM, the diversity of phages with
unique characteristics will likely rise, thus helping to discover
novel differences between slow-growing MTBC mycobacteria and
their fast-growing NTM counterparts. The creation of these novel
DS6A fluorophages has shed light on the meaning of resistance to
plaque formation by DS6A, and these phages can be versatile tools
in a fluorophage-based diagnostic system of M. tuberculosis. The
specificity of DS6A plaque formation on MTBC bacteria remains
a very interesting mystery, one that these novel fluorophages can
now begin to help answer.
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