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with phages: optimization of in vitro host
range assays

Tobias Weirauch''®, Eva Briigger', Kai Litzius?, Maria J. G.T. Vehreschild', Silvia M. Wiirstle' and
Simone C. Lieberknecht-Jouy'

Abstract

The clinical implementation of mycobacteriophages is hampered by the lack of standardized in vitro methods
and inconsistent host range results, limiting reliable assessment of their therapeutic potential. Nontuberculous
mycobacterial (NTM) infections are frequently difficult to treat, emphasizing the urgent need for alternative or
adjunctive strategies to antibiotics. To facilitate reproducible translational research, a detailed and systematic
understanding of in vitro assay conditions is essential. Here, we comprehensively evaluated commonly used

liquid and solid media for their suitability in supporting growth of multiple NTM strains and subsequent phage
application. We compared bacterial growth kinetics, aggregation tendencies, and the efficiency of phage-induced
lysis, including plaque formation, across three liquid media and corresponding solid agars. Our results demonstrate
that Middlebrook-based media and agar consistently support robust NTM growth, reduce bacterial clumping,
and enable reproducible detection of phage activity, outperforming TSB-based alternatives despite higher

cost and labor requirements. These findings provide a standardized framework for in vitro NTM cultivation and
phage testing, which is critical for reliable evaluation of host range, infection dynamics, and the development of
mycobacteriophage-based therapies.
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Introduction

Nontuberculous mycobacteria (NTM) pose a significant
risk particularly to patients with structural lung diseases,
immunomodulatory therapy, primary immunodeficien-
cies, or HIV infection [1, 2]. The majority (80-90%) of
NTM-associated diseases affect the respiratory system,
with the slow-growing Mycobacterium avium complex

*Correspondence: (MAC), rapid-growing M. abscessus complex, and M.
Tobias Weirauch kansasii accounting for most cases [3]. Treatment is chal-
weirauch@med.uni-frankfurt.de 1 ing due to inh. t and ired antibioti ist
'Department Il of Internal Medicine, Infectious Diseases, Goethe enging lle‘ O 1n ?I‘?n and acquired antibiotic resls ance
University Frankfurt, University Hospital Frankfurt, Frankfurt Am Main, and potential toxicity from prolonged drug regimens
Theodor-Stemn-Kai 7, Frankfurt 60590, Germany [4, 5], highlighting the urgent need for safe adjunctive
“Experimental Physics V, Center for Electronic Correlations and .
therapies.

Magnetism, University of Augsburg, Augsburg, Germany

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-026-05452-3&domain=pdf&date_stamp=2026-7-30
https://doi.org/10.1186/s12866-026-05452-3
https://orcid.org/0000-0003-3739-9601
mailto:weirauch@med.uni
http://creativecommons.org/licenses/by/4.0/

Weirauch et al. BMC Microbiology (2026) 26:682

Bacteriophages offer a promising complementary
approach [6-8]. However, the limited repertoire of thera-
peutically useful phages and the high genetic diversity of
some NTM strains necessitate further in vitro studies.
Despite the increasing number of case reports and phage
discovery papers, standardized and universally accepted
in vitro phage assay protocols are still lacking. Current
literature often relies on diverse technical approaches,
where critical parameters, such as precise media com-
position, the choice between Top Agar (TA) and Direct
Plating (DP) formats, or the definition of growth phases,
vary significantly or are under-described [9-13]. These
inconsistencies complicate the translation of research
findings into reproducible clinical workflows, particularly
for patient-specific phage susceptibility testing.

Reliable assessment of phage efficacy requires a sys-
tematic quantification of how different cultivation stan-
dards and evaluation methods influence experimental
outcomes. For instance, while Middlebrook media sup-
plemented with oleic acid-albumin-dextrose-catalase
(OADC) are widely used in NTM research, and phage
studies often adopt these media [9-12], their high cost
and complexity may not be optimal for all diagnos-
tic settings. Alternative approaches, such as tryptic soy
broth (TSB)-based media have been described but rarely
benchmarked against traditional standards regarding
their impact on plaque visibility or growth kinetics [13].

This study addresses these gaps by evaluating the cen-
tral question: Among commonly used media and plating
formats, which conditions provide the most robust and
sensitive detection of phage activity across representative
NTM strains, and how do these trade off against practical
constraints such as cost and preparation time? Our goal is
to provide a validated framework for routine susceptibil-
ity testing rather than initial high-throughput screening.
Specifically, we aim to (i) provide detailed NTM cultiva-
tion protocols for in vitro phage assays, (ii) describe the
advantages and limitations of each approach regarding
bacterial clumping and physiological relevance, and (iii)
compare media and methods in terms of host range,
growth kinetics, reproducibility, and cost-efficiency.

Methods

Bacterial strains and cultivation

Growth curves were conducted using six mycobacterial
isolates. Specifically, we used three isolates of the Myco-
bacterium avium complex (MAC) (M. avium subsp.
avium (53,202,766), M. chimaera (53,199,666), and M.
avium subsp. intracellulare (53,157,420)), two isolates of
Mycobacterium abscessus complex (MABC) (M. absces-
sus subsp. abscessus (Lab MCT 07), M. abscessus subsp.
bolletii (DSM 45149)), and one M. smegmatis (040825)
isolate. For subsequent experiments, M. abscessus subsp.
massiliense (52,344,518) was additionally included. Most
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isolates were provided by the Institute of Microbiology,
Goethe University Hospital, Frankfurt, Germany. M.
abscessus subsp. bolletii was provided from the Leibniz
Institute DSMZ-German Collection of Microorganisms
and Cell Cultures GmbH and M. abscessus subsp. absces-
sus was provided by the Laboratory for Molecular and
Cellular Technology, Queen Astrid Military Hospital,
Brussels, Belgium. The panel was deliberately curated to
reflect the phylogenetic and phenotypic diversity of clini-
cally relevant NTM, encompassing both slow-growing
and fast-growing species to capture key differences rel-
evant to phage-host interactions and assay performance.
Unless otherwise stated, all isolates were of clinical ori-
gin. For detailed information regarding isolate identifiers,
clinical origin, and specific applications, see Table S1.

All strains were initially cultured on Middlebrook/
OADC agar at 37 °C. Experiments were conducted within
seven days of incubation to ensure high bacterial viability.
Cultures that could not be sub-cultivated were consid-
ered non-viable and excluded from further analysis.

Phages and host range determination
Mycobacteriophages 8UZI and D29 were stored at 4
°C in phosphate-buffered saline (PBS). Initial titers of
both phages were 10'° plaque-forming units (PFU)/
mL. Their titers remained stable throughout the experi-
mental period. Host range was determined in advance:
8UZI lysed all above-mentioned mycobacterial isolates,
whereas D29 infected only M. smegmatis, M. abscessus
subsp. abscessus.

Experimental replicates

All growth curves were performed with a minimum of
four biological replicates. Samples showing no detect-
able growth or evidence of contamination (implausibly
high proliferation within 96 h) were excluded. Clumping
assays included four biological replicates, each with three
technical replicates. Spot assays were conducted with six
biological replicates, each with two technical replicates.

Culture conditions in liquid media

To identify the most appropriate liquid cultivation
method, three media were compared: Middlebrook/
OADC, TSB/Glycerol, and TSB/Yeast (see Table 1 for
full composition). Cultures were grown in 50 mL coni-
cal centrifuge tubes (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). To standardize starting concentra-
tions, the culture was adjusted to an optical density at
600nm (ODygyo) of 0.5 in 0.5 mL medium before transfer
to a conical centrifuge tube. Incubation was performed
at 37 °C on a shaking incubator (300 rpm), with bacterial
growth monitored photometrically. Triplicates of a dilu-
tion series (107! to 10*) were spotted on the correspond-
ing agar (1.5%) to calculate CFU. Growth in each medium
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Table 1 Detailed overview of culture media ingredients

Middlebrook/OADC TSB/Glycerol TSB/Yeast Medium
Medium Medium

- 2,35 g Middlebrook -159gTSB broth base - 15 gTSB broth
7H9 broth base - 500 mL ddH,0 base

-450 mL ddH,O -2,5mL Glycerol 100% - 500 mL ddH,0O

- 1 mL Glycerol 100% -5mLof01MCaCl, -1,5mLYeast

-5mLof0,1 M CaCl,
-5mLof0,1 M MgSO,

-5mLof 0,1 MMgSO,

extract
-5mLof0,1 M CaCl,

-50 mL OADC -5mLof0,1 M
MgSO,

Top agar Top agar TSB/ Top agar TSB/Yeast

Middlebrook/OADC Glycerol

- 50% Middlebrook/ -15gTSB broth base - 15gTSB broth

OADC-Media - 1,75 g Agar Agar base

- 50% MBTA-Medium - 500 mL ddH,0 - 1,75 g Agar Agar

MBTA-Medium -2,5mL Glycerol 100% - 500 mL ddH,0O

- 2,35 g Middlebrook -5mLof01MCaCl, -1,5mL Yeast

7H9 broth base

-5mLof 0,1 MMgSO,

extract

- 4,0 g Agar Agar -5mLof0,1 M CaCl,

-500 mL ddH,O -5mLof0,1 M
MgSO,

Bottom agar Bottom agar TSB/ Bottom agar TSB/

Middlebrook/OADC Glycerol Yeast

- 9,5 g Middlebrook -159gTSB broth base - 15gTSB broth

7H10 agar - 7.5 g Agar Agar base

- 500 mL ddH,0 - 500 mL ddH,0O - 7,5 g Agar Agar

-2,5mL Glycerol 100%  -2,5mL Glycerol 100% - 500 mL ddH,0O

-50 mL OADC -5mLof 0,1 MCaCl,  -1,5mL Yeast

enrichment -5mLof 0,1 MMgSO, extract

-5mLof 0,1 M CaCl,
-5mLof 0,1 M MgSO,

-5mLof0,1 M CaCl,
-5mLof0,1M
MgSO,

and agar was compared to determine the logarithmic
growth phase (Fig. 1).

To mitigate the bias in spectrophotometric growth
analyses caused by multicellular aggregates and to ensure
reproducible multiplicity of infection (MOI)-controlled
infections, we implemented a filtration-based method to
estimate the degree of clumping across different media
conditions. For clumping analysis, M. smegmatis and M.
abscessus subsp. abscessus cultures were filtered after 96
h to compare the weight of bacterial aggregates (Fig. 2).

Comparative phage assays across solid media

In the second phase, we examined phage plaque/lysis
appearance (time to positivity) on three agar types:
Middlebrook/OADC, TSB/Glycerol, and TSB/Yeast (see
Table 1 for detailed manufacturer information). Our
modified Middlebrook/OADC and TSB/Yeast protocols
were adapted from the Actinobacteriophage Database
workflow and the DSMZ instructions for MIDDLE-
BROOK MEDIUM and TRYPTICASE SOY YEAST
EXTRACT MEDIUM [14-16]. The TSB/Glycerol proce-
dure was modified from a protocol described by Pirnay et
al. [17].
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Two plating approaches were evaluated: the top agar
(TA), also referred to as double agar overlay (DAO)
method, and direct plating using bacteria embedded in
agar. For the TA/DAO method, 15 mL of bottom agar
was first poured and allowed to solidify. Subsequently, 4.5
mL of 0.5% top agar was supplemented with 0.5 mL of
bacterial culture adjusted to an ODsg, of 0.5 and overlaid
onto the bottom agar. After solidification and drying of
the top agar, phage dilution series were spotted in dupli-
cate onto the bacterial lawn. Comparable protocols have
been reported previously [18].

For the direct plating approach, 1.1 mL of bacterial cul-
ture (ODgpo=0.5) was added to 5 mL of medium, mixed
with 6 mL of agar, and poured directly onto plates. There-
fore, this approach relies on a single agar layer. Similar
experimental approaches have been described in previ-
ous studies [10, 19].

Bacteriophage application was performed via spot
assay, using a dilution series from 107! to 107'°, Experi-
ments included phage 8UZI across six NTM species and
phage D29 on the two susceptible NTM species. Costs of
each method were compared (Table 2). Serial dilutions
were performed using the same buffer (PBS) across all
conditions up to 107'% the consistent absence of lysis at
the highest dilutions (i.e., lowest phage concentrations)
served as an internal negative control, indicating that
the observed lysis at lower dilutions was attributable to
phage activity rather than buffer effects.

Statistical analysis

Data were analyzed using jupyter (python) with open-
source modules (numpy, matplotlib, skimage, PIL) for fit-
ting and plotting. Logistical growth was fitted as function
of time T via

Yr
exp (k (=T + Xint)) +1

f(T) =

with maximum ODy, values (Y);), growth speed (k) and
growth times (X;,,) under consideration of the error bars
(Fig. 1a-c). p-value analyses were performed via scipy as
indicated in the respective figure caption.

The maximum growth rate
fmax = Max {%f (T)} = Yﬁfk was extracted
from the fitted data with error propagation

Aplyox = %\/(YMAk)2 + (kAYy)®. This rate occurs at
the inflection point 7' = Xjt.

Detailed information on the statistical analyses has
been deposited on Zenodo (open-access research reposi-
tory) and can be accessed via the following https://do
i.org/10.5281/zenodo.18737049. All procedures were
conducted in accordance with relevant guidelines and
regulations.
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Fig. 1 Logistic growth curves (ODg) of M. avium subsp. avium, M. avium subsp. intracellulare, M. chimaera, M. abscessus subsp. abscessus, M. abscessus
subsp. bolletii, and M. smegmatis cultivated in liquid Middlebrook/OADC, TSB/glycerol, or TSB/yeast-based medium are shown over time (a-c). Fitted
maximum ODgg, values (Y},), i.e. a measure for the maximum population size, and fitted growth time to maximum growth rate (X;,,) as well as maximum
growth rate [, with box height corresponding to standard error around the mean for each species and medium (d-f). p-values indicate statistical com-
parisons via survival function between media for each species
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Fig. 2 a ODy,; and b comparison of bacterial clumping (measured in mg) in M. smegmatis and M. abscessus subsp. abscessus after 96 h of incubation.
Four biological replicates, each with three technical replicates, were analyzed for each medium described above. Colored dots represent individual data
points; black dots and error bars indicate the mean and standard error of the mean. The indicated p-values correspond to a one-way ANOVA p-value
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Table 2 Main equipment required for the different methods, together with estimated costs (exchange rate: 1 EUR=1.13 USD). All
listed webpages and products were accessed on May 2, 2025. Individual components may also be available from other suppliers at

varying prices

Medium Agar Additives Total costs (EUR/USD) Costs per 1000
plates
Middlebrook/OADC  Middlebrook 7H9 Middlebrook 7H10 Agar-Base Middlebrook OADC ~ 1067,90€/51209,33 2859
Bouillon-Base 500 g - 500 g—Merck KGaA Darmstadt,  Growth-Supplement 7H10=20,98¢€
Merck KGaA Darmstadt, Germany 368,00€; available at: ht 50 ml — Merck KGaA +
Germany 368,00€; avail- tps://www.sigmaaldrich.com/DE/  Darmstadt, Germany 150 ml
able at: https://www.sig de/product/sial/m0303 265,00€; available at: OADC=795,00€
maaldrich.com/DE/de/ https://www.sigmaa +
product/sial/m0178 |drich.com/DE/de/pr 7,5ml
oduct/sial/m0678 Glycerin=0,50€
Glycerin 99.5% =
1L —Carl Roth 816,48€/5923,22
GmbH+Co. KG
Karlsruhe, Germany
66,90€; available at: h
ttps://www.carlroth.c
om/de/de/kryokons
ervierung/glycerin/p
/3783.1
TSB/Glycerol BD Bacto™ Tryptic BD Bacto™ Tryptic Soy Broth Glycerin 99.5% 480,40€/5544,02 459
Soy Broth 500 g - 500 g - Thermo fisher scientific, 1L —Carl Roth (Tryptic Soy Broth was ~ TSB=16,29€
Thermo fisher scientific, Waltham, Massachusetts, USA GmbH+ Co. KG only included once in +
Waltham, Massachu- 181,00€; avaialbe at: https://www. Karlsruhe, Germany  calculation) 22,5 g Agar
setts, USA 181,00€; fishersci.de/shop/products/bd-dif 66,90€; available at: h Agar=10,46€
avaialbe at: https://ww  co-dehydrated-culture-media-try  ttps//www.carlroth.c +
w.fishersci.de/shop/pro  ptic-soy-broth-soybean-casein-di - om/de/de/kryokons 7,5 ml
ducts/bd-difco-dehydr  gest-medium-3/10098983 ervierung/glycerin/p Glycerin=0,50€
ated-culture-media-try  Agar Agar 500 g—Carl Roth /3783.1 =
ptic-soy-broth-soybea ~ GmbH+Co. KG Karlsruhe, 27,25€/$30,81
n-casein-digest-mediu  Germany 232,50%€; available at: h
m-3/10098983 ttps://www.carlroth.com/de/de/
agar/agar-agar-bakteriologisch/
p/2266.3
TSB/Yeast BD Bacto™ Tryptic BD Bacto™ Tryptic Soy Broth Yeast extract 496,80€/5562,6 459
Soy Broth 500 g — 500 g - Thermo fisher scientific, 250 g—Merck KGaA  (Tryptic Soy Brothwas ~ TSB=16,29€
Thermo fisher scientific, Waltham, Massachusetts, USA Darmstadt, Germany only included once in +
Waltham, Massachu- 181,00€; avaialbe at: https.//www. 83,30€; available at: h  calculation) 22,5 g Agar
setts, USA 181,00€; fishersci.de/shop/products/bd-dif  ttps://www.sigmaald Agar=10,46€
avaialbe at: https://ww  co-dehydrated-culture-media-try  rich.com/DE/de/pro +
w.fishersci.de/shop/pro  ptic-soy-broth-soybean-casein-di  duct/sigma/y1625 4,5 g Yeast
ducts/bd-difco-dehydr  gest-medium-3/10098983 extract=1,50€
ated-culture-media-try  Agar Agar 500 g—Carl Roth =
ptic-soy-broth-soybea  GmbH+Co. KG Karlsruhe, 28,25€/%$31,94
n-casein-digest-mediu  Germany 232,50€; available at: h
m-3/10098983 ttps://www.carlroth.com/de/de/
agar/agar-agar-bakteriologisch/
p/2266.3
Results displayed prolonged lag phases and lower maximal opti-

Comparative growth kinetics under different liquid culture
conditions

Growth dynamics differed between mycobacterial spe-
cies and culture conditions. In Middlebrook/OADC, all
species exhibited logistic growth with species-specific
lag phases and plateau levels. M. smegmatis showed the
fastest growth and highest maximal ODy,, whereas M.
avium subsp. avium and M. avium subsp. intracellulare

cal densities.

Comparable overall growth patterns were observed
in TSB/Glycerol- and TSB/Yeast-based media, although
growth kinetics and final ODy, values varied between
species. Yeast-based medium supported robust growth
of M. smegmatis and both M. abscessus subspecies, while
slower-growing isolates exhibited extended lag phases.

Fitted maximum ODy, values (Y,,) were largely com-
parable across all media for most species (Fig. 1d). No
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statistically significant differences between media were
observed for M. avium subsp. avium (p=0.73), M. chi-
maera (p=0.19), M. abscessus subsp. abscessus (p=0.22),
or M. smegmatis (p=0.25). In contrast, M. avium subsp.
intracellulare displayed a significant difference in Y,
between media (p<0.01), with lower fitted maximal
ODg, values under TSB/Glycerol cultivation.

Analysis of fitted growth times (X;,) revealed pro-
nounced species-specific differences but no signifi-
cant media-dependent effects (Fig. le). Growth times
did not differ significantly between media for M. avium
subsp. avium (p=0.98), M. avium subsp. intracellulare
(p=0.24), M. chimaera (p=0.89), M. abscessus subsp.
abscessus (p=0.58), M. abscessus subsp. bolletii (p =0.84),
or M. smegmatis (p=0.89). Across all media, slow-grow-
ing species exhibited expected longer fitted growth times
compared with rapidly growing species.

Maximum growth rates (p,,) showed substan-
tial interspecies variability, with rapidly growing spe-
cies exhibiting consistently higher fitted growth rates
than slow-growing species across all media conditions
(Fig. 1f). However, no statistically significant media-
dependent differences in p,,, were detected for any
species, including M. avium subsp. avium (p=0.52),
M. avium subsp. intracellulare (p=0.83), M. chimaera
(p=0.91), M. abscessus subsp. bolletii (p=0.99), and M.
smegmatis (p =0.98). Notably, M. abscessus subsp. absces-
sus displayed particularly high fitted p,,,, values under
TSB/Glycerol conditions, although this effect was not
statistically supported (p =1.00). In general, p,..,, provides
an intuitive descriptor of the exponential growth behav-
ior and allows discrimination between slow- and fast-
growing mycobacterial species. However, compared with

@) Middiebrook/OADC

TSB/Glycerol
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Yy and X, Hmayx represents a less robust fitting param-
eter, as its estimation is strongly influenced by the tem-
poral resolution and exact positioning of sampling points
during the exponential growth phase. Consequently,
variations in measurement timing can disproportion-
ately affect fitted p,, values, limiting the statistical
interpretability of subtle differences between cultivation
conditions.

Bacterial clumping behavior

Clumping was investigated in M. smegmatis and M.
abscessus subsp. abscessus, as bacterial aggregates in both
cultures could not be dispersed by vortexing. Four bio-
logical replicates with three technical replicates each (12
measurements in total) were analyzed. After 96 h, bacte-
rial clumping in M. smegmatis cultures was significantly
lower in Middlebrook/OADC medium compared with
TSB/Glycerol or TSB/Yeast (p=0.019). Similarly, less
clumping was observed in M. abscessus subsp. abscessus
cultured in Middlebrook/OADC compared with TSB—
based media (p=0.017). Although bacterial aggregation
was lower in Middlebrook/OADC, no significant differ-
ence in OD600 was observed (M. smegmatis: p=0.73/M.
abscessus subsp. abscessus: p=0.29).

Method comparison for spot assays

Overview of successful and unsuccessful approaches for
phage 8UZL

A categorical heat map was generated to systematically
compare phage lytic activity across diverse solid media
and assay formats (TA versus DP), summarizing the out-
comes of spot assays performed with successfully culti-
vated mycobacterial isolates (Fig. 3). Phage activity was

TSB/Yeast
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Fig. 3 Distribution of phage lytic activity in spot assays on successfully cultivated bacteria. White boxes indicate lysis zones induced by phage 8UZl in
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classified into three categories: productive infection with
countable plaques (PFU), phage-induced lysis without
plaque formation at the terminal dilution (lysis zone),
and absence of detectable phage activity.

Overall, Middlebrook/OADC-based assays demon-
strated the highest proportion of productive phage infec-
tions, as indicated by a greater frequency of countable
plaques compared with TSB/Glycerol and TSB/Yeast.
In addition, only three cultures showed no detectable
phage activity under Middlebrook/OADC conditions,
whereas a substantially higher number of cultures lacked
detectable lysis when cultivated in TSB/Glycerol or TSB/
Yeast. These findings indicate a higher robustness and
reproducibility of plaque formation using Middlebrook/
OADC-based procedures.

For Middlebrook/OADC, TSB/Glycerol, and TSB/
Yeast, the TA approach consistently resulted in a higher
number of conditions yielding countable plaques. In con-
trast, direct plating more frequently produced lysis zones
without plaque formation or no detectable phage activ-
ity. An exception to this general pattern was observed
for M. chimera cultivated in TSB/Glycerol and TSB/
Yeast, where direct plating resulted in a higher frequency
of productive plaque formation compared to the TA
method.

Taken together, the results highlight pronounced differ-
ences in the detection of phage lytic activity depending
on both the culture medium and the assay format.

Titer-dependent detection of lytic activity of phage 8UZI

To compare the titer-dependent lytic activity of phage
8UZI across culture conditions and assay formats, the
range of dilutions producing detectable lysis on bacterial
lawns was assessed for each isolate and medium (Fig. S1).
Detectable phage activity was defined as the presence of
lysis zones and/or countable plaques.

Across all three media, the lowest titer producing
detectable phage activity differed between the TA and
DP approaches (Fig. S1a, b). In general, experiments per-
formed using the TA method were more sensitive com-
pared to DP, which more frequently resulted in narrower
detection windows or loss of detectable lysis at higher
dilutions.

When comparing media within the same assay for-
mat, no consistent differences in overall sensitivity were
observed between Middlebrook/OADC, TSB/Glycerol,
and TSB/Yeast. However, differences were observed in
the ability of 8UZI to lyse the bacterial lawn of M. chi-
mera at lower dilutions depending on the medium. In
Middlebrook/OADC, lytic activity extended to lower
dilutions compared with TSB-Glycerol and TSB—Yeast.

Together, these data indicate that while the choice
of medium does not markedly alter the overall dilu-
tion range of detectable phage activity, the assay format
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affects the dilution-dependent manifestation of lysis on
bacterial lawns.

Visualization of countable plaques across different
conditions for phage 8UZ|

Figure 4 presents a quantitative subset of conditions in
which phage 8UZI produced countable plaques, allow-
ing calculation of plaque-forming units (PFU), and
relates PFU output to the time to positivity (first visual
detection of bacterial growth combined with phage lysis
at any dilution) across assay formats. Considerable vari-
ability was observed both in PFU per milliliter and in
the time required for the first detectable phage-induced
effect, underscoring the strong influence of bacterial host
species and experimental setup on measurable phage
activity. The top agar method enabled plaque detection
in a broader range of NTM species than direct plat-
ing (Fig. 4a, b). Earlier and more frequent detection was
associated with a narrower distribution of PFU values,
consistent with more synchronous infection dynam-
ics and improved reproducibility of plaque development
under top agar conditions. In contrast, direct plating fre-
quently exhibited delayed positivity and a broader spread
of PFU values, suggesting increased variability in phage-
host interactions at the bacterial surface.

Despite differences in time to positivity, total PFU
counts were comparable between top agar and direct
plating for strains in which both methods yielded count-
able plaques. This indicates that the assay format primar-
ily affected the kinetics of detectable phage activity rather
than the overall replication capacity of phage 8UZI.

Together, these results demonstrate that while both
assay formats can support productive infection by phage
8UZ], the top agar method provides faster and more con-
sistent readouts, particularly for rapidly growing myco-
bacterial hosts. Figure 4 therefore complements the
categorical analysis presented in Fig. 3 by quantitatively
illustrating how assay format and host species jointly
shape the dynamics and detectability of phage infection.

Validation in rapidly growing mycobacteria using phage
D29

The experiments were repeated with phage D29 to inde-
pendently validate the results obtained with 8UZL. How-
ever, due to its narrower host range, the analysis was
restricted to Mycobacterium smegmatis and Mycobac-
terium abscessus subsp. abscessus. Consequently, only
those rapidly growing mycobacteria could be included for
comparative analysis. Results are summarized in Figure
S2 (see Supplementary Material) and largely corroborate
the findings presented in Figs. 3 and 4.
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Discussion

This work presents three detailed protocols for the cul-
tivation of NTM for in vitro mycobacteriophage appli-
cations and systematically evaluates their respective
advantages and limitations. Beyond protocol descrip-
tions, we propose criteria to guide the choice between
top agar and direct plating approaches, highlight critical
experimental pitfalls (e.g., bacterial clumping and lysis
without countable plaques), and summarize method-spe-
cific costs.

Consistent with previous reports, M. abscessus spp.
and M. smegmatis exhibited faster growth across all
tested media compared with members of MAC [20-22].
Middlebrook media, such as 7H9 supplemented with
OADC, are widely regarded as standard for NTM culti-
vation and are frequently included in comparative studies
[23]. To our knowledge, however, no direct comparison
of the three media evaluated here has previously been
reported. Our bacterial growth curve analyses demon-
strate that all tested media support liquid culture incu-
bation of the tested isolates, indicating that expensive
supplements such as OADC are not strictly required
during this stage of the workflow. Although cultures
were OD600-standardized, the slow growth and inher-
ent clumping of NTM can compromise the accuracy of
ODqo as a proxy for cell density. Consequently, some
cultures may have entered exponential growth earlier or
exceeded the target ODyqo, reflecting intrinsic variability
in growth kinetics.

In contrast, bacterial aggregation differed markedly
between media. Greater clumping was consistently

observed in TSB-based media compared with Middle-
brook/OADC, in line with the optimized formulation of
Middlebrook media for mycobacterial growth and dis-
persion. OADC supplementation includes components
such as albumin and oleic acid, which may stabilize the
mycobacterial cell surface and reduce lipid-driven aggre-
gation. Mycobacteria are known to form aggregates due
to their highly hydrophobic cell envelope, and previous
studies have shown that detergents such as Tween 80
can reduce clumping and yield more homogeneous cul-
tures [24]. Tween 80 was intentionally omitted here, as it
may alter cell wall composition, bacterial physiology, and
phage-host interactions, potentially affecting adsorption,
plaque formation, and experimental reproducibility [25].
Clumping assays were therefore restricted to M. smegma-
tis and M. abscessus subsp. abscessus, as aggregation in
the other tested isolates was minimal and readily resolved
by vortexing.

Phage activity across hosts, media, and assay formats
was summarized using categorical heat maps (Fig. 3),
distinguishing productive infections with countable
plaques from lysis zones and complete absence of detect-
able activity. Spot assays were employed to accommodate
the large experimental scale; notably, each condition was
tested with six biological replicates and two technical
replicates, representing a major strength of this study.
However, the frequent observation of confluent lysis or
lysis without countable plaques highlights an important
limitation of spot assays for quantitative applications, as
reliable PFU determination is not possible under these
conditions. Nevertheless, such lysis patterns remain
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highly informative for rapid host-range screening and
comparative assessment of cultivation and plating strat-
egies. In this context, the heat-map approach enables
efficient identification of permissive phage-host combi-
nations that merit subsequent quantitative plaque assays,
which remain the gold standard for PFU determination
[26]. Furthermore, the absence of growth under certain
conditions likely reflects strain-specific growth require-
ments and agar compatibility. The inclusion of this obser-
vation provides important context for defining practical
limitations of each protocol and informs recommenda-
tions regarding approach selection.

A central finding of this work is the influence of assay
format on phage detectability and reproducibility. While
both, the top agar method and direct plating, supported
phage-induced lysis, the top agar method consistently
yielded a higher proportion of conditions with countable
plaques across media and host species. This advantage
was particularly evident in slow-growing NTM, whereas
fast-growing species such as M. smegmatis showed more
comparable performance between methods. In con-
trast, direct plating more often resulted in confluent lysis
without discrete plaque formation, limiting its quantita-
tive resolution. These differences are likely attributed to
improved spatial confinement and enhanced local phage-
host interactions in the semi-solid matrix of the top agar
system, which facilitate plaque development [27]. In
addition, technician-dependent and experimental vari-
ability (e.g., differences in plating technique, timing, or
handling of bacterial suspensions) may have contributed
to some of the observed differences, although the use
of multiple biological and technical replicates aimed to
minimize such effects; notably, the improved reproduc-
ibility observed with the top agar method may help miti-
gate variability in routine applications.

Quantitative analysis of conditions yielding countable
plaques (Fig. 4) further demonstrated that the assay for-
mat primarily affected the kinetics and consistency of
detectable phage activity rather than total PFU output.
The top agar method generally resulted in earlier times
to positivity and narrower PFU distributions, indicat-
ing more synchronous infection dynamics. Importantly,
when both methods yielded countable plaques, total PFU
values were comparable, underscoring that differences
between protocols predominantly influence detection
reliability rather than phage replication capacity.

Comparison of TSB/Glycerol and TSB/Yeast-based
protocols did not reveal a consistent advantage of either
formulation. Although glycerol has been reported to
enhance plaque visibility and size in certain phage sys-
tems [28], plaque morphology was not a primary end-
point of this study. While glycerol is widely used in
mycobacterial culture media, direct evidence link-
ing glycerol supplementation to increased clumping
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in liquid culture remains limited and warrants further
investigation.

Other media, such as Kirchner-based formulations and
Lowenstein-Jensen agar, were excluded from this study
due to their limited comparability with the experimental
setup and their minimal previous application in phage/
NTM assays. Kirchner medium contains horse serum,
introducing undefined components and potential batch
variability, which complicates controlled side-by-side
analyses. Lowenstein-Jensen medium, a slope-based egg
formulation, would require substantial adaptation of
the assay workflow, further limiting direct comparabil-
ity. Nevertheless, exploring the use of non-standardized
media in NTM/phage studies could provide valuable
insights into the suitability and reliability of these media
for spot and plaque assays in more complex and clinically
relevant culture systems.

In summary, the key findings of this study are: (i) all
tested media support NTM liquid cultivation; (ii) bac-
terial clumping is least pronounced in Middlebrook/
OADC; (iii) the top agar method is more robust and
reproducible than direct plating for quantitative phage
assays; and (iv) Middlebrook/OADC-based protocols
incur higher costs and require slightly increased hands-
on time. Researchers should therefore tailor protocol
selection to experimental goals as well as to NTM spe-
cies, balancing robustness, throughput, and cost effi-
ciency. These conclusions are based on the specific set of
isolates and mycobacteriophages investigated and should
therefore be interpreted with caution; as this study does
not include a systematic comparison of laboratory/ref-
erence strains and a broader panel of clinical isolates,
further validation will be required to determine how
well these findings capture the diversity encountered
in clinical practice. For applications restricted to fast-
growing NTM, TSB-based protocols may represent a
cost-effective alternative for fast growing NTM, whereas
studies involving slow-growing species benefit from Mid-
dlebrook/OADC-based approaches.

Conclusion

This study delivers a comprehensive evaluation of vari-
ables relevant to in vitro phage testing, validated by
multiple biological replicates and two distinct mycobac-
teriophages. Middlebrook/OADC-based protocols com-
bine several advantages, including reliable cultivation of
most tested NTM species and reduced aggregation in
liquid culture, albeit at higher cost. TSB-based methods
are more economical but were less reliable, particularly
for slow-growing NTMs. Given the substantial hetero-
geneity in phage infection profiles among clinical NTM
isolates and the resulting need for personalized thera-
peutic approaches, standardization remains challenging.
Nevertheless, the comparative framework presented here
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provides practical guidance for laboratory preparation
and protocol selection in mycobacteriophage research.
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