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Abstract 

The ongoing arms r ace betw een bacteria and phages has forced bacteria to ev olv e a sophisticated set of antiphage defense mecha- 
nisms that constitute the bacterial immune system. In our previous study, we highlighted the antiphage properties of aminoglycoside 
antibiotics, which are naturall y secr eted by Streptomyces . Successful inhibition of phage infection was achie ved b y addition of pure 
compounds and supernatants from a natural producer strain emphasizing the potential for comm unity-wide antipha ge defense. 
Howev er, gi v en the dual functionality of these compounds, neighboring bacterial cells r equir e r esistance to the antibacterial activity 
of aminoglycosides to benefit from the protection they confer against phages. In this study, we tested a variety of different aminogly- 
coside resistance mechanisms acting via drug or target (16S rRNA) modification and demonstrated that they do not interfere with the 
antipha ge pr operties of the molecules. Furthermor e , w e confirmed the antipha ge impact of aminogl ycosides in a comm unity context 
by coculturing pha ge-susce ptib le , apr am ycin-resistant Str eptom yces venezuelae with the apr am ycin-producing str ain Str eptoalloteichus 
tene brarius . Gi v en the pr ev alence of aminogl ycoside r esistance among natural bacterial isolates, this study highlights the ecological 
r elev ance of chemical defense via aminoglycosides at the community level. 

Ke yw ords: phage; infections; aminoglycoside; resistance; strains; aminoglycosides 
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Introduction 

Owing to the constant threat of viral predation exerted by bacte- 
riopha ges (or pha ges), bacteria hav e e volv ed an extensiv e r eper- 
toire of antiphage defense mechanisms. In recent years, ad- 
vancements in high-throughput bioinformatics and experimen- 
tal a ppr oac hes hav e expanded our understanding of bacterial an- 
tiphage defense to over a hundred different systems , un veiling 
an unexpectedl y ric h portfolio of systems and mechanisms (Geor- 
jon and Bernheim 2023 ). While pr e vious knowledge of antiphage 
mec hanisms was lar gel y confined to r estriction-modification and 

CRISPR-Cas systems targeting invading nucleic acids, recent dis- 
co veries ha ve exposed remarkably intricate bacterial immune 
strategies . T hese include systems that r el y on intr acellular sig- 
nal transduction facilitated by cyclic (oligo-)nucleotides and sys- 
tems recognizing conserved structural patterns in viral proteins 
or RNAs to initiate immune responses (Cohen et al . 2019 , Ofir 
et al . 2021 , Tal et al . 2021 , Gao et al . 2022 , Tal and Sorek 2022 ).
Recent studies also r e v ealed se v er al mec hanisms that ar e shar ed 

among cells within a microbial community. These communal de- 
fenses encompass the extrusion of membr ane v esicles serving 
as a phage decoy, quorum sensing-based activation of defense 
systems, biofilm formation, and secr etion of antipha ge small 
molecules (Luthe et al. 2023 ). 
d

Recei v ed 5 April 2024; revised 2 July 2024; accepted 14 August 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution Non-Commercial License ( https://cr eati v ecommons.org/lice
r e pr oduction in any medium, provided the original work is properly cited. For com
Soil-dwelling bacteria of the genus Streptom yces ar e sophisti-
ated producers of bioactive compounds endo w ed with antibac-
erial, antifungal, or e v en anticancer pr operties (Barka et al . 2016 ).
he natural producers usually possess self-resistance mecha- 
isms to pr e v ent autotoxicity (Hopwood 2007 ), ther eby conferring
hem a fitness adv anta ge ov er other micr oor ganisms (Tyc et al .
017 ). Shortly after their discovery, bacterial secondary metabo- 
ites emerged as a pivotal breakthrough to combat bacterial and
ungal infections or applications in c hemother a py (Al-Shaibani
t al . 2021 ). Their pr oduction is usuall y closel y linked to the m ul-
icellular life cycle of Streptomyces . When conditions are favor- 
ble, spores germinate and develop into a vegetative mycelium 

n response to adverse conditions, such as nutrient deprivation,
treptomyces sacrifices parts of this v egetativ e mycelium via pr o-
rammed cell death, supplying nutrients for the erection of aerial 
yphae, which further differentiate into chains of spores. Typ- 

call y, this de v elopmental switc h to r epr oductiv e gr owth aligns
ith the onset of secondary metabolite pr oduction, pr esumabl y to
r otect r eleased nutrients fr om competing soil organisms (Flärdh
nd Buttner 2009 , McCormick and Flärdh 2012 , Schlimpert and
lliot 2023 ). Inter estingl y, r ecent studies indicate that bacterial
mall molecules also exhibit antiphage activity (Hardy et al .
023 ). The Streptom yces -deriv ed, natur all y secr eted anthr acyclines
oxo- and daunorubicin, which are primarily recognized as an- 
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icancer drugs , ha v e been shown to efficientl y inhibit infection
f dsDNA pha ges, pr esumabl y by specificall y intercalating into
ha ge DNA (Kr onheim et al . 2018 ). In our pr e vious r eport, we ex-
anded the r epertoir e of known antipha ge molecule classes by
emonstrating the antiphage properties of aminoglycoside antibi-
tics in widel y div er gent bacterial hosts (K e v er et al . 2022 , Hardy
t al . 2023 ). 

Aminogl ycosides ar e bactericidal antibiotics that inhibit pro-
ein translation by binding to the 16S rRNA of the 30S ribosomal
ubunit (Krause et al . 2016 ). While different aminoglycosides ex-
ibit varying specificity for distinct regions on the ribosomal A-
ite, they all induce a conformational change leading to the pro-
otion of mistranslation by inducing codon misreading upon the

elivery of aminoacyl transfer RNA. Despite the initial recogni-
ion of their antiphage properties as early as the 1960s (Brock
t al . 1963 , Schindler 1964 , Bowman 1967 ), the exploration of
hese features in the context of bacterial antiphage immunity
as not further pursued. In-depth analysis of this observation
sing aminogl ycoside-r esistant str ains r e v ealed a str ong inhibi-
ion of phage infection by addition of pure apramycin as well cul-
ure supernatant ( = spent medium) of the natural apramycin pro-
ucer Streptoalloteichus tenebrarius (suborder Pseudonocardineae , or-
er Actinomycetales ) (Tamura et al . 2008 ), hinting to w ar d an eco-

ogical r ele v ance of suc h c hemicall y mediated antipha ge defense
ia aminoglycosides . T heir secretion into the environment could
r eate an antivir al micr oenvir onment, ther eby pr oviding a c hem-
cal defense against phages at the community level (Hardy et al .
023 , Luthe et al . 2023 ). Ho w e v er, in order to benefit from this,
eighboring cells or mycelial structures must possess resistance
echanisms to counteract the antibacterial impact of the com-

ound without abolishing the antiphage effect. For aminoglyco-
ides, three main resistance mechanisms are currently known in-
luding aminoglycoside-modifying enzymes (AME) for drug modi-
cation, 16S rRNA methyltr ansfer ases for target site modification,
nd increased export or decreased uptake (Garneau-Tsodikova
nd Labby 2016 ). Recent investigations reveal the widespread
istribution of AMEs acr oss differ ent continents and terrestrial
iomes, wherein ∼25% of sequenced bacteria carrying at least one
ME (Pradier and Bedhomme 2023 ). This distribution is expected

o be closel y corr elated with the high mobility of AMEs. Remark-
bly, ∼40% of the detected AMEs are located on mobile genetic
lements, facilitating their acquisition and broadening of the re-
istance spectrum via horizontal gene transfer (Pradier and Bed-
omme 2023 ). Ad ditionally, the y are often carried by phage plas-
ids, allowing them to be easily transferred across bacteria upon

nfection without direct cell–cell contact (Pfeifer et al . 2022 ). 
In this study, we systematically examined the influence of

 arious r esistance mec hanisms, encompassing a set of AMEs
nd a 16S rRNA methyltr ansfer ase, on the antipha ge pr operties
f aminogl ycosides. Remarkabl y, our r esults demonstr ated that
iv erse aminogl ycoside r esistance mec hanisms acting thr ough
rug modification as well as target site modification did in fact
bolish the antibacterial properties, while the antiphage activity
as retained. This evidence provides the prerequisite for mak-

ng a community-wide antiphage defense, even on an interspecies
e v el, conceiv able. 

aterial and methods 

acterial strains and growth conditions 

ll resistance cassettes, bacterial strains and phages used in
his study are listed in Tables S1 and S2 . For Streptomyces
enezuelae , pr ecultur es for growth and infection assays were in-
culated fr om spor e stoc ks in glucose–yeast extr act–malt extr act
GYM) medium containing 50% tap water, pH 7.3 and cultivated
t 30 ◦C and 120 rpm for 18 h. Pr ecultur es wer e subsequentl y used
o inoculate main cultures in the same medium to the indicated
D 450 . For Esc heric hia coli , cultur es wer e inoculated from a single
lone grown on LB agar plates and cultivated at 170 rpm and 37 ◦C
/N in LB medium for being subsequently used to inoculate main
ultures to the indicated OD 600 . In all cases, antibiotics were added
o cultures as indicated. 

For standard cloning pr ocedur es and pr otein ov er pr oduction E.
oli DH5 α and E. coli BL21 (DE3) wer e used, r espectiv el y. Infection
ssays with phage λ were conducted in E. coli LE392 and conjuga-
ion between Streptomyces spp. and E. coli was done via the con-
ugative E. coli ET12567/pUZ8002. 

In order to determine the titer of plaque-forming units during
nfection assa ys , spot assa ys were conducted. To this end, 2 μl
f decimal dilution series of culture supernatant in sodium chlo-
ide/magnesium sulfate buffer (10 mM Tris–HCl pH 7.3, 100 mM
aCl, 10 mM MgCl 2 , 2 mM CaCl 2 ) were spotted on a bacterial lawn
r opa gated on a double-agar o verla y with the top layer inoculated
o an optical density of OD 450 = 0.3 and OD 600 = 0.2 for S. venezuelae
nd E. coli , r espectiv el y. Plaque assays with S. venezuelae were done
n a comparable manner by adding 10 3 PFU/ml of phage Alderaan
o GYM soft-agar inoculated with mycelium to an OD 450 of 0.3.
laque areas were analysed using ImageJ and the color threshold-
ng tool (Schneider et al . 2012 ). To this end, ima ges wer e cr opped
nd the color threshold settings were adjusted to select plaques as
ccur atel y as possible. Subsequentl y, plaque ar eas wer e measur ed
sing the “analyse particle” option with the following parameters:
ize (pixel 2 ): 40 to infinity, circularity: 0.1–1.0. 

ecombinant DNA work and cloning 

ll plasmids and oligonucleotides used in this study are listed
n Tables S3 and S4 . Standard cloning techniques such as poly-

er ase c hain r eaction (PCR), r estriction digestion with indicated
estrictions enzymes and Gibson assembly were performed ac-
ording to standard protocols (Sambrook and Russell 2001 , Gibson
011 ). DNA sequencing as well as synthesis of oligonucleotides
nd (codon-optimized) genes was performed by Eurofins Ge-
omics (Ebersber g, German y). 

hage infection curves 

rowth assays and phage infection curves were performed in
he BioLector micr ocultiv ation system [Bec kman Coulter Life Sci-
nces (formerly m2p-labs), Krefeld, Germany] using a shaking fre-
uency of 1200 rpm and cultivation temperature of 30 ◦C. Biomass
as measured as a function of backscattered light intensity
ith an excitation wavelength of 620 nm (filter module: λEx / λEm 

:
20 nm/620 nm, gain: 25) fr om thr ee independent biological repli-
ates. 

Cultivation of S. venezuelae was performed in 1 ml GYM medium
pH 7.3, 50% tap water) inoculated with an overnight culture to a
tarting OD 450 of 0.15. Infection was conducted by supplementing
he indicated initial phage titers to the r espectiv e wells. Cultur e
upernatants were collected in specific time intervals to monitor
hage amplification over time via double-agar o verla y assa ys . 

ocultiv a tion in submerged cultures 

treptoalloteichus tenebrarius strains were inoculated from mycelial
tocks in 5 ml GYM medium (pH 7.3, 50% tap water) and culti-
ated at 170 rpm and 30 ◦C for 24 h. Subsequentl y, these pr ecul-
ur es wer e used to inoculate 20 ml GYM medium (pH 7.3, 50% tap
ater) to an initial OD 450 of 0.2. Cultures were incubated for 2

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
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days at 120 rpm and 30 ◦C to allow production and secretion of 
a pr amycin or its biosynthesis intermediates. One day prior to the 
cocultivation assay, S. venezuelae NRRL B-65442- pIJ10257- kamB 
was inoculated from spores in 5 ml GYM medium (pH 7.3, 50% 

tap water) and cultivated at 170 rpm and 30 ◦C for 18 h. For cocul- 
tivation, 1 OD unit of S. tenebrarius mycelium was mixed with 1 OD 

unit of S. venezuelae mycelium in 1 ml GYM medium (pH 7.3, 50% 

ta p water). Cultiv ation was performed in the BioLector microcul- 
tivation system as described in “Phage infection curves” in biolog- 
ical triplicates. Phage infection was performed by addition of 10 8 

PFU/ml Alderaan particles. As comparison, mycelium of S. tene- 
brarius was either dir ectl y tr ansferr ed to cocultiv ations or washed 

twice beforehand to remove produced metabolites. 

Prepar a tion of culture supernatants (referred to 

as spent media) 
In order to collect spent medium of the natural apramycin 

producer S. tenebrarius and respective biosynthesis mutants, all 
str ains wer e cultiv ated as described in “Cocultiv ation in sub- 
mer ged cultur es” using a final cultiv ation volume of 70 ml GYM 

medium (pH 7.3, 50% tap water). Culture supernatants were har- 
vested by centrifugation at 5000 × g at 4 ◦C for 20 min and subse- 
quently sterile filtered before storage at 4 ◦C for subsequent usage 
in infection assa ys . 

Infection assays in spent medium 

Infection assays of a pr amycin-r esistant S. venezuelae NRRL B- 
65442-pIJ10257- kamB in spent medium were conducted in the Bi- 
oLector micr ocultiv ation system (Bec kman Coulter Life Sciences) 
as described in “Phage infection curves” with the following modi- 
fications: 1.25x GYM medium (pH 7.3, 50% tap w ater) w as supple- 
mented with spent medium to a final concentration of 20% (v/v). 

Purification of biosynthesis intermediates 

P ar omamine and oxya pr amycin wer e gener ated fr om �aprD4 m u- 
tant WDY288 (Lv et al . 2016 ). Acetylated a pr amycin and acety- 
lated pseudotetr asacc haride wer e gener ated fr om �aprP m utant 
WDY321 (Zhang et al . 2021 ). The two m utant str ains wer e culti- 
vated on SPA medium (2% soluble starch, 0.1% beef extract, 0.05% 

MgSO 4 , 0.1% KNO 3 , 0.05% NaCl, 0.05% K 2 HPO 4 , 2% agar) at 37 ◦C 

for spore production. Their seed culture was prepared in 5 ml 
TSBY medium (3% tryptone so y a broth and 0.5% yeast extract) 
at 37 ◦C with shaking at 220 rpm for 2 da ys . T he seed culture of 
�aprD4 and �aprP were subcultured into 50 ml SPC fermentation 

medium (4% glucose, 1% peptone, 0.4% soybean meal, 1% corn 

meal, 0.4% MgSO 4 ∗7H 2 O, 0.5% NH 4 Cl, 0.05% FeSO 4 , 0.03% MnCl 2 ,
0.003% ZnSO 4, 0.5% CaCO 3 ) at 37 ◦C with shaking at 220 rpm for 7 
da ys . T he culture supernatant was collected by centrifugation at 
5000 rpm for 30 min. Afterw ar ds, the supernatant w as adjusted 

to a pH of 2–3 with saturated oxalate and the insoluble fraction 

was r emov ed by centrifugation at 5000 rpm for 30 min. Next, the 
supernatant was loaded onto the 732 cation exc hange r esin (Hebi 
Juxing Resinco., Ltd, Hebi, China), before being eluted by 3% am- 
monia hydroxide solution. Finally, the ammonia hydroxide eluate 
was purged with a nitrogen stream. 

The filtered eluate was concentrated and subjected to a 
semipr epar ativ e HPLC System equipped with Ev a por ativ e Light 
Scattering Detector (ELSD, Alltech 2000ES) and an Agilent ZORBAX 

SB-C18 column (5 μm, 250 mm × 9.4 mm). Gradient elution was 
performed at a flow rate of 3.0 ml/min. The gas flow and tempera- 
ture of ELSD was set to 2.9 l/min and 109 ◦C. Gradient elution was 
performed at a flow rate of 3 ml/min with solvent A (water con- 
aining 10 mM heptafluorobutyric acid) and solvent B (CH 3 CN):
–3 min, constant 80% A/20% B; 3–5 min, a linear gradient to 75%
/25% B; 5–9 min, a linear gradient to 70% A/30% B; 9–17 min, a

inear gradient to 59% A/41% B; 17–18 min, a linear gradient to
0% A/20% B; and 18–25 min, constant with 80% A/20% B. The
luent containing the target components was collected and sub- 
equently dried through lyophilization. 

rotein purification via affinity chroma togr aphy 

or heter ologous pr otein ov er pr oduction, E. coli BL21 (DE3) cells
ontaining C-terminal Str ep-ta gged v ersions of the r espectiv e r e-
istance genes on the pAN6 plasmid were precultivated in LB
edium supplemented with 50 μg/ml kanamycin (LB Kan 50 ) at

7 ◦C and 120 rpm. The preculture was used to inoculate the main
ulture in the same medium to an OD 600 of 0.1 and cultivation
as continued at 37 ◦C and 120 rpm until gene expression was in-
uced with 100 μM IPTG at an OD 600 of 0.6. Cells were harvested
fter further cultivation at 120 rpm and 18 ◦C for 16 h. 

Cell harvesting and disruption were performed with the multi 
hot cell disruptor at 20 000 psi using buffer A (100 mM Tris–HCl,
H 8.0) with cOmplete™ Protease inhibitor (Roche, Basel, Switzer- 

and) for cell resuspension and disruption. After centrifugation at 
0 000 × g and 4 ◦C for 30 min, buffer B (100 mM Tris–HCl, 500 mM
aCl, pH 8.0) was used for purification. 
To this end, supernatant containing either the C-terminal 

tr ep-ta gged ApmA or the AAC(3)-IVa a pr amycin acetyltr ans-
er ase was a pplied to an equilibr ated 2 ml Stre p-Tactin-Se pharose
olumn (IB A, Göttingen, Germany). After w ashing with 30 ml
uffer B, the protein was eluted with 5 ml buffer B containing
5 mM d -desthiobiotin (Sigma Aldrich, St. Louis, USA). After purifi-
ation, elution fractions with the highest protein concentrations 
ere pooled and checked by SDS-PAGE (Laemmli 1970 ) using a
%–20% Mini-PROTEAN gradient gel (BioRad, Munich, Germany).
inal protein concentration of the pooled elution fraction was de-
ermined with the Pierce BC A Protein Assa y Kit (T hermoFisher Sci-
ntific, Waltham, MA, USA) before being used for in vitro acetyla-
ion. 

n vitro acetylation of apramycin 

urification of the two acetyltr ansfer ases AAC(3)-IVa and ApmA
as performed as described abo ve . Acetylation of apramycin was
one as described in K e v er et al . ( 2022 ) with the following modi-
cations: assay mixtur es wer e composed of 350 μl 100 mM Tris–
Cl (pH 8.0), 50 μl purified enzyme (end concentration: 30 μg/ml),
0 μl a pr amycin (end concentr ation: 10 mM) and 50 μl acetyl-CoA
risodium salt (Sigma Aldrich; end concentration: 10 mM). The as-
ay mixtur es wer e incubated at 37 ◦C for 30 min. Reactions lac king
cetyl-CoA trisodium salt as a cofactor served as controls. 

irect injection mass spectrometry 

or c hec king acetylation efficiency, dir ect injection mass spec-
rometry was performed. To this end, samples were diluted 

:100 (v/v) with deionized water and further 1:10 (v/v) with 50%
ethanol containing 0.1% acetic acid. The individual samples 
er e dir ectl y injected into the HESI-source of a QExactiv e Plus
ass spectrometer (Thermo Fisher) using a 500 μl syringe with
 constant flow of 5 μl/min. The source parameters were set as
ollo ws: spray v oltage ( + ): 3200 V, capillary temperature: 320.00 ◦C,
heath gas: 8.0, aux gas: 2.0, S-Lens RF Le v el: 50.00. Once the spr ay
tabilized data were acquired for 2 min in positive mode with a full
can resolution of 70 000 and an AGC target of 3e6. Re presentati ve
pectra data were retrieved from mid run scans for each sample. 
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mpact of drug and target site modification of 
minoglycosides on their antibacterial and 

ntiphage activity 

atur al pr oducers of secondary metabolites typicall y exhibit r e-
istance to the antimicrobial molecules they synthesize (Hop-
ood 2007 , Tenconi and Rigali 2018 ). This c har acteristic gains sig-
ificance, particularly in the screening of small molecules for an-
ivir al pr operties, as potential toxic effects on bacterial growth
ould mask any observed inhibition of phage infection. In a previ-
us study, we showed the inhibition of phage infection for a broad
ange of aminoglycoside antibiotics by using strains resistant to
he r espectiv e molecules (K e v er et al . 2022 ). In case of the used

odel aminogl ycoside a pr amycin belonging to the subclass of
minoglycosides with mono-substituted 2-deso xystre ptamin (2-
OS) ring (Krause et al . 2016 ), this resistance mechanism relied on

he acetylation of the 3 ′ amino group of the 2-deso xystre ptamin
ing via aminogl ycoside N (3)-acetyltr ansfer ase AAC(3)-IVa (Maga-
haes and Blanchard 2005 ) (Fig. 1 A). In this study, we aimed to in-
estigate the impact of diverse bacterial (self-) resistance mech-
nisms on the antipha ge pr operties of differ ent aminogl ycoside
ntibiotics. Our goal was to discern whether the observed de-
oupling of antibacterial and antiphage properties through resis-
ance mechanisms is a pervasive trait among different mecha-
isms found in bacterial genomes. 

As already shown in K e v er et al . ( 2022 ), infection in absence of
 pr amycin r esults in a complete culture collapse and a pr ogr es-
iv e pha ge amplification ov er time, wher eas no mor e gr owth de-
ect and increase in extracellular phage titer was detectable upon
 pr amycin tr eatment for the virulent pha ge Alder aan infecting S.
enezuelae (Fig. 1 B and C). 

To investigate the antiphage properties of the unmodified com-
ound, the 16S rRNA methyltr ansfer ase KamB encoded in the
 pr amycin biosynthesis cluster of the natural producer S. tene-
rarius was harnessed as an alternativ e r esistance mec hanism
Holmes et al . 1991 ). This methyltr ansfer ase catal yses the N1-

ethylation of the 16S rRNA at position A1408 conferring high-
e v el r esistance to the structur all y div er gent aminogl ycosides
 pr am ycin, kanam ycin, and tobram ycin (Koscinski et al . 2007 )
Fig. 1 D). As observed for drug modification, target site modifi-
ation abolished the antibacterial mode of a pr amycin, but si-
 ultaneousl y allo w ed a complete inhibition of phage infection

o an almost identical extent as AAC(3)-IVa (Fig. 1 E and F). The
ame applied to the other tested aminogl ycosides tobr amycin and
entamicin or kanamycin and tobr amycin, whic h ar e also cov-
red by the resistance spectrum of AAC(3)-IVa and KamB, respec-
iv el y (Fig. 1 G, Figur e S1 ). Although these compounds shar e the
-deso xystre ptamin (2-DOS) core structure with apram ycin, the y
iffer structur all y in their substitutions and belong to the class of
,6-disubstituted 2-DOS (Krause et al . 2016 ). 

For resistance via acetyltransferase AAC(3)-IVa or methyl-
r ansfer ase KamB, analogous results concerning the influence of
minogl ycosides wer e also obtained for infection of E. coli with the
emper ate pha ge λ, whic h has pr e viousl y been demonstr ated to be
ensitive to w ar d a pr am ycin and kanam ycin tr eatment ( Figur e S2 )
K e v er et al . 2022 ). Ov er all, this led us to the conclusion that acety-
ation neither positiv el y nor negativ el y affects the antiphage ac-
ivity of a pr amycin or tobramycin. Based on these findings, we
nfer that the inhibition of phage infection is most likely not due
o a residual blockage of bacterial translation. 
ifferent aminoglycoside modifications do not 
nterfere with the antiphage properties of the 

olecules 

o test whether this result is in fact of broad relevance, we tested
ifferent AMEs targeting different positions on the aminoglyco-
ide scaffold. In case of a pr amycin, just two different AMEs are de-
cribed in liter atur e including the already used acetyltransferase
AC(3)-IVa and ApmA (Fig. 2 A). ApmA r e v eals a unique regiospeci-
city by acetylating a pr amycin at the N2’ position of the octadiose
lement (Bordeleau et al . 2021 , Bordeleau et al . 2023 ). 

Since the a pr amycin r esistance le v el mediated by the acetyl-
r ansfer ase ApmA was reported to be more than 8-fold lo w er
han for AAC(3)-IVa (Bordeleau et al . 2021 ), plaque assays offer-
ng higher resolution of the antiphage effect were used as a direct
omparison of both modification positions. A gradual decrease in
he number of plaques was detected upon increasing apramycin
r essur e independent of the underlying resistance gene (Fig. 2 B
nd C). This was also in line with results gained during infec-
ion of E. coli with phage λ. As with a pr amycin, differ ent mod-
fications of kanamycin via phosphotr ansfer ases APH(3’)-Ia and
PH(2’’)-IIa or the acetyltr ansfer ase AAC(6’)-Ih did not interfere
ith the antiphage properties of this compound and caused a
ose-dependent reduction in λ plaque formation. The same ap-
lied for modification of neomycin, an aminoglycoside with a 4,5-
isubstituted 2-DOS, via APH(3’)-Ia ( Figure S2 ). 

To further verify the observed effects with a focus on
 pr amycin effects on phage Alderaan infecting S. venezuelae ,
oth acetyltr ansfer ases (AAC(3)-IVa and ApmA) wer e purified
y affinity c hr omatogr a phy and used for in vitro modifica-
ion of a pr amycin. Successful acetylation was confirmed by

ass spectroscopy ( Figure S3A ). When supplementing acetylated
 pr amycin to infection assays with the S. venezuelae wild type
train not resistant to the antibacterial effect of apramycin, no
r just a slight effect on bacterial growth could be detected for
AC(3)-IVa- and ApmA-mediated acetylation, r espectiv el y. Under

nfection conditions, both acetylated versions severely impacted
hage infection as indicated by an omitted cell lysis and a drop

n titer after 24 h of infection (Fig. 2 D and E). Ho w e v er, time-
 esolv ed quantification of phage titers revealed differences be-
ween the influence of intr acellularl y and extr acellularl y acety-
ated a pr amycin, whic h is likel y caused by differ ences in uptake
ompared to the unmodified molecules. In case of AAC(3)-IVa-
cetylated a pr amycin, pha ge titers r ose in the earl y sta ges of in-
ection before falling below the starting level, whereas ApmA-
cetylated a pr amycin allo w ed no initial increase and a mor e pr o-
ounced decrease in titer of ∼1000-fold after 24 h. ( Figure S3B ).
he higher sensitivity of phage infection to ApmA-acetylated
 pr amycin was also observed when the modified apramycin ver-
ions were added to spot assays with pha ge Alder aan and the S.
enezuelae wildtype strain ( Figure S3C ). To conclude, together with
he r esults pr esented in the pr e vious sections, drug and target site

odification w ere sho wn to efficiently abolish the antibacterial
roperties while retaining the antiphage properties. 

issecting the apr am ycin biosynthesis pathway 

eveals different intermediates with antiviral 
roperties 

ur pr e vious study about the antipha ge pr operties of aminogl y-
osides r e v ealed that the effect of the pure compound a pr amycin
ould be r epr oduced with spent medium of the natural apramycin
roducer S. tenebrarius (Kever et al . 2022 ). To ascertain the role of
 pr amycin as main antiphage molecule in the supernatant inter-

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
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Figure 1. Aminogl ycoside r esistance mec hanisms via drug and tar get site modification do not interfer e with the antipha ge pr operties of structur all y 
div er gent aminogl ycosides. (A) Acetylation r eaction of a pr amycin catal ysed by AAC(3)-IVa. (B) Gr owth of S. venezuelae ATCC 10712–pIJLK04- aac(3)-IVa 
upon infection with phage Alderaan in presence and absence of 10 μg/ml apramycin. (C) Time course of phage titers during Alderaan infection shown 
in (B). (D) A-site of 16S rRNA showing the methylation position (A1408) used by the methyltr ansfer ase KamB. Sc hematic illustr ation was designed 
according to Wachino and Arakawa ( 2012 ). (E) Growth of S. venezuelae NRRL B-65442–pIJ10257- kamB upon infection with phage Alderaan in presence 
and absence of 10 μg/ml a pr amycin. (F) Time course of phage titers during Alderaan infection shown in (E). (G) Phage amplification during drug and 
target site modification via AAC(3)-IVa and KamB, r espectiv el y, in pr esence of gentamicin, kanamycin, and tobramycin. All infection assays were 
conducted with an initial phage titer of 10 8 PFU/ml in biological triplicates. 
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Figure 2. Influence of different acetylation positions on the antiphage properties of apramycin. (A) Acetylation position of the two apramycin 
acetyltr ansfer ases AAC(3)-IVa and ApmA. (B) Correlation between normalized percentage plaque area (Apr x /Apr 0 ) and apramycin concentration upon 
infection of the two a pr amycin-r esistant str ains S. venezuelae NRRL B-65442 encoding either AAC(3)-IVa or ApmA. (C) Re presentati ve plaque assays to 
the data shown in (B). (D) Growth of S. venezuelae NRRLB-65442 wild type upon infection with phage Alderaan in presence and absence of 5 μg/ml 
AAC(3)-IVa- or ApmA-acetylated a pr amycin. (E) log 10 fold c hange in PFU/ml during infection shown in (D). Assays shown in (D) and (E) were performed 
in biological triplicates. 
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ering with phage infection and to determine the position in the
iosynthetic pathway at which antiphage properties appear, we
ested spent media obtained fr om differ ent S. tenebrarius mutant
tr ains lac king differ ent enzymes in the biosynthetic pathway (Lv
t al . 2016 , Zhang et al . 2021 ) (Fig. 3 A). To analyse the impact
f these spent media on phage amplification, we harnessed the
 pr amycin-r esistant S. venezuelae str ain encoding the 16S rRNA
ethyltr ansfer ase KamB to pr e v ent further modification of the
 pr amycin biosynthesis intermediates. Resistance via target site
odification allo w ed complete inhibition of phage amplification

y addition of S. tenebrarius wild type spent medium (Fig. 3 B). 
Deletion of aprD4 encoding a putative Fe-S oxidoreductase in-

erfer es with a pr amycin biosynthesis by pr e v enting C3 deoxy-
enation, ther eby incr easing pr oduction of the a pr amycin ana-
ogue oxya pr amycin and par omamine (Lv et al . 2016 ). Supple-

enting of S. tenebrarius �aprD4 spent medium to infection as-
ays of the a pr amycin-r esistant S. venezuelae str ain carrying the
ethyltr ansfer ase KamB sho w ed a similar extent of phage inhi-

ition than the wild type spent medium. This could be traced back
o the antiphage properties of o xyapram ycin, as demonstrated
y the addition of the purified intermediates to infection assays
Fig. 3 B and C, Figur e S4A ). Contr ary to this, deletion of aprU encod-
ng an aminoglycoside phosphotransferase and deletion of aprP
ncoding a putative creatinine amidohydrolase sho w ed compara-
le amplification kinetics than the control infection without any
upplementation, although slightly lo w er maximal phage titers
 ere detected. This w as in line with the successful phage infec-

ion upon addition of the acetylated demethyla pr osamin and 7’-
 -acetylated a pr amycin shown to accumulate in the S. tenebrarius
aprU and �aprP m utant, r espectiv el y (Fig. 3 B and C) (Zhang et al .
021 ). Ho w e v er, comparing pha ge titers after 24 h of infection ex-
osed a significant reduction in plaque-forming units upon addi-
ion of acetylated a pr amycin r eac hing almost the starting le v el,
hich could not be observed for the acetylated pseudotrisaccha-

ide or par omamine ( Figur e S4A ). Inter estingl y, a similar tr end
ould be observed for the spent medium of the �aprZ mutant lack-
ng the extracellular alkaline phosphatase as final enzyme of the
 pr amycin biosynthesis pathway (Zhang et al . 2021 ). Within the
rst 8 h, a similar extent of phage amplification was measured,
ut the decrease in titer after 24 h was substantiall y mor e pr o-

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data
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Figure 3. Influence of spent medium of different S. tenebrarius a pr amycin biosynthesis mutants on infection dynamics of phage Alderaan infecting S. 
venezuelae NRRL B-65442–pIJ10257- kamB. (A) Biosynthetic pathway of a pr amycin biosynthesis in S tenebrarius (2-DOS: 2-desoxystreptamin ring) (Lv et 
al. 2016 , Zhang et al. 2021 , Fan et al. 2023 ). Compounds harboring antibacterial activity are marked with boxes. (B) Phage titers during phage infection 
in presence and absence of 20% of the indicated spent media. (C) Log 10 fold change (t 8 /t 0 ) in PFU/ml calculated for infection in presence of 20% spent 
medium and 10 μg/ml of purified biosynthesis intermediates assumed to accumulate in the different mutant strains. All assays were performed in 
biological triplicates. 
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nounced dr opping fr om ∼4 ∗10 9 PFU/ml at 8 h to ∼2 ∗10 7 PFU/ml 
at 24 h. This was accompanied by a less pronounced growth defect 
under infection conditions (Fig. 3 B and C, Figure S4B ). Accordingly,
intracellular formation of phosphorylated apramycin appears to 
pr e v ent autotoxicity by deactivating the antibacterial properties 
of the compound (Zhang et al . 2021 ), but at the same time pro- 
vides some degree of protection against phage infection for the 
pr oducer alr eady during a pr amycin biosynthesis. Subsequent ex- 
tracellular dephosphorylation activates the dual functionality of 
a pr amycin, whic h can be hypothesized to confer community-wide 
pr otection for r esistant cells in the same ecological niche. Based 

on the results obtained for the different mutant strains defective 
in a pr amycin biosynthesis, we conclude that the antipha ge pr op- 
rties of a pr amycin and its intermediates emerge after the 7- N ’-
cetylated demethyla pr osamine step, since no antipha ge pr oper-
ies were observed for mutants lacking AprU or AprP. 

ocultiv a tion of S. venezuelae and S. tenebrarius 
onfirms the antiphage impact of apr am ycin in 

he context of microbial communities 

o mimic community-wide antiphage defense more properly,
hage-susceptible S. venezuelae NRRL B-65442–pIJ10257- kamB was 
ocultur ed with a pr amycin-pr oducing S. tenebrarius . In pr esence of
he pr oducer mycelium, whic h was pr ecultiv ated for 2 days to al-
ow a pr amycin biosynthesis, Alder aan was no longer able to prop-
gate on S. venezuelae (Fig. 4 A and B). 

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae015#supplementary-data


8 | microLife , 2024, Vol. 5 

Figure 4. Cocultivation of S. venezuelae NRRL B-65442–pIJ10257- kamB with two different S. tenebrarius strains during Alderaan infection. (A) Infection 
curves during cocultivation of S. venezuelae with S. tenebrarius wild type dir ectl y tr ansferr ed fr om pr ecultur e ( + spent medium) or after intensiv e 
washing to r emov e spent medium ( + fresh medium). Growth of S. venezuelae and S. tenebrarius separ atel y fr om eac h other is shown for comparison. (B) 
Corresponding time course of phage titers during cocultivation and infection. Influence of S. tenebrarius spent medium on infection dynamics and S. 
tenebrarius itself on phage infectivity is added as control. (C) Analogous data set to (A) showing infection curves during cocultivation of S. venezuelae 
with S. tenebrarius �aprQ. (D) Corresponding time course of phage titers during cocultivation and infection. All assays were performed in biological 
triplicates. 
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Inter estingl y, pha ge infection could be r estor ed by cocultivating
. venezuelae with S. tenebrarius mycelium, whic h has pr e viousl y
een intensiv el y washed to r emov e pr oduced a pr amycin, while
he simple addition of spent medium separ ated fr om mycelium
as sufficient for phage inhibition. Furthermore, no negative ef-

ect of S. tenebarius mycelium and a pr amycin pr oduction on ex-
r acellular Alder aan pha ge particles was detected, further sup-
orting the pr e viousl y published hypothesis of interference with
hage infection at an intracellular level (Fig. 4 A and B) (Kever et al .
022 ). In contr ast, continuous pha ge amplification and a complete
ultur e colla pse was observ ed in the pr esence of the S. tenebrar-
us �aprQ mutant, altogether ruling out general issues in phage
mplification due to the presence of other cocultured bacteria.
Fig. 4 C and D). Ho w e v er, it is striking that no more cell growth
as observed upon phage infection, even though Alderaan is not
ble to infect S. tenebrarius. This might be due to the release of as
et unidentified growth-inhibiting molecules or proteins, poten-
ially accounting for the suppression of S. tenebrarius growth. In
ddition to showing the pr otectiv e effect of S. tenebrarius against
ir al pr edation of S. venezuelae , these r esults highlight the need for
p

 bac kgr ound le v el of a pr amycin alr eady pr oduced prior to pha ge
ttack. 

iscussion 

minogl ycosides antibiotics wer e pr e viousl y shown to be effi-
ient antipha ge a gents in widel y div er gent bacterial hosts (K e v er
t al . 2022 ). Ho w e v er, a pivotal question emer ged fr om this discov-
ry: how does antibiotic resistance impact the antiviral capabili-
ies of aminoglycosides? Resistance within this versatile antibi-
tic class pr edominantl y arises through modifications either to
he drug itself or to the bacterial target (16S rRNA). In this study,
e screened a broad portfolio of aminoglycosides and resistance
enes to e v aluate the potential uncoupling of the dual function-
lity via antibacterial resistance. Regardless of the use of target
ite or drug modification, all tested r esistance mec hanisms en-
ur e bacterial gr o wth under infection conditions b y retaining the
ntiphage mode and abolishing the antibacterial mode of action,
s exemplified by the virulent phage Alderaan and the temperate
hage λ. 
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As r ecentl y demonstr ated by Pr adier and Bedhomme ( 2023 ),
aminogl ycoside-r esistance genes ar e widel y distributed among all 
biomes, with the soil playing a pivotal role in AME gene transfer 
e v ents. Natur al ecosystems are considered to harbor a reservoir of 
antibiotic resistances genes, stemming from both, anthropogenic 
transfer of antibiotics and resistance genes as well as the presence 
of natural aminoglycoside producers such as Streptomyces and Mi- 
cromonospora spp. residing in soil (Tripathi and Cytryn 2017 , Du- 
rand et al . 2019 ). Gene transfer events are facilitated by the fre- 
quent localization of such resistance genes on mobile genetic el- 
ements, allowing broadening of the resistance spectrum (Pradier 
and Bedhomme 2023 ). Given the molecular versatility of amino- 
glycosides confirmed in this study, the acquisition of resistance 
becomes not only advantageous as defense against the chemical 
w arfare exerted b y the secr etion of aminogl ycosides, but could 

ensur e concurr ent pr otection fr om pha ges as alr eady discussed 

in our pr e vious r e vie w article (Hardy et al . 2023 ). The pr e v alence
of aminogl ycoside-r esistant bacteria in natural habitats puts fur- 
ther emphasis on the ecological significance of such chemical an- 
tiphage defense. Ho w ever, taken into account the predominance 
of subinhibitory antibiotic concentrations and the existence of lo- 
cal extremes in the soil environment (Fajardo et al . 2009 ), one 
can infer that such community-wide antiphage defense is con- 
strained to mutualistic interactions within the genetic kin or be- 
tween different species . T he latter is thought to be facilitated by 
increased horizontal gene transfer events of aminoglycoside re- 
sistance genes in the presence of low antibiotic concentrations 
(Cairns et al . 2018 ). Ov er all, this would add to the notion of the 
pan-immune system describing antiphage defense as a shared 

comm unity r esource (Bernheim and Sor ek 2020 ). 
An additional aspect, which reinforces the role of aminogly- 

cosides as “public goods” in antiphage defense, is the natural 
growth phenotype as well as the temporal onset and organiza- 
tion of antibiotic production in Streptomyces spp. These multicel- 
lular gr owing micr oor ganisms ar e c har acterized by a complex de- 
v elopmental pr ogr am, starting with the germination of a spor e 
and the establishment of a v egetativ e mycelium, whic h further 
de v elops into aerial hyphae and spores upon nutrient depletion 

(Bush et al . 2015 , Schlimpert and Elliot 2023 ). Antibiotic produc- 
tion is typically linked to the mor phological differ entiation to 
aerial mycelium in order to protect released nutrients of sacrificed 

mycelial parts from other terrestrial competitors (Bibb 2005 , van 

der Meij et al . 2017 ). To enhance colony-wide fitness, this antibiotic 
production can be coordinated by a division of labor, involving the 
differentiation into an altruistic subpopulation specialized in an- 
tibiotic production (Zhang et al . 2020 , Zhang et al . 2022 ), which in 

turn is facilitated by the genomic instability of Streptomyces at the 
c hr omosomal arms (Bentley et al . 2002 , Thibessard and Leblond 

2014 ). Given the clonal nature of the Streptomyces colonies, secre- 
tion of aminoglycosides might play a pivotal role in shielding sus- 
ceptible segments of the colony against both bacterial competi- 
tors and phage predation. 

In addition to the ecological r ele v ance, this study pr ovides 
structural insights into the antiphage effect of these compounds.
According to assays with the different S. tenebrarius mutant strains 
and purified a pr amycin biosynthetic intermediates, the antiphage 
effect occurred at a late step of the biosynthetic pathway (Fig. 3 ).
This could be due to either differences in the intracellular inter- 
action with phage amplification or in the uptake of the respec- 
tive molecules. Modification via acetylation or phosphorylation 

reduces the amount of positively charged amino groups at neu- 
tral pH or even adds a negative charge to the cationic amino- 
gl ycosides, whic h could affect their interaction with the nega- 
iv el y c har ged components of the bacterial surface for uptake
Taber et al . 1987 ). In the case of the in vitro acetylated a pr amycin,
he interference with phage infection was less pronounced in the
arl y sta ges of infection, but comparable to the in vivo modifica-
ion in the long-term, supporting the hypothesis of a reduced up-
ake of the molecules when modified in vitro . The same could ap-
ly to the phosphorylated apramycin accumulating in the �aprZ 

 utant, possibl y explaining the delayed phage-inhibiting effect.
hese considerations highlight the importance of discriminating 
etween differences in molecule uptake and a potential antiphage 
roperty exerted at the intracellular level (Kever et al . 2022 ). As
iscussed pr e viousl y, inv estigations into the mec hanism of ac-
ion suggest that the inhibition of phage infection occurs early,
etween the injection and replication stages. While the precise 
olecular target remains unclear, it may involve direct targeting 

f the injected, yet unr eplicated, pha ge DNA and/or interference
ith the phage DNA injection process (Kever et al . 2022 ). Amino-

l ycosides ar e known to bind to the bacterial cell membrane and
ubsequentl y accum ulate within the cell via electr on-tr ansport
ediated processes, EDPI and EDPII (Krause et al . 2016 ). Using

uor escentl y labeled antibiotics, the membrane-bound and ED- 
II elements w ere sho wn to constitute a substantial proportion of
he ov er all fluor escence le v els tightl y bound to E. coli cells (Sabeti
zad et al . 2020 ). In cells expr essing r esistance genes, one could
 easonabl y expect to pr edominantl y encounter the membrane-
ound fraction of aminoglycosides . T his anticipation stems from
he premise that the disruption of membrane integrity and the
ubsequent diffusive entry of the drug, typically induced by mis-
r anslated pr oteins during EDPII, might not occur in the presence
f resistance mechanisms. 

While the acquisition of aminoglycoside resistance holds sev- 
r al adv anta ges for bacteria, it poses a dr awbac k for antibiotic–
hage combinatory treatments (Jiang et al . 2020 , Zuo et al . 2021 ).
lthough the clinical use of aminoglycosides declined with the in-

roduction of other classes of antibiotics such as cephalosporins 
r fluoroquinolones, the global spread of multidrug-resistant 
athogens has led to a r ene wed demand for this class of antibi-
tics, fr equentl y for combinatory treatments (Krause et al . 2016 ).
or eov er, incr easing knowledge about modifications overcoming 

minogl ycoside-r esistance allows design of semisynthetic antibi- 
tics, ther eby impr oving the ther a peutic window of aminogl yco-
ides to combat this global health issue (Krause et al . 2016 , Se-
io et al . 2018 , Zárate et al . 2018 ). Ho w e v er, attention should be
aid to the preselection of phages for antibiotic–phage combina- 
ory treatments to avoid antagonistic effects. Antiphage activities 
f aminoglycosides were observed in the background of diverse 
minogl ycoside r esistance genes tested in this study. 

In conclusion, this study emphasizes the ecological r ele v ance
f natural aminoglycoside secretion for a community-wide de- 
ense a gainst pha ges. Mor eov er, it sheds light on crucial consider-
tions for the integration of phage–antibiotic combinatory treat- 
ents in the context of clinical infections. 
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