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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Widespread antibiotic resistance represents an increasingly 

significant burden for healthcare systems worldwide. One of 
the primary contributors to this pressing issue is Klebsiella 
pneumoniae, a pathogen of major clinical concern. Here we 
describe five distinct phages that infect antibiotic-resistant K. 
pneumoniae strains. A total of 100 clinical bacterial strains 
were systematically assessed for their antibiotic- and phage 
susceptibility profiles. Notably, 94 of these strains demonstrated 
high levels of antibiotic resistance across multiple drug classes. 
The five described phages, which target nearly all studied 
strains, were comprehensively characterized regarding their 
virion morphology, their lytic spectra, their intracellular growth 
parameters, and their potential to trigger development of phage-
resistant bacterial forms. Two Siphoviridae phages exhibited 
remarkably low rates of phage-resistant form development 
during the study period. While such rates were comparatively 
higher for the three Myoviruses tested, bacterial forms that 
acquired resistance to these particular phages subsequently 
became sensitive to other phages in the collection. In conclusion, 
the studied phages effectively targeted 93 out of 100 bacterial 
strains tested. Such broad coverage of diverse clinical strains by 
these phages strongly underscores their considerable potential 
in therapeutic settings, particularly for treating multidrug-
resistant infections.

Key words. Klebsiella pneumonia, bacteriophage, phage 
therapy, infectious diseases, bacterial infections.
Introduction.

Klebsiella species are a group of Gram-negative bacteria 
belonging to the Enterobacteriaceae family. K. pneumoniae as 
well as other species of the Klebsiella genus are responsible for 
a wide range of infectious diseases in humans [1]. Klebsiella-
associated diseases include urinary tract infections, pneumonia 
and bloodstream infections, particularly in immunocompromised 
patients [2]. K. pneumoniae strains are notorious for their ability 
to acquire antibiotic-resistance against a wide range of antibiotics 
including beta-lactams, aminoglycosides and carbapenems. This 
makes Klebsiella-associated infectious diseases increasingly 
difficult to treat [3,4]. As a result, the emergence of multidrug-
resistant Klebsiella strains have become a major concern in 
various clinical settings [5]. These pathogens are responsible 
for community- as well as hospital-acquired infections, with a 

fairly high mortality rate, which tends to be particularly high in 
hospital settings [6-9].

To combat the growing threat from Klebsiella-associated 
infectious diseases, phages have emerged as one of the 
most promising alternative therapeutic approaches – both 
independently and in combination with antibiotics [10-15]. 
Phages represent the largest group of viruses on earth. They 
can be found in various environments such as air, soil, water 
and especially wastewater [16]. Phages, as natural predators 
of bacteria, have demonstrated their therapeutic potential in 
human healthcare as early as in the beginning of the XX century 
[17,18]. The golden era of antibiotics overshadowed phage use. 
However, treatment options for antibiotic-resistant bacteria 
are now diminishing [19]. Therefore, phages are once again 
regarded as antibacterial agents of great potential [20,21]. 

A number of traits highlight great potential and advantages 
of phages over antibiotics. Phages are widely distributed in 
nature and their isolation from the environment does not require 
significant financial resources. Phages are highly specific to 
their target bacteria, often on species or even on strain level. 
Such specificity ensures that mammalian cells and healthy 
microbiota remain untargeted by phage therapy [22-24]. Phages 
have virtually no side effects; their high specificity to targeted 
pathogens as well as the fact that due to their widespread presence 
phages are non-foreign entities for humans, makes phages safe 
therapeutic agents [25-28]. Presence of target bacterial cells 
leads to the multiplication of phage particles – increasing their 
concentration and preventing further spread of the pathogen. 
Phages can easily penetrate and move within the body, making 
them successful at reaching sites which are otherwise not so 
easily accessible – including bacterial biofilms [29,26,30]. 
While phage-resistance does emerge in clinically relevant 
bacteria, it is considered less alarming, than the development of 
antibiotic resistance. Phages are in constant arms race with their 
hosts, often being successful at overcoming resistance. In phage 
therapy, one of the strategies for suppressing emergence of 
phage resistance is combining therapeutic phages in cocktails.

Recent research on Klebsiella phages has mainly focused on 
their isolation, characterization and study of their therapeutic 
potential. The diversity of Klebsiella phages, their genetic 
plasticity and their ability to evolve quickly to counteract 
bacterial resistance mechanisms are important factors that make 
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them a promising therapeutic tool in the fight against bacterial 
infections [13].

Despite the promising potential of Klebsiella phages, there are 
challenges that need to be addressed before they can be routinely 
used in clinical settings. These include bacterial potential to 
develop resistance against phages. Here we characterize five 
Klebsiella phages in terms of their biological properties. We 
also evaluate the rates at which phage-resistant bacterial forms 
arise against them and we estimate their potential therapeutic 
use.
Materials and Methods.
Bacterial strains and their cultivation:

100 Klebsiella pneumoniae strains of clinical origin were used 
in this study. All strains had been provided by the Bacteriophage 
analytical-diagnostic center “Diagnosi 90”. The full list of 
strains and their origin can be found in Table S1.

Bacteria were cultivated at 37 °C for 18-24 hours. Incubation 
of cultures (both solid and liquid) took place in static conditions. 
Lysogeny Broth (LB) with and without agar was used as growth 
medium.
Antibiotic susceptibility testing of bacterial strains:

Bacterial strains were tested for their antibiotic susceptibility 
with disk diffusion method according to EUCAST 
recommendations [31]. Susceptibility evaluation experiments 
included 23 antibiotics from different groups: Penicillins – 5 
antibiotics; Cephalosporins – 6 antibiotics; Carbapenems – 4 
antibiotics; Monobactam – 1 antibiotic; Fluoroquinolones – 4 
antibiotics; Aminoglycosides – 3 antibiotics. Additionally, the 
activity of trimethoprim-sulfamethoxazole and chloramphenicol 
were also tested, bringing the total to 25 antibacterial agents 
(Table S2).
PCR detection of β-lactamase-encoding genes:

In all bacterial strains of interest, the presence of four 
β-lactamase encoding genes (Table 1) was detected by 
conventional PCR. 2 µl of heat-extracted DNA was used as a 
template. All primers are listed in Table 1. DreamTaq Green 
PCR Master Mix (Thermo Scientific) was used in all reactions 
and PCR products were analysed on 1 % agarose gel.
Genotyping of K. pneumoniae strains:

K.  pneumoniae clinical strains of interest were genotyped 
through pulsed-field gel electrophoresis (PFGE) approach [39]. 
Agarose-embedded DNA samples were treated with lysis buffer 
(1 mg/mL lysozyme, 100 µg/m proteinase K, 6 mM Tris-HCl (pH 
8.0), 1 M NaCl, 100 mM EDTA (pH 8.0), 0.2% deoxycholate, 
0.5% N-Lauroylsarcosine). Restriction endonuclease XbaI 
(NEB) was used for DNA fragmentation. Electrophoresis took 
place at 14 °C for 18 hours in 1 % agarose and 0.5 x Tris-borate 
EDTA (TBE) in a pulsed field gel electrophoresis apparatus 
Gene Navigator™ System (Amersham). Pulse parameters were: 
10-50 seconds, 200 volts (6 V/cm). Fragment analysis was 
conducted using Freetree and TreeView softwares [40].
Isolation of bacteriophages:

Phages were isolated from environmental water samples by the 
enrichment method [41]. 90 ml of water sample was enriched 
with 10 ml of times concentrated LB and 1 ml of bacterial 

suspension of strain(s) of interest. After incubating the sample 
at 37 °C for 18 hours, samples were centrifuged at 9 000 rpm 
for 20 min. Supernatant was filtered through 0.22 µm pore sized 
filters and was spotted on bacterial lawn.
Plaque formation and morphology:

The double-layer agar method was used to analyse phage 
plaque morphology [41]. Ten-fold diluted phage samples were 
mixed with 0.1 ml of a suspension of the host bacterial strain 
(109 CFU/ml) and 3 ml of semi-solid (0.5 %) LB agar. The 
mixture was spread on a Petri dish containing solid (1.5 %) LB 
agar. After incubation at 37 °C for 18-24 hours, the morphology 
and number of phage colonies were recorded.
Phage host range and efficiency of plating:

The host range of bacteriophages was studied using the spot-
test assay [42]. 100 clinical isolates of K.  pneumoniae were 
employed as target strains. 10 µl of phage suspensions (with 
phage titters of 107 PFU/ml) were spotted on bacterial soft-
agar lawns. The plates were incubated at 37 °C, after which 
the presence of lysis zones was observed. The following 
designations were used to assess the degree of antibacterial 
activity of bacteriophages: CL - the phage causes complete 
lysis of bacteria; SCL - the phage causes complete lysis, but 
single bacterial colonies are observed in the lysis zone; OL - 
the phage does not cause complete lysis of bacteria and there is 
secondary bacterial growth in the droplet zone; R- bacteria were 
resistant to phage. The efficiency of plating (EOP) of phages 
was calculated as average PFU on bacterial strains of interest 
divided by the average PFU obtained from the original host 
strain. EOP values from the original host strain were considered 
a reference - 100%. The EOP was classified into high (≥ 0.5), 
medium (0.1–0.5), or low (0.001–0.1) [43].
Transmission electron microscopy:

For the visualization of phage particles negative staining 
Drop-to-Drop method was used [44]. Briefly, 0.05 ml of phage 
suspension (with a titre of 109-1010 PFU/ml) was spotted on a 
formvar and carbon covered copper grid (Electron Microscopy 
Sciences). After 1 min of incubation extra liquid was blotted 
with filter paper. Copper grid was then placed on to the 2% 
phospotungstic acid (pH 7,2) droplet for 1 min. extra liquid was 
blotted with filter paper again and the grid was allowed to air 
dry. Prepared sample was examined using transmission electron 
microscope JEOL 100- SX (Jeol, Akishima-Shi, Tokyo, Japan).
One-step growth experiments:

For the one-step growth curve experiment, phages and their 
host bacterial strains were mixed in LB broth at a multiplicity 
of infection (MOI) of 0.1. The mixture was incubated at 37 °C 
in a water bath for 5-15 minutes to allow phage adsorption. To 
assess the number of unadsorbed phages at 5-minute intervals, 
0.1 ml of the sample was transferred into pre-cooled 9.9 ml of 
LB broth containing chloroform and immediately placed on 
ice for 10 minutes. The sample was then analyzed using the 
double-layer agar method. The proportion of adsorbed phages 
was determined by calculating the percentage of non-adsorbed 
phage particles, which corresponded to the plaque count. Once 
the maximum adsorption level was reached, the mixture was 
diluted 1000 times in fresh LB broth and incubated under the 
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same conditions. To track phage propagation, sample aliquots 
were taken at 5-10 min intervals and were plated using the 
double-layer agar method.

Phage latent period was defined as the shortest time required 
for the phages to complete their replication cycle, from 
adsorption to bacterial lysis and progeny release. The burst size 
was calculated as the ratio of the phage count before and after 
lysis, indicating the number of new phages released per infected 
bacterial cell [41,45].
Evaluation of the frequency of the development of phage-
resistant bacterial forms:

To estimate the frequency at which phage-resistant forms were 
created, both solid- and liquid culture approaches were used. In 
solid culture approach 0.1 ml bacterial culture (107-108 CFU/
ml) was plated onto the LB agar plates pre-treated with phage 
suspensions (109-1010 PFU/ml). After 18 hours of incubation 
at 37 °C, the number of phage-resistant bacterial colonies 
formed on the plates was recorded. The frequency of resistance 
formation was calculated as the CFU of resistant colonies 
divided by the CFU of colonies from a control experiment 
(bacteria plated on untreated agar) [41,46]. In liquid culture 
approach, 96 well microtiter plates were inoculated with 0.1 
ml of phage suspension (109-1010 PFU) and with 0.05 ml phage 
host strains (104-103 CFU). Absorbance was recorded at 590 nm 
every 20 min for 18 h while shaking at 37 °C.
Results.
Characterization of bacterial strains.

Antibiotic susceptibility of K. pneumoniae strains:
100 K. pneumoniae clinical strains, which were studied in this 

work had been isolated from various clinical samples of both, 
local and travelling patients. About one third were isolated from 
urine samples (30 %), followed by faecal isolates (29 %). 16 % 
of strains have unknown origin. Isolation sites of the remaining 
25 strains are as follows: sputum and throat swabs – 11 %, 
urogenital specimens – 7 % and wound swabs – 7 % (Table S1).

All strains were investigated in terms of their antibiotic 
resistance. Two most effective antibiotics were chloramphenicol 
and a combination of ceftazidime with avibactam. Only 17 % 
and 18 % of strains showed resistance to these two antibacterial 
agents, respectively (Table 2). In cases of 15 other antibiotics that 
were tested in this work, percentage of resistant strains always 
exceeded 50 % and even reached 100 % in case of Ticarcillin. 
Ticarcillin was followed by ampicillin, doripenem, piperacillin 
and cefepime, resistance rates to which were 99 %, 95 %, 93 
% and 93 %, respectively (Table 2). 86 % of all strains showed 
resistance to ceftazidime. 78 % and 73 % of studied strains were 
resistant against ofloxacin and the combination of amoxicillin 
and clavulanic acid, respectively. Moxifloxacin, aztreonam and 
ciprofloxacin were ineffective against 64 %, 63 % and 61 % 
of strains, respectively. Resistance rates to the remaining five 
antibiotics did not exceed 58 % and were as follows: imipenem 
- 58 %, cefuroxime - 57 %, meropenem - 56 %, ertapenem - 53 
% and ceftriaxone - 51 % (Table 2).

According to these results, most studied strains showed either 
extensively drug-resistant (XDR) or multidrug-resistant (MDR) 

phenotypes. Three strains were completely resistant to all tested 
antibiotics of all classes. From the remaining 97 strains 67 are 
XDR and 24 are MDR isolates.
Evaluation of the presence of selected β-lactamase encoding 
genes:

According to conventional PCR approach, we did not detect 
any of the four targeted bla genes in most of studied strains (70 
%). Among the other 30 %, tested bla genes occurred either 
independently or in combination. 11 % of strains harbored 
blaKPC. blaCTXM gene was found in 8  % of strains. These two 
genes co-occurred in 2 strains. blaNDM was found in 4 % of 
studied strains and in all of four cases blaCTXM was also present. 
Only five strains were found to harbor blaOXA-48 gene. In one out 
of these five cases blaOXA-48 was co-detected with blaCTXM. Since 
only a small set of genes was selected for PCR detection, PCR-
negative strains could still bear antibiotic resistance-encoding 
genes, which have not been targeted by us. These may include 
potential alternative mechanisms related to the loss of porins or 
to the acquisition of different efflux pumps.
Pulsed-field gel electrophoresis (PFGE) fingerprinting:

By PFGE fingerprinting we defined phylogenetic relationships 
between studied K.  pneumoniae isolates. The strains were 
grouped according to their origin: 50 strains from local patients 
in one group and 50 strains from non-Georgian residents – in 
another group. Strains were compared with other strains from 
their assigned group. XbaI digestion resulted in detectable and 
reproducible fingerprints in 96 cases, while DNA of 4 (Three 
local patients’ strains and one strain form a patient from abroad) 
strains was repeatedly degraded by restriction digest. Obtained 
fingerprints were used for constructing dendrograms, where 
multiple clusters can be observed (Figure 1). Tight clusters 
represent strains with higher level of genetic relatedness. No big 
clusters or large groups of highly similar strains were detected 
– highlighting high genetic diversity among studied strains. No 
correlation was found between the clustering of strains and their 
antibiotic susceptibility patterns.
Characterization of phages.

Phage host range and efficiency of plating (EOP):
From an initial set of 31 candidate phages five were selected 

for subsequent experiments. Main selection criterion for these 
phages was their lytic spectra. Phage M222 showed activity 
against 74 (out of 100) isolates, phages S884 and S706/2 were 
active against 44 strains and 40 strains, respectively. Phages 
M66 and M143 were not distinguished because of their wide 
lytic activity, however, they showed activity against strains, 
which were otherwise resistant to the three other phages. This 
way we ended up with a set of five phages, which, collectively 
act against 93 out of 100 target bacterial strains (Table S1).

While some strains showed intermediate sensitivity (e.g. OL) 
towards phages of interest, only fully sensitive strains were 
selected for the evaluation of the efficiency of plating (EOP) 
experiments. All five phages showed high EOP (≥0.5) on 
roughly half of tested strains (Table 3). Phage M143, which 
was characterized by the narrowest host range, indeed showed 
plaque formation only on 4 out of 9 tested strains. Even in these 



105

Targeted genes Primer sequence Expected product size References

blaKPC
For: CGTCTAGTTCTGCTGTCTTG
Rev: CTTGTCATCCTTGTTAGGCG 798 bp [32-34]

blaCTXM
For: AAAAATCACTGCGCCAGTTC
Rev: AGCTTATTCATCGCCACGTT 415 bp [35,36]

blaOXA-48
For: CCAAGCATTTTTACCCGCATCKACC
Rev: GYTTGACCATACGCTGRCTGCG 389 bp [37]

blaNDM
For: GCAGCTTGTCGGCCATGCGGGC
Rev: GGTCGCGAAGCTGAGCACCGCAT 782 bp [38]

Table 1. bla genes targeted by PCR. All primers and PCR setting were selected according to the sources cited in the table.

Antibiotic class Antibiotic Resistant strains (%) Sensitive strains (%)

Penicillins

Ticarcillin 100 0
Ampicillin 99 1
Piperacillin 93 7
Amoxicillin-clavulanic acid 73 27
Ampicillin-sulbactam 50 50

Cephalosporins

Cefepime 93 7
Cefuroxime 57 43
Ceftriaxone 51 49
Ceftazidime 86 14
Cefotaxime 43 57
Ceftazidime-avibactam 18 82

Carbapenems

Doripenem 95 5
Imipenem 58 42
Ertapenem 58 42
Meropenem 56 44

Monobactam Aztreonam 63 37

Fluoroquinolones

Ofloxacin 78 22
Moxifloxacin 64 36
Ciprofloxacin 61 39
Levofloxacin 48 52

Aminoglycosides
Tobramycin 31 69
Gentamicin 30 70
Amikacin 30 70

Other Trimethoprim-sulfamethoxazole 36 64
Chloramphenicol 17 83

Table 2. Antibiotic susceptibility of clinical isolates of K. pneumoniae. Amount of resistant/susceptible strains are presented in percentages. 
Percent values are calculated from 100 tested strains.

Bacteriophage Number of bacterial strains tested Quantitative distribution of strains according to the efficiency of each phage 
EOP   ≥ 0.5 EOP   < 0.5 EOP = 0

vB_Kp M66 13 7 5 1
vB_Kp M222 29 14 9 6
vB_Kp M143 9 4 0 5
vB_Kp S884 29 13 10 6
vB_Kp S706/2 18 9 6 3

Table 3. EOP of five tested phages. EOP of 0.5 or higher corresponds to high efficiency, EOP values between 0.1 and 0.5 is considered medium 
efficiency, while EOP of 0.1 or less is low efficiency.

Bacteriophage Rate of formation of phage-resistant forms
vB_Kp M66 8x10-4

vB_Kp M222 6x10-3

vB_Kp M143 3x10-4

vB_Kp S884 1.5x10-8

vB_Kp S706/2 1x10-8

Table 4. The rate at which phage resistant forms appear for each tested phage are presented. The rate is calculated by taking into account the 
initial amount of bacterial CFUs on phage-treated plates and the number of formed colonies.
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four cases plaques were not always fully transparent. The other 
four phages showed plaque formation on most tested strains. 
Phage M66 formed plaques on 12 out of 13 strains (with high 
efficiency on 7 strains), phage M222 and phage S884 both 
formed plaques on 23 out of 29 and 26 strains respectively 
(with high efficiency on 14 and 13 strains, respectively) and 
phage S706/2 formed plaques on 15 out of 18 strains (with high 
efficiency on 9 strains) (Table 3).
Phage virion and plaque morphology:

Phage virion morphology was studied via transmission 
electron microscopy (TEM). TEM investigation revealed two 
different phage morphologies. Phages M66, M222 and M143 
showed morphology characteristic for the Myoviridae morpho 
group – all three phages having hexagonal heads and contractile 
tails (Figure 2 a, b, c – top left panels). On the other hand, phages 
S884 and S706/2 showed smaller heads and non-contractile 
tails, putting them in the Siphoviridae morphological group 
(Figure 2 d, e – top left panels).

Plaque formation varied among the studied five phages. Phage 
plaques on bacterial lawns differed in terms of their size and in 
terms of the presence or absence of halos around plaque centers. 
While phages M222, S884 and S706/2 formed small, clear 
plaques, in cases of phages M143 and M66 halo formation was 
also observed (Figure 2 b, c, bottom and right panels).
Phage one-step growth experiments:

In terms of their growth characteristics, all five phages showed 
different properties. Phages M222 and M143 proved to be the 
fastest absorbers, 95 % and 92 % of phage particles of M222 

and M143, respectively successfully absorbing to host cells in 5 
minutes. In all other aspects these two phages differed drastically. 
With 130 min, phage M143 has the longest (among the studied 
phages) latent period. Its burst size fluctuates between 90 and 
100 PFUs per infected cell. These properties are quite similar to 
what we saw in case of phage M66, which is also characterized 
by long latent period (100-120 min) and a burst size of 100-
120 PFUs per infected cell. It is noteworthy, that maximum 
adsorption by this phage takes place at 10 minutes (with 90 % 
of phage particles adsorbing to the host). Fast-adsorbing phage 
M222 has a much shorter latent period of 15-20 min and its burst 
size is 40 PFUs per infected cell. Adsorption of phage particles 
of S706/2 and S884 peaks at 10 minutes in both cases (with 95 
% and 90 % of corresponding phage particles adsorbing at 10 
min time point), however their latent period and burst size are 
significantly different. Phage S706/2 has a 50 min-long latent 
period concluded by the release of 90-100 PFUs from each 
infected cell, while phage S884 produces 30 PFUs per infected 
cell after a latent period of only 20-25 min.
Determination of the rate of formation of phage-resistant 
forms:

We studied the rate at which phage-resistant forms arise in 
target bacterial strains. For phages S884 and S706/2, the rate 
was very low (1-1.5x10-8). This number was higher for the three 
other phages (Table 4). Importantly, in case of phage M222 
(with a rate of 6x10-3), resistant forms were found to be unstable 
– already after the first round of cultivation, phage resistance 
was no longer detected. It is interesting to note, that phage-
resistant forms, which developed against phage M222 as well 

Figure 1. Dendrograms of XbaI digest-based PFGE fingerprinted strains of K. pneumoniae. Strains of local patients (a) and of patients travelling 
from abroad (b) are presented in two separate trees. Clusters A and B (and corresponding sub-clusters) are indicated for each dendrogram. Seven 
strains, which showed resistance to all five phages are boxed. Detected presence of β-lactamase encoding genes is indicated next to relevant strains.
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as phages M143 (at the rate of 3x10-4) and M66 (at the rate of 
8x10-4) acquired sensitivity to other phages, including phage 
M198 [47] (data not shown).

In accordance with the results obtained by plate-based assays 
(described above), we found that phage resistance against phages 
S884 and S706/2, but also against phage M222 did not occur in 
liquid culture experiments. Bacterial forms resistant to phages 
M143 and M66 only arouse after 8-12 hours of cultivation and 
even then, cell density remained low.
Discussion.

In this work we evaluated therapeutic potential of five phages 
targeting clinical strains of K. pneumoniae. K. pneumoniae is 
an important pathogen, with more and more cases of infections, 
where conventional antibiotics have failed [48-52]. Since the 
number of successful clinical cases, where K.  pneumoniae 
has been effectively targeted by personalized phages, is on the 
rise, it is obvious, that Klebsiella phages represent a promising 
alternative to antibiotics [12,13,53-59]. The fact that there are no 
ready-made Klebsiella-targeting phage cocktails available on the 
pharmaceutical market, creates obstacles for rapid, effective and 
accessible phage therapy options for Klebsiella-related infections. 
We therefore believe, that characterization of phages for potential 
therapeutic application (for personalized use as well as for potential 
cocktail development) is an important step in this direction.

While the need for well characterized Klebsiella phages 
is apparent, we understand the limitations of current study. 
Phenotypically characterized phages, which are described in 
this work have not yet been studied in terms of their genetic 
characteristics. This is an important next step, which would 

allow us to confidently declare therapeutic potential of these 
phages – as we have recently done for another Klebsiella phage 
– Phage M198 [47]. 

Phenotypic tests suggest, that all five phages described in 
this work are most likely lytic phages, which effectively tagret 
clinical isolates of K. pneumoniae. Also, the fact that these five 
phages vary by their intracellular growth characteristics (most 
importantly by their adsorbtion times and latent periods), makes 
them good candidates for phage combinations. Relatively low 
rates of resistance formation is also an important aspect, which 
needs to be noted. While presented data does not allow to 
pinpoint any mechanisms behind emergence or loss of phage-
resistance, these are long known, but not fully understood 
occurrences. Since we did not study genetic backgrounds of 
different generations of the bacterial host and neither did we 
assess heterogeneity of phage-treated populations, possible 
pseudolysogeny cannot be fully excluded. It is also plausible 
to assume, that what we observed are not true resistant mutants, 
but rather cells in a carrier state [60,61]. It would therefore be 
interesting to find out whether the cells in different generations 
respond to phage infection through receptor-involving 
mechanisms such as by adapting LPS synthesis pathways or 
through reversible phase-variation [62,63]. These aspects of the 
emergence and loss of phage resistance towards described five 
phages remains to be understood.

Importantly, characterized phages lyse strains, which proved 
to be extensively drug-resistant – highlighting their therapeutic 
potential. Also, phenotypic antibiotic resistance profiles or 
presence of resistance genes tested by us does not seem to 
correlate with phage susceptibility of studied strains. 

Figure 2. Morphology of phage particles and plaques. Phage particles were visualized by transmission electron microscopy, at x320 000 
magnification. Scale bar – 50 nm. Plaque morphology was assessed on double layered agar plated. For each phage top-left panel depicts its virion 
morphology, top-right panel shows a full plate with phage plaques and the bottom panel depicts magnified picture of plaque-containing plate in 
greyscale. a. Phage M222 – Myoviridae, approximate head and tail sizes: 108 x 87 nm and 135 35 nm, respectively. b. Phage M 143 – Myoviridae, 
approximate head and tail sizes: 105 x 106 nm and 102 x 30 nm, respectively. c. Phage M66 – Myoviridae, approximate head and tail sizes: 43.7 x 
43.7 nm and 75 x 9.5 nm, respectively. d. Phage S706/2 – Siphoviridae, approximate head and tail sizes: 78 x 78 nm and 218 x 8 nm, respectively. 
e. Phage S884 – Siphoviridae, approximate head and tail sizes: 65 x 65 nm and 188 x 6 nm, respectively.
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It is interesting to note, that the distribution of detected beta-
lactamase encoding genes was uneven between the two groups 
of strains tested here. KPC, which is responsible for resistance 
to carbapenems and which is often found on mobile genetic 
elements, was more frequently encountered in strains originating 
from Georgia. Since we have not studied how alternative 
processes could contribute to observed antibiotic resistance, 
we are unable to definitively identify the specific mechanisms 
responsible for phenotypically observed resistance to a wide 
range of antibiotics. However, previous studies suggest that 
loss of porins or acquisition of efflux pumps may contribute 
to resistance in strains, which, according to our limited PCR 
experiments, did not harbor beta-lactamase encoding genes. It 
has long been known, that outer membrane permeability is an 
important factor in drug resistance in Klebsiella [64]. Loss of 
outer membrane porins, such as OmpK35 and OmpK36 has 
been established as one of the factors contributing to resistance 
to beta-lactams, such es imipenem and ertapenem [64-66]. 
While efflux pumps are rarely the sole determinants of high-
level antibiotic resistance, they are playing an important role in 
the development of multidrug resistance in Enterobacteriaceae 
[67]. It is therefore highly likely, that PCR-negative strains from 
this work possess mechanisms, not detectable by highly specific 
PCR used by us. 

Our observation that these phages have covered 93 % of 
randomly selected drug-resistant, genetically diverse (according 
to PFGE fingerprinting) strains from different sources, suggests 
that they could be effective against a large variety of clinical 
isolates. However, we understand that the variety of targeted 
K.  pneumoniae strains, being notorious for its capsule type 
diversity, needs to be confirmed by strain capsular typing. 
While such typing has not been a part of this project, we are 
planning to address this shortcoming in future work involving 
these phages.

Despite its shortcomings, we view this work as an important 
step towards ensuring that a large and diverse set of therapeutic 
Klebsiella phages are available. As a foundation for future 
experiments, this work would be followed by experiments, 
which would aim at phage cocktail design by more detailed 
characterization of phages as well as of their target strains.
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Table S1. List of 100 strains included in the study. Isolation source is indicated next to the strain ID. Strains resistant to all five phages tested in this 
work are highlighted in yellow. resistance (R) is indicated in purple, full and intermediate sensitivity – in blue (S and I, respectively). Next to each 
strain, its antibiotic-resistance status is shown: S – sensitive; MDR – multi-drug resistant; XDR – extensively drug resistant; PDR – pan-drug resistant.

# Strain ID Isolation source Phage
M66 M222 M143 S884 S706/2

1 K.p.10 Stool R S R S S MDR
2 K.p.13 Urine R S R S S MDR
3 K.p.16 Urine R R R S S MDR
4 K.p.27 Stool R I R R R MDR
5 K.p.34 Stool S I R S S MDR
6 K.p.37 Throat swab R I R R R XDR
7 K.p.51 Urine S S R I S XDR
8 K.p.54 Sputum I I R I I S
9 K.p.57 Sputum R I R R R MDR
10 K.p.58 Stool R R R S R XDR
11 K.p.63 Urine R I R I S XDR
12 K.p.66 Wound swab S I R R R PDR
13 K.p.72 Stool R I S R R XDR
14 K.p.79 Stool R S R I S XDR
15 K.p.95 Wound swab R I R R R XDR
16 K.p.102 Unknown R I S S S XDR
17 K.p.154 Unknown R S R R R S
18 K.p.155 Wound swab R S R R R XDR
19 K.p.156 Urine R S R I S XDR
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20 K.p.158 Urethra R R R R S XDR
21 K.p.159 Stool R I R R R MDR
22 K.p.160 Stool R I R I S XDR
23 K.p.161 Stool R S R R R MDR
24 K.p.162 Stool R R S R R XDR
25 K.p.163 Stool R S R S S XDR
26 K.p.164 Urine R S R R I MDR
27 K.p.165 Urine R S R R R MDR
28 K.p.166 Stool R I R R R XDR
29 K.p.167 Throat swab R R R R R XDR
30 K.p.168 Stool R I R R R MDR
31 K.p.169 Stool R R S R R MDR
32 K.p.170 Stool R S R R R XDR
33 K.p.171 Stool R R R R R MDR
34 K.p.172 Stool R I R S I XDR
35 K.p.173 Stool R R R I R MDR
36 K.p.174 Stool R R R R R MDR
37 K.p.176 Urine R S R S S XDR
38 K.p.177 Sputum R S R R R XDR
39 K.p.178 Wound swab R I R R R S
40 K.p.179 Unknown S R S R R S
41 K.p.180 Urine R S R I S XDR
42 K.p.181 Unknown R S R I R MDR
43 K.p.182 Stool R S R I R MDR
44 K.p.183 Stool R R S R R MDR
45 K.p.184 Throat swab R S R S S MDR
46 K.p.185 Vagina R R R R R MDR
47 K.p.186 Unknown S R R R R S
48 K.p.187 Stool R I R I I S
49 K.p.191 Stool S R R S I XDR
50 K.p.192 Sputum R I R R R XDR
51 K.p.793a Urine R S R R R XDR
52 K.p.795a Urine R S R R S XDR
53 K.p.797a Urine R S R R R XDR
54 K.p.798a Urine R R R R R XDR
55 K.p.799a Urine R R R R R XDR
56 K.p.803a Stool S I R R R XDR
57 K.p.804a Stool R I R R S XDR
58 K.p.811a Stool R S R R R XDR
59 K.p.813a Urine R R R S S PDR
60 K.p.814a Urine R S R R R XDR
61 K.p.815a Unknown R R R R S XDR
62 K.p.816a Unknown R S R R R XDR
63 K.p.820a Urine R I R S S XDR
64 K.p.821a Urine R S R I R XDR
65 K.p.823a Urine S R R R R XDR
66 K.p.828a Unknown R I R R R XDR
67 K.p.836a Urethra R S R R R XDR
68 K.p.837a Sperm R S R R R XDR
69 K.p.842a Urine R S R I I XDR
70 K.p.853a Unknown S R R I R XDR
71 K.p.855a Unknown R S R S S MDR
72 K.p.856a Wound swab R S R R R XDR
73 K.p.858a Urine R S R I R XDR
74 K.p.860a Unknown R S R R R XDR
75 K.p.870a Unknown R R R R R XDR
76 K.p.872a Throat swab R S R R R XDR
77 K.p.873a Unknown R S R I R XDR
78 K.p.879a Throat swab R R R R S XDR
79 K.p.880a Unknown R R S R R MDR
80 K.p.884a Urine R R R S R XDR
81 K.p.887a Wound swab R S R S S XDR
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Antibiotic class Antibiotic

Penicillins

Ticarcillin
Ampicillin
Piperacillin
Amoxicillin-clavulanic acid
Ampicillin-sulbactam

Cephalosporins

Cefepime
Cefuroxime
Ceftriaxone
Ceftazidime
Cefotaxime
Ceftazidime-avibactam

Carbapenems

Doripenem
Imipenem
Ertapenem
Meropenem

Monobactam Aztreonam

Fluoroquinolones

Ofloxacin
Moxifloxacin
Ciprofloxacin
Levofloxacin

Aminoglycosides
Tobramycin
Gentamicin
Amikacin

Other Trimethoprim-sulfamethoxazole
Chloramphenicol

Table S2. List of antibiotics used in this work. Antibiotics are grouped according to their class.

82 K.p.889a Wound swab S I S R R XDR
83 K.p.892a Urine R I S R R XDR
84 K.p.898a Sputum S S R I I MDR
85 K.p.900a Sputum R S R S S XDR
86 K.p.904a Urine R I R R R XDR
87 K.p.910a Stool R S R S S XDR
88 K.p.912a Stool R R S R R XDR
89 K.p.918a Stool R I S R R XDR
90 K.p.924a Sperm R S R S S XDR
91 K.p.925a Urine R S R I S XDR
92 K.p.959a Urine R S R I R XDR
93 K.p.962a Urine S S R I I XDR
94 K.p.976a Sperm R S R I I XDR
95 K.p.978a Prostate R I R I I XDR
96 K.p.983a Urine R S R R R XDR
97 K.p.984a Unknown R I R I S XDR
98 K.p.985a Urine S R R S I XDR
99 K.p.986a Urine R I R S S MDR
100 K.p.987a Unknown R I R R R PDR
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