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ABSTRACT

Objective: The objective of this study was to investigate the intensity of phage infection caused 
by Phage SAvB14, which was isolated from dairy farms, depending on the initial number of 
Staphylococcus aureus cells in the medium. 
Material and methods: To evaluate the impact of the viable bacteria S. aureus var. bovis on the 
intensity of phage infection caused by Phage SAvB14, 1 mg of phagolysate (phage titer 105 CFU/
ml) was introduced in 9 ml of nutrient broth with an appropriate amount of daily culture of S. 
aureus var. bovis under study. The number of viable staphylococci was determined by total viable 
count/ml.
Results: In this experiment, we found that the intensity of phages lytic activity was dependent on 
the number of sensitive bacterial cells in the volume of the culture medium. Effective phage ther-
apy requires a high concentration of phages in the medium (inflammation foci) for rapid contact 
of the virus with bacteria. 
Conclusion: When developing a phage drug to treat subclinical mastitis, it is necessary to increase 
the phage titer in the drug or its dosage compared to the clinical form, as there is a lower proba-
bility of phage contact with a susceptible microbial cell. Besides, at a high concentration of bacte-
ria, there is a gradual decrease in nutrients in the medium, resulting in phages going back to the 
condition of lysogeny.
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Introduction 

Cow mastitis is an inflammation of breast caused by 
pathogenic microflora [1–3]. This disease is one of the 
largest production problems in the dairy industry, not 
only in Ukraine but worldwide [3,4]. Among mastitis 
pathogens, Staphylococcus aureus is mostly attracted by 
the low level of effectiveness of antibiotic therapy and 
remains in the herd in the form of undetected subclinical 
infections. Studies report that the effectiveness of ther-
apy for intramammary infections caused by S. aureus in 
the lactation period is up to 35%, and in the treatment 
of staphylococcal mastitis in the dry period is up to 80% 

[5,6]. Overall, the resistance rates of S. aureus to anti-
microbial agents vary widely by region. Also, multi-re-
sistant strains are allocated from raw milk, especially 
methicillin-resistant S. aureus and vancomycin-resistant 
S. aureus, which pose a risk to humans [7]. Therefore, 
there is an urgent need to seek and develop new ther-
apeutic mastitis treatments targeting this pathogen. 
Treatment of bacterial infections by phages is one of the 
alternative methods [8–10]. Studies indicate that only 
lytic phages should be used for effective phage ther-
apy [11]. However, some lytic phages have also been 
reported to be known as lysis inhibition [12]. Chronically 
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infected phage cells produce offspring that slowly depart 
from the cell or are transmitted to daughter cells with-
out lysis. However, neither the phage genome integra-
tion into the host genome nor bacterial lysis occurs. This 
phenomenon is considered as a chronic phage infection 
or “carrier state.” This strategy is thought to help the 
phages to persist in the host when they lack nutrients 
to support the growth of germs or high levels of virions 
in the extracellular environment [13,14]. However, these 
phenomena are insufficiently disclosed and need a more 
detailed study.

Therefore, because of the above-mentioned issues, 
when developing cost-effective methods and treatments 
for mastitis of cows using phages, it is necessary to con-
duct a thorough research on the selection of specific, 
environmentally active and environmentally resistant 
phages

The purpose of work was to determine the intensity of 
phage infection caused by Phage SAvB14, which was iso-
lated on dairy farms, depending on the initial number of S. 
aureus cells in the medium.

Materials and Methods

To achieve this purpose were investigated the cultures 
of S. aureus and the specific Phage SAvB14, which we iso-
lated from the secret of the mammary gland of cows with 
mastitis and investigated by the State Scientific Control 
Institute of Strains and Microorganisms. In the experi-
ments, the strains of S. aureus var. bovis were used and 
were lysed by the Phage SAvB14 using the Otto method 

[15].
To evaluate the impact of viable bacteria S. aureus var. 

bovis on the intensity of phage infection caused by the 
Phage SAvB14, 1 ml of phagolysate was injected with a 
phage titer of 104 PFU/ml in 9 ml of nutrient broth with a 
number of 5.0 × 102, 1.0 × 103, 1.0 × 104 and 1.0 × 105 daily 
culture of tested microorganisms. The number of viable 
staphylococci was determined by sowing them in the BD 
Baird-Parker Agar medium (HiMedia, India) according to 

standard procedures. The studies were carried out in three 
replicates.

Statistical processing of results was carried out by vari-
ational statistics methods using the program Statistica 6.0 
(StatSoft Inc., Tulsa, OK). Nonparametric research meth-
ods were used (Wilcoxon, Mann–Whitney criteria). The 
difference between the compared values was considered 
significant at p < 0.05.

Results

Virulent phages in contact with sensitive bacterial cells 
inhibit their metabolism, which leads to complete lysis of 
microorganisms. Our previous studies found that the iso-
lated staphylococcal Phage SAvB14 from cows with mas-
titis showed high lytic activity against S. aureus var. bovis 
cultures.

Table 1 shows the results of the study of the effect of 
Phage SAvB14 at a concentration of 104 PFU/ml on strains 
of susceptible bacteria S. aureus var. bovis within 2 h.

The data of Table 1 indicate the dependence of the 
intensity of phage infection on the initial S. aureus content 
of the medium. After 2 h of phage interaction with micro-
bial cells, the slowest spread of phage infection occurred 
in medium with an initial S. aureus content of (5.0 ± 0.1) 
× 102 CFU/ml. During this period, the number of staphylo-
cocci decreased by 1.1 times. Increasing the initial number 
of S. aureus in the medium to (1.0 ± 0.07) × 103 CFU/ml 
increased the incidence of phage infection, as the number 
of microbial cells decreased by 1.23 times after 2 h (p < 
0.05). A similar pattern with respect to the spread of phage 
infection was observed in the greater initial number of S. 
aureus in the medium (104 – 105 CFU/ml). With this initial 
content of microbial cells, the effect of phage within 2 h led 
to a decrease in the number of staphylococci, an average of 
1.3 times (p < 0.05). This indicated that bacterial lysis took 
place due to the rapid spread of phage infection among 
staphylococci.

In a nutrient BD Baird-Parker Agar medium with an 
initial number of S. aureus 1.0 ± 0.002 × 105 CFU/ml, 

Table 1.  Influence of Phage SAvB14 on S. aureus var. bovis within 2, 4, 24, and 48 h.

The initial number of S. aureus var. bovis, CFU/ml Phage titer,PFU/ml
Number of S. aureus var. bovis after the influence of phage, CFU/ml

2 h 4 h 24 h 48 h

5.0 ± 0.1 × 102 104 4.5 ± 0.1 × 102 1.8 ± 0.07 × 102 0 0

1.0 ± 0.07 × 103 104 8.1 ± 0.1 × 102* 3.2 ± 0.1 × 102 0 0

1.0 ± 0.008 × 104 104 7.6 ± 0.1 × 103* 2.3 ± 0.1 × 103∆∆ 0 0

1.0 ± 0.002 × 105 104 7.5 ± 0.1 × 104*∆ 2.2 ± 0.05 × 104∆∆ 7.8 ± 0.3 × 102 7.1 ± 0.2 × 102

CFU = colony-forming unit; PFU = plaque-forming unit.
*р < 0.05 in comparison with initial number; ∆ – compared to a number of S. aureus (4.5 ± 0.1) × 102 CFU; ∆∆ – compared to initial number of S. aureus 4.5 ± 
0.1 × 102 CFU/ml and 1.0 ± 0.07 × 103 CFU/ml.
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1.6 times (p < 0.05) faster killing of microbial cells was 
observed, compared to a medium with 5.0 ± 0.1 × 102 
CFU/ml and 1.5 times (p < 0.05) faster compared to 1.0 ± 
0.07 × 103 CFU/ml. With an initial S. aureus content in the 
nutrient broth of 1.0 ± 0.008) × 104 CFU/ml, the intensity 
of phage infection was also 1.5 and 1.4 times faster (p < 
0.05) than in the broth with the number of staphylococci. 
5.0 ± 0.1 × 102 and 1.0 ± 0.07 × 103 CFU/ml, respectively. 
This indicates that the greater number of microbial cells 
in the medium, the faster the contact between the virus 
and the bacterium, which leads to the spread of phage 
infection.

At the same time, during 24 and 48 h of phage expo-
sure to microbial cells in variants of experiments with an 
initial number of S. aureus up to 1.0 ± 0.008 × 104 CFU/
ml, complete bacterial lysis occurred, and they were not 
isolated from the nutrient medium. At the initial number 
of staphylococci in the broth 1.0 ± 0.002 × 105 CFU/ml 

after 48 h of action, the phage of complete lysis of micro-
bial cells was not observed. The number of S. aureus 
decreased by several orders of magnitude of 7.1 ± 0.2 × 
102 CFU/ml.

Discussion

Phages are natural viruses that use bacterial cells for 
growth, as soon as the phage overcomes the host’s 
immunity (i.e., Clustered Regularly Interspaced Short 
Palindromic Repeats; CRISPR defenses), the cell may 
undergo lytic or lysogenic cycle [16,17]. The ability of 
phages to influence bacteria depends on the possible 
adsorption of phages into the host cell. It is believed 
that the more phage sensitive bacteria present in the 
medium, the greater the likelihood that free phage will 
be adsorbed [18–20].

In this experiment, we detect a virulent phage infec-
tion of a sensitive bacterial culture that results in the 
inhibition of Staphylococcus cell metabolism and almost 
complete bacteriolysis. However, the intensity of the 
lytic activity of phages depended on the number of sen-
sitive bacterial cells in the volume of culture medium. 
When introduced into the nutrient broth 5.0 ± 0.1 × 102 
CFU/ml of microbial cells of staphylococci, it was found 
that after 2 h of phage–bacterial interaction, the num-
ber of viable cells decreased by 1.1 times compared 
with the original number. At the same time, due to the 
effect of phage on bacteria with an initial Staphylococcus 
count of 1.0 ± 0.008 × 104 and 1.0 ± 0.002 × 105 CFU/
ml of medium, the lytic activity was more effective as 
the bacterial count decreased by an average of 1.3 times 
(P < 0.05). A similar pattern was found after 4 h of 
phage infection for staphylococci. Similar results were 

obtained by other scientists who noted that the optimal 
ratio of phage and bacteria (virus-to-bacterium ratio 
or VBR) is a crucial factor in the fight against bacterial 
pathogens. Studies showed that the ratio of phage and 
bacteria of 1:100 caused a slight decrease in viable P. 
aeruginosa cells.

In contrast, a ratio of 1:1000 was 10 times more effec-
tive within 24 h of treatment [21–23]. Other scientists 
studied the interaction of phages with 72 h biofilm of E. 
coli. In the short period (30 min), significantly more bio-
film disturbance was observed in the ratio of phage and 
bacteria of 1:100 compared to the ratio of 1:10 [24,25]. 
Therefore, effective phage therapy requires a high con-
centration of phages in the medium (inflammation foci) 
for rapid contact of the virus with bacteria. Even if phages 
cause the infection of one pathogenic cell, the closest sus-
ceptible microbial cell can be far enough from the infected 
one. Therefore, the spread of the phage epidemic in the 
inflammation site requires the achievement of significant 
infection of microbial cells by phage. 

Our previous studies on examining bacterial patho-
gens in various forms of mastitis have found that in sub-
clinical mastitis, the number of S. aureus was, on average 
three times lower than in acute form [26]. Therefore, the 
approach to the use of phage drugs for the treatment of 
subclinical mastitis should be different from the clinical 
one. When developing a phage drug for the treatment of 
subclinical mastitis, it is necessary to increase the phage 
titer in the drug or its dosage compared to the clinical 
form, since there is a lower likelihood of phage contact 
with a sensitive microbial cell.

Studies have reported [27–30] that the coexistence 
of bacteria and phages may be unstable due to nutrient 
deficiencies for bacteria, low intensity of phage infection, 
and the like. The results of studies found that after 24 
h of Staphylococcus interaction with phage in the vari-
ant with a large initial number of microbial cells (105 
CFU/ml) did not occur complete lysis of staphylococci, 
and their number was 7.8 ± 0.3 × 102 CFU/ml. This sug-
gests that with a high bacterial concentration, there is 
a gradual decrease in nutrients in the medium, causing 
the phages to become lysogenic. Lysogenesis is a para-
sitic symbiosis where phages delay cell lysis, integrate 
into the bacterial genome, and are in a weak active state 
[30]. According to studies [31–33], lysogenesis is more 
common when the multiplicity of infection is large and 
nutrient deficiency occurs.

Therefore, summarizing the results of the study, the 
prospect of effective use of specific Staphylococcal Phage 
SAvB14, selected by us, in the mastitis of cows caused by 
S. aureus var. bovis can be noted. However, when selecting 
the dose and concentration of phage, it is necessary to take 
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into account the specific features of phage–bacterial inter-
action to ensure effective treatment.

Conclusion

The lytic activity of phages has been found to be depen-
dent on the number of susceptible bacterial cells in 
the volume of the medium. With an initial amount of 
S. aureus 5.0 ± 0.1×102 CFU/ml of the medium, after 2 
h of phage–bacterial interaction, the viable cell counts 
decreased by 1.1 times. At the same time, due to the 
effect of phage on staphylococci with an initial amount 
of 104 and 105 CFU/ml of the medium, the bacterial con-
tent decreased by an average of 1.3 times. It has been 
found that after 4 h of action of bacteriophage in an 
environment with an initial amount of S. aureus 1.0 ± 
0.002×105 CFU/ml, there has been observed 1.6 times 
faster death of microbial cells compared to the medium 
with an amount of 5.0 ± 0.1×102 CFU/ml and 1.5 times 
faster than 1.0 ± 0.07×103 CFU/ml. This indicates that 
the larger the number of microbial cells in the environ-
ment, the faster the contact between the virus and the 
bacterium. It has been established that during 24 and 48 
h of phage exposure to microbial cells in variants with an 
initial amount of S. aureus up to 1.0 × 104 CFU/ml, com-
plete bacterial lysis occurs. At the initial Staphylococcus 
count in the environment of 1.0 ± 0.002 × 105 CFU/cm3, 
complete lysis of microbial cells has been not observed. 
The number of S. aureus decreased by several orders of 
magnitude and amounted to 7.1 ± 0.2 × 102 CFU/ml. This 
suggests that with a high bacterial concentration, there 
is a gradual decrease in nutrients in the medium, causing 
the phages to become lysogenic.

Acknowledgment

The authors thank the Ternopil Experimental Station 
Institute of Veterinary Medicine National Academy of 
Agrarian Sciences of Ukraine for their help, support, and 
facilities for conducting this experiment.

Conflict of interest

The authors declare that they have no conflict of interest.

Authors’ contribution

Y. Horiuk, M. Kukhtyn, V. Horiuk developed the experiment, 
analyzed data, and wrote the manuscript. A. Tsvihun and S. 
Kernychnyi helped in manuscript writing, setting, and data 
analysis.

References
[1]	 Yengkho R, Gupta M, Lokesha E, Handique B, Singh LK. Bovine mas-

titis and its treatment strategies. Res Rev J Vet Sci Technol 2019; 
7(3):11–6; https://doi.org/10.37591/rrjovst.v7i3.1540

[2]	 Bianchi RM, Schwertz CI, de Cecco BS, Panziera W, De Lorenzo C, 
Heck LC, et al. Pathological and microbiological characterization of 
mastitis in dairy cows. Trop Anim Health Prod 2019; 51(7):2057–
66; https://doi.org/10.1007/s11250-019-01907-0

[3]	 Horiuk Y, Kukhtyn M, Kovalenko V, Kornienko L, Horiuk V, Liniichuk 
N. Biofilm formation in bovine mastitis pathogens and the effect on 
them of antimicrobial drugs. Indep J Manag Prod 2019; 10(7):897–
910; https://doi.org/10.14807/ijmp.v10i7.1012

[4]	 McDougall S, Clausen L, Hintukainen J, Hunnam J. Randomized, 
controlled, superiority study of extended duration of therapy 
with an intramammary antibiotic for treatment of clinical masti-
tis. J Dairy Sci 2019; 102(5):4376–86; https://doi.org/10.3168/
jds.2018-15141

[5]	 Kirkeby C, Zervens L, Toft N, Schwarz D, Farre M, Hechinger S, et 
al. Transmission dynamics of Staphylococcus aureus within two 
Danish dairy cattle herds. J Dairy Sci 2019; 102(2):1428–42; 
https://doi.org/10.3168/jds.2018-15106

[6]	 Qu Y, Zhao H, Nobrega DB, Cobo ER, Han B, Zhao Z, et al. Molecular 
epidemiology and distribution of antimicrobial resistance genes 
of Staphylococcus species isolated from Chinese dairy cows with 
clinical mastitis. J Dairy Science 2019; 102(2):1571–83; https://
doi.org/10.3168/jds.2018-15136

[7]	 Kadlec K, Entorf M, Peters T. Occurrence and characteristics of 
livestock-associated Methicillin-Resistant Staphylococcus aureus in 
quarter milk samples from dairy cows in Germany. Front Microbiol 
2019; 10:1–10; https://doi.org/10.3389/fmicb.2019.01295

[8]	 Bouchart F, Vidal O, Lacroix JM, Spriet C, Chamary S, Brutel A, et 
al. 3D printed bioceramic for phage therapy against bone nosoco-
mial infections. Mater Sci Eng C 2020; 111:110840; https://doi.
org/10.1016/j.msec.2020.110840

[9]	 Kortright KE, Chan BK, Koff JL, Turner PE. Phage therapy: a 
renewed approach to combat antibiotic-resistant bacteria. Cell 
Host Microbe 2019; 25:219–32; https://doi.org/10.1016/j.
chom.2019.01.014

[10]	 Morrisette T, Kebriaei R, Lev KL, Morales S, Rybak MJ. 
Bacteriophage therapeutics: a primer for clinicians on phage-anti-
biotic combinations. Pharmacotherapy 2020; 40:153–68; https://
doi.org/10.1002/phar.2358

[11]	 Feiner R, Argov T, Rabinovich L, Sigal N, Borovok I, Herskovits AA. 
A new perspective on lysogeny: prophages as active regulatory 
switches of bacteria. Nat Rev Microbiol 2015; 13:641–50; https://
doi.org/10.1038/nrmicro3527

[12]	 Li L, Zhang Z. Isolation and characterization of a virulent bacterio-
phage SPW specific for Staphylococcus aureus isolated from bovine 
mastitis of lactating dairy cattle. Mol Biol Rep 2014; 41(9):5829–
38; https://doi.org/10.1007/s11033-014-3457-2

[13]	 Nair A, Khairnar K. Genetically engineered phages for therapeu-
tics: proceed with caution. Nat Med 2019; 25(7):1028; https://doi.
org/10.1038/s41591-019-0506-3

[14]	 Wang Q, Guan Z, Pei K, Wang J, Liu Z, Yin P, et al. Structural basis of 
the arbitrium peptide–AimR communication system in the phage 
lysis–lysogeny decision. Nat Microbiol 2018; 3(11):1266–73; 
https://doi.org/10.1038/s41564-018-0239-y

[15]	 Wills QF, Kerrigan C, Soothill JS. Experimental bacteriophage pro-
tection against Staphylococcus aureus abscesses in a rabbit model. 
Antimicrob Agents Chemother 2005; 49(3):1220–1; https://doi.
org/10.1128/AAC.49.3.1220-1221.2005

https://doi.org/10.37591/rrjovst.v7i3.1540
https://doi.org/10.1007/s11250-019-01907-0
https://doi.org/10.14807/ijmp.v10i7.1012
https://doi.org/10.3168/jds.2018-15141
https://doi.org/10.3168/jds.2018-15141
https://doi.org/10.3168/jds.2018-15106
https://doi.org/10.3168/jds.2018-15136
https://doi.org/10.3168/jds.2018-15136
https://doi.org/10.3389/fmicb.2019.01295
https://doi.org/10.1016/j.msec.2020.110840
https://doi.org/10.1016/j.msec.2020.110840
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.1016/j.chom.2019.01.014
https://doi.org/10.1002/phar.2358
https://doi.org/10.1002/phar.2358
https://doi.org/10.1038/nrmicro3527
https://doi.org/10.1038/nrmicro3527
https://doi.org/10.1007/s11033-014-3457-2
https://doi.org/10.1038/s41591-019-0506-3
https://doi.org/10.1038/s41591-019-0506-3
https://doi.org/10.1038/s41564-018-0239-y
https://doi.org/10.1128/AAC.49.3.1220-1221.2005
https://doi.org/10.1128/AAC.49.3.1220-1221.2005


http://bdvets.org/javar/	 � 513Horiuk et al./ J. Adv. Vet. Anim. Res., 7(3): 509–513, September 2020

[16]	 Blin K. Pedersen LE, Weber T, Lee SY. CRISPy-web: An online 
resource to design sgRNAs for CRISPR applications. Synth Syst 
Biotechnol 2016; 1(2):118–21; https://doi.org/10.1016/j.
synbio.2016.01.003

[17]	 Morris J, Kelly N, Elliott L, Grant A, Wilkinson M, Hazratwala K, 
et al. Evaluation of bacteriophage anti-biofilm activity for poten-
tial control of orthopedic implant-related infections caused by 
Staphylococcus aureus. Surg Infect 2019; 20(1):16–24; https://doi.
org/10.1089/sur.2018.135

[18]	 García R, Latz S, Romero J, Higuera G, García K, Bastías R. 
Bacteriophage production models: an overview. Front Microbiol 
2019; 10:1–7; https://doi.org/10.3389/fmicb.2019.01187

[19]	 Nikolich MP, Filippov AA. Bacteriophage therapy: develop-
ments and directions. Antibiotics 2020; 9(3):1–13; https://doi.
org/10.3390/antibiotics9030135

[20]	 Leshkasheli L, Kutateladze M, Balarjishvili N, Bolkvadze D, Save 
J, Oechslin F, et al. Efficacy of newly isolated and highly potent 
bacteriophages in a mouse model of extensively drug-resistant 
Acinetobacter baumannii bacteraemia. J Glob Antimicrob Resist 
2019; 19:255–61; https://doi.org/10.1016/j.jgar.2019.05.005

[21]	 Hanlon GW, Denyer SP, Olliff CJ, Ibrahim LJ. Reduction in exo-
polysaccharide viscosity as an aid to bacteriophage penetra-
tion through Pseudomonas aeruginosa biofilms. Appl Environ 
Microbiol 2001; 67(6):2746–53; https://doi.org/10.1128/
AEM.67.6.2746-2753.2001

[22]	 Yuan Y, Qu K, Tan D, Li X, Wang L, Cong C, et al. Isolation and charac-
terization of a bacteriophage and its potential to disrupt multi-drug 
resistant Pseudomonas aeruginosa biofilms. Microb Pathog 2019; 
128:329–36; https://doi.org/10.1016/j.micpath.2019.01.032

[23]	 Pires DP, Melo LD, Boas DV, Sillankorva S, Azeredo J. Phage therapy 
as an alternative or complementary strategy to prevent and con-
trol biofilm-related infections. Curr Opin Microbiol 2017; 39:48–
56; https://doi.org/10.1016/j.mib.2017.09.004

[24]	 Cui H, Bai M, Yuan L, Surendhiran D, Lin L. Sequential effect of 
phages and cold nitrogen plasma against Escherichia coli O157: H7 
biofilms on different vegetables. Int J Food Microbiol 2018; 268:1–
9; https://doi.org/10.1016/j.ijfoodmicro.2018.01.004

[25]	 Sagar SS, Kumar R, Kaistha SD. Efficacy of phage and ciprofloxacin 
co-therapy on the formation and eradication of Pseudomonas aeru-
ginosa biofilms. Arab J Sci Eng 2017; 42(1):95–103; https://doi.
org/10.1007/s13369-016-2194-3

[26]	 Kukhtyn MD, Horyuk YV, Horyuk VV, Perkiy YB, Kovalenko VL, 
Yaroshenko TY. The main regularities of raw milk contamination 
with Staphylococcus aureus. J Vet Med Biotechnol Biosafety 2017; 
3(3):32–3.

[27]	 Argov T, Azulay G, Pasechnek A, Stadnyuk O, Ran-Sapir S, Borovok 
I. Temperate bacteriophages as regulators of host behavior. 
Curr Opin Microbiol 2017; 38:81–7; https://doi.org/10.1016/j.
mib.2017.05.002

[28]	 Zeng Z, Liu X, Yao J, Guo Y, Li B, Li Y, et al. Cold adaptation regulated 
by cryptic prophage excision in Shewanella oneidensis. ISME J 
2016; 10(12):2787–800; https://doi.org/10.1038/ismej.2016.85

[29]	 Cisek AA, Dąbrowska I, Gregorczyk KP, Wyżewski Z. Phage ther-
apy in bacterial infections treatment: one hundred years after the 
discovery of bacteriophages. Curr Microbiol 2017; 74(2):277–83; 
https://doi.org/10.1007/s00284-016-1166-x

[30]	 Howard-Varona C, Hargreaves KR, Abedon ST, Sullivan MB. 
Lysogeny in nature: mechanisms, impact and ecology of temperate 
phages. ISME J 2017; 11(7):1511–20; https://doi.org/10.1038/
ismej.2017.16

[31]	 Touchon M, de Sousa JAM, Rocha EP. Embracing the enemy: the 
diversification of microbial gene repertoires by phage-mediated 
horizontal gene transfer. Curr Opin Microbiol 2017; 38:66–73; 
https://doi.org/10.1016/j.mib.2017.04.010

[32]	 Touchon M, Bernheim A, Rocha EP. Genetic and life-history traits 
associated with the distribution of prophages in bacteria. ISME J 
2016; 10(11):2744–54; https://doi.org/10.1038/ismej.2016.47

[33]	 Erez Z, Steinberger-Levy I, Shamir M, Doron S, Stokar-Avihail A, 
Peleg Y, et al. Communication between viruses guides lysis–lysog-
eny decisions. Nature 2017; 541(7638):488–93; https://doi.
org/10.1038/nature21049

https://doi.org/10.1016/j.synbio.2016.01.003
https://doi.org/10.1016/j.synbio.2016.01.003
https://doi.org/10.1089/sur.2018.135
https://doi.org/10.1089/sur.2018.135
https://doi.org/10.3389/fmicb.2019.01187
https://doi.org/10.3390/antibiotics9030135
https://doi.org/10.3390/antibiotics9030135
https://doi.org/10.1016/j.jgar.2019.05.005
https://doi.org/10.1128/AEM.67.6.2746-2753.2001
https://doi.org/10.1128/AEM.67.6.2746-2753.2001
https://doi.org/10.1016/j.micpath.2019.01.032
https://doi.org/10.1016/j.mib.2017.09.004
https://doi.org/10.1016/j.ijfoodmicro.2018.01.004
https://doi.org/10.1007/s13369-016-2194-3
https://doi.org/10.1007/s13369-016-2194-3
https://doi.org/10.1016/j.mib.2017.05.002
https://doi.org/10.1016/j.mib.2017.05.002
https://doi.org/10.1038/ismej.2016.85
https://doi.org/10.1007/s00284-016-1166-x
https://doi.org/10.1038/ismej.2017.16
https://doi.org/10.1038/ismej.2017.16
https://doi.org/10.1016/j.mib.2017.04.010
https://doi.org/10.1038/ismej.2016.47
https://doi.org/10.1038/nature21049
https://doi.org/10.1038/nature21049

