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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Siyun Wang Limosilactobacillus (L.) fermentum is widely utilized for its beneficial properties, but lysogenic phages can inte-
grate into its genome and can be induced to enter the lysis cycle under certain conditions, thus accomplishing
lysis of host cells, resulting in severe economic losses. In this study, a lysogenic phage, LFP03, was induced from
L. fermentum IMAU 32510 by UV irradiation for 70 s. The electron microscopy showed that this phage belonged
to Caudoviricetes class. Its genome size was 39,556 bp with a GC content of 46.08%, which includes 20 functional
proteins. Compared with other L. fermentum phages, the genome of phage LFP03 exhibited deletions, inversions
and translocations. Biological analysis showed that its optimal multiplicity of infection was 0.1, with a burst size
of 133.5 + 4.9 PFU/infective cell. Phage LFPO3 was sensitive to temperature and pH value, with a survival rate
of 48.98% at 50 °C. It could be completely inactivated under pH 2. The adsorption ability of this phage was
minimally affected by temperature and pH value, with adsorption rates reaching 80% under all treated condi-
tions. Divalent cations could accelerate phage adsorption, while chloramphenicol expressed little influence. This
study might expand the related knowledge of L. fermentum phages, and provide some theoretical basis for
improving the stability of related products and establishing phage control measures.
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1. Introduction lysogenic phages could integrate their genome into the genome of the

host strain, forming lysogenic bacteria. Under specific conditions (such

Limosilactobacillus (L.) fermentum, as one of the common hetero-
fermentative lactic acid bacteria (LAB), is the dominant microorganism
in traditional fermented food products. It could metabolize lactose,
galactose and other carbohydrates into lactic acid, acetic acid and other
metabolites (Zhao et al., 2019; Sachetti et al., 2021). As reported,
L. fermentum can not only improve the flavor of fermented food prod-
ucts, but also exhibit good resistance in the gastrointestinal tract, as well
as play antimicrobial activity against pathogens, modulate intestinal
microbiota and immune response (Ephrem et al., 2019; Zhang et al.,
2021).

As microbial virus, phages widely exist in the environment and
outnumber bacteria by a factor of ten (Cantu et al., 2020). Phages could
be categorized into lysogenic and lytic ones. Unlike lytic phages,

as ultraviolet (UV) irradiation, mitomycin C (MMC)), the prophages
could be induced into lytic cycles (Toit, 2019). Then, it could result in
abnormal growth of starter cultures, leading to fermentation failure and
causing serious economic losses. As reported in 2020, prophages are
commonly found in starter cultures used in food fermentation (Pei et al.,
2020). In 2022, Abraha et al. (2022) analyzed the genomes of 164
strains of Bacillus subtilis, and found that 123 strains contained complete
prophage genes. Happel et al. (2022) conducted prophage prediction on
895 strains of Lactobacillaceae, and found 359 genomes contained
complete prophage genes.

To date, the whole genome sequences of 112 Lactobacillus phages
have been published in NCBI, of which only 6 are L. fermentum phages
(Lv et al., 2023a). As we known, the genomic and biological
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characteristics of different phages are specific, and the library of
L. fermentum lysogenic phages needs to be expanded. The aim of this
study was to induce lysogenic phage under various conditions and
evaluate the biological properties (such as infective properties, toler-
ance, and adsorption characteristics) and genome characteristics of the
induced phage. This study could provide some theoretical basis for
improving the stability of related products and constructing phage
prevention and control measures, thereby reducing the losses caused by
phage contamination in industrial production.

2. Materials and methods
2.1. Bacterial strain and culture conditions

The strain L. fermentum IMAU 32510 was isolated from the samples
of traditional fermented yogurt collected from Ili Kazakh Autonomous
Prefecture, Xinjiang Uygur Autonomous Region, China. It was stored at
the Lactic Acid Bacteria Collection Center in Key Laboratory of Dairy
Biotechnology and Engineering, Ministry of Education, Inner Mongolia
Agricultural University, Hohhot, P.R. China. The bacterial strain was
cultured at 37 °C in de Man, Rogosa, and Sharpe (MRS) broth for 24 h.

2.2. Phage induction

2.2.1. UV induction

The bacterial suspension (ODggg =~ 0.5) was irradiated by a 15 w UV
lamp at five different time points: 40 s, 50 s, 60 s, 70 s and 80 s, posi-
tioned at a distance of 90 mm from the lamp. The inducing solution was
then incubated at 37 °C for 6 h, during which the ODggo values were
measured at hourly intervals (Kristin et al., 2021). Following, the
inducing solution was centrifuged at 8000 g for 5 min and the super-
natant was filtered through a 0.22 pm filter. Phage spots were examined
using the double-layer agar (DLA) method (Stachurska et al., 2021).

2.2.2. MMC nduction

MMC was added into the bacterial suspension (ODggo ~ 0.2) to reach
a final concentration of 1.8, 1.9, 2.0, 2.1, 2.2 pg/mL (Pei et al., 2020).
The inducing solution was incubated at 37 °C for 6 h, in which the ODggo
values were measured hourly. Then, the inducing solution was centri-
fuged at 8000 g for 5 min, the supernatant was filtered with 0.22 pm
filters. The presence of phages in the supernatant was tested using DLA
method.

2.3. Transmission electron microscopy (TEM)

A trace amount of phage lysate (ca. 10® PFU/mL) was taken and
added dropwise on a copper grid, stained with 2% phosphotungstic acid
(PTA, pH 7.0), and the morphology of the phage was observed using a
HT7800 electron microscope (Hitachi High-Tech Corporation, Japan) at
an acceleration voltage of 80 kV (Lu et al., 2020).

2.4. DNA extraction, whole genome sequencing and assembly

Phage DNA was extracted using the phenol-chloroform-isoamyl
alcohol method (Boeckman et al., 2023). The details of the method
were as follows: 2 mL SM buffer, 20 pL 10% SDS buffer, 2.5 pL. 10 mg/mL
Proteinase K, and 20 pL 0.5 M EDTA were added into the concentrated
phage lysate. The mixture was then incubated at 65 °C for 15 min.
Subsequently, an equal volume of phenol was added, and the mixture
was centrifuged at 8000 g for 5 min. Next, an equal volume of phenol-
chloroform-isoamyl alcohol (25:24:1) was added, and the mixture was
centrifuged at 12,000 g for 5 min. The supernatant was transferred to a
centrifuge tube. Then, an equal volume of chloroform was added for
extraction until no odor of phenol remained. An equal volume of iso-
propanol was then added to the upper extraction solution, and the
mixture was incubated at -20 °C for 30 min. Afterward, the mixture was
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centrifuged at 12,000 g for 20 min, and the precipitate was collected.
The DNA precipitate was washed with 70% ethanol, centrifuged at 8000
g for 5 min, and the upper layer of ethanol was discarded. Finally, the
precipitate was dried at room temperature for 5 -10 min, and 20 pL of
distilled water was added to dissolve the precipitate. The sample was
stored at - 20 °C.

The whole genome of the phage was sequenced by Anshan
Biotechnology Co., Ltd. (Tianjin, China). The sequencing primarily uti-
lized the PacBio Sequel sequencing platform with Sequel Binding Kit 2.0,
Sequel Sequencing Kit 2.1 and Sequel SMRT Cell 1 M v2 (Pacific Bio-
sciences, Menlo Park, CA, USA). Sequencing data was obtained for
quality control. Then, the whole genome of the phage was assembled
using Flye 2.8.3 (Kolmogorov et al., 2020).

2.5. Bioinformatic analysis

The ORF prediction was performed using Prodigal (https://github.
com/hyattpd/Prodigal). The annotated coding sequences (CDS) of the
phage genome were annotated using RAST (http://rast.nmpdr.org/).
Subsequently, Proksee (https://proksee.ca/) was utilized to construct a
genome map and visualize the position of functional proteins on the
genome. A phylogenetic tree of different phages was constructed using
the maximum likelihood method based on the terminase large subunit
and major capsid protein, employing Molecular Evolutionary Genetics
Analysis (MEGA, v7.0) software. The phylogenetic tree was then opti-
mized and analyzed using iTOL (https://itol.embl.de/). Different phages
in the phylogenetic tree were selected by BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) (Zhang et al., 2021; Kumar et al., 2016). The synteny
analysis were implemented by MAUVE (https://asap.genetics.wisc.
edu/) (Pillutla et al., 2021).

2.6. Phage host range

The DLA method was employed to assess the host range of the phage
across 70 bacterial strains (Table A1), including L. fermentum (20
strains), Lactobacillus helveticus (10 strains), Lactiplantibacillus plantarum
(10 strains), Lactobacillus delbrueckii subsp. bulgaricus (10 strains), Lac-
ticaseibacillus casei (10 strains), Limosilactobacillus reuteri (10 strains).
Specifically, 100 pL of phage lysate (ca. 10% PFU/mL) and 20 pL of
various bacteria were separately added to semi-solid MRS medium. The
mixture was then cultured overnight at 37 °C, and examined for the
presence of phage plaque (Srikant et al., 2022).

Table 1
Functional grouping of annotated CDS in the phage LFP03 genome.

CDS start end strand Predicted function

CDS1 2 343 + putative head-tail joining protein
CDS2 349 960 + major tail protein

CDS4 1,568 5,860 + tail tape measure protein
CDS6 6,728 8,809 + tail tape measure protein
CDS11 14,392 15,516 + baseplate

CDS45 36,585 37,196 + head maturation protease
CDS46 37,214 38,335 + capsid protein

CDS17 18,978 20,228 - Mobile element protein
CDS18 20,302 20,757 + Mobile element protein
CDS41 33,019 33,474 + terminase small subunit
CDS42 33,471 35,180 + terminase large subunit
CDS44 35,360 36,625 + portal protein

CDS47 38,480 38,788 + DNA packaging protein
CDS24 23,386 23,622 + transcriptional regulator
CDS29 24,901 26,295 + DNA helicase

CDS30 26,296 26,988 + plasmid primase

CDS32 27,569 28,360 + putative replication protein
CDS40 32,062 32,847 + HNH endonuclease
CDS14 16,554 17,018 + holin

CDS15 17,021 18,268 + endolysin

“+" means on the positive strand and "-" means on the negative strand.
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2.7. Optimal multiplicity of infection (MOI)

The MOIs were assessed by dividing the PFU by CFU (Benala et al.,
2021). Phage and host bacterial suspension (ODggo ~ 0.5) were intro-
duced into MRS broth with different MOI of 0.001, 0.01, 0.1, 0.5, 1, 2,
10, and 100, respectively. Subsequently, the mixture was incubated at
37 °C for 4 h, then filtered through 0.22 pm filters following centrifu-
gation (8000 g, 5 min), and the phage titers were determined using the
DLA method. The MOI with the highest phage titer was the optimal MOI.

2.8. One-step growth curve

Phage lysate and host bacteria were mixed based on the optimal MOI
and allowed to adsorb at 37 °C for 15 min. Subsequently, the mixture
was centrifuged (8000 g, 5 min) at 15 min intervals (0, 15, 30, 45, 60,
75, 90, 105, 120, 135 and 150 min). Samples from various time points
were filtered and tested for titers using the DLA method. The one-step
growth curve was plotted, and the latent and lysis periods of the
phage were determined from the curve. The calculation formula for the
burst size was shown below (Krasowska et al., 2015):

Burst size = N;/Ny

Note: Nj: Bacteria amount at the initial infection (CFU); Nj: Phage
amount at the end of the lysis period (PFU).

2.9. Influence of environmental factors on phage adsorption properties

2.9.1. Temperature

The phage and host bacteria were mixed at the optimal MOIL. Sub-
sequently, 200 pL of the mixture was added to 800 pL. MRS broth. The
mixture was then subjected different temperature conditions (0, 10, 20,
30, 37, 42 and 50 °C) for 30 min. After centrifugation (8000 g, 5 min),
the supernatant was filtered through 0.22 pm filters, and the number of
unadsorbed phages (N7) in the supernatant was quantified using the DLA
method. The phage adsorption rate was calculated as previously
described (Sunthornthummas et al., 2017):

Adsorption rate=(Nyp—N;)/Ny x 100%

Note: Ny: The initial amount of phages(PFU); N;: The amount of unad-
sorbed phages in the supernatant (PFU).

2.9.2. pH value

Phage lysate and host bacteria were mixed according to the optimal
MOIL. Subsequently, 200 pL mixture was added into 800 pL MRS broth at
different pH values (4 - 10) and then incubated at 37 °C for 30 min.
Following incubation, the mixture was centrifuged at 8000 g for 5 min,
filtered through 0.22 pm filters, and the supernatant was collected and
assessed for phage number (N;) by DLA method. Then, the phage
adsorption rate was calculated based on the formula described above.

2.9.3. Divalent cation

MRS-Ca and MRS-Mg broth were prepared at the final concentrations
of 10 mM, and MRS broth was used as a control. Phage lysate (100 pL)
and host bacteria (100 pL) were mixed according to the optimal MOIL.
The mixture was added into 800 pL of the above three different media,
and was incubated at 37 °C. The sample was taken at 0, 15 and 30 min,
respectively, then it was centrifuged at 8000 g for 5 min and filtered
through 0.22 pm filters. The unadsorbed phage number (N;) was
counted by the DLA method to calculate the phage adsorption rate.

2.9.4. Chloramphenicol

The host bacteria (ODggo ~ 0.5) was centrifuged at 8000 g for 5 min.
The resulting pellet was then resuspended in an equal volume of MRS
broth, and 1 mL of the suspension was dispensed into a 2 mL Eppendorf
tube. Chloramphenicol was added to achieve final concentrations of 20
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and 100 pg/mL, while the MRS broth without chloramphenicol served as
the control. Following an incubation period at 37 °C for 75 min, 100 pL
phage lysate was added according to the optimal MOI. The mixture was
then incubated at 37 °C for an additional 30 min. After incubation, the
mixture underwent centrifugation at 8000g for 5 min and was subse-
quently filtered through 0.22 pm filters. The number of unadsorbed
phages (N;) was determined using the DLA method, enabling the
calculation of the phage adsorption rate.

2.10. Environmental factors influencing phage viablity

2.10.1. Temperature

Mixed 900 pL MRS broth with 100 pL phage lysate, then incubated
the mixture at various environmental temperatures (0, 10, 20, 30, 37, 42
and 50 °C) for 30 min. Following the incubation, the phage titer (N7) was
counted by using the DLA method, the survival rate was then calculated
by using the following fomula (Abedon, 2023):

Survival rate = N;/Ny x 100%

Note: Np: Phage initial titer (PFU/mL); N;: Phage titer after treatment
(PFU/mL).

2.10.2. pH value

Mixed 900 pL MRS broth with different pH values (2 - 11) into 100 pL
of phage lysate, respectively. Then, incubated the tubes at 37 °C for 30
min. After incubation, the phage titer (N;) was counted by using the DLA
method for calculating the phage survival rate.

2.11. Statistical analysis

All data were analyzed using Microsoft Excel 2019. The above ex-
periments had been verified by three repeated experiments. Means were
compared using a one-way ANOVA by SPSS 20.0 software (SPSS Inc,
Chicago, IL, USA).

3. Results
3.1. Phage induction

UV and MMC treatments are commonly employed to induce pro-
phages. The results of UV and MMC induction are shown in Fig. 1. As
shown in Fig. 1a, the ODggg values of the induced solutions after UV
irradiation were all lower than the control group, with the lowest ODggg
value of 0.57 at 70 s treatment. From Fig. 1b, we can find the ODggo
values of the induced solution after MMC induction were lower than the
control group. The higher the MMC concentration, the lower the ODggg
value. The lowest ODggo value was 0.73 when the MMC concentration
was 2.5 pg/mL.

The induced solutions under different conditions were examined by
the DLA method. Phage plaque was proved to be present after 70 s of UV
irradiation (Fig. 2), and the induced phage was named LFP03. However,
there was no phage plaque appeared in any of the other experimental
groups.

3.2. Transmission electron microscopy

The electron microscopy (Fig. 3) showed that phage LFP03 had an
isometric capsid of 68.53 + 2.46 nm, and a non-contractile tail (232.76
+ 2.92 nm long and 11.02 + 1.51 nm wide). According to the latest
classification guidelines proposed by the International Committee on
Taxonomy of Viruses (ICTV), phage LFP0O3 belonged to the Caudovir-
icetes class.
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Fig. 1. The changes in ODggo value of L. fermentum IMAU 32510 during in-
duction: (a) UV induction; (b) MMC induction. Values were the means of three
determinations.

Fig. 2. Morphological observation of phage plaque. The left is a control plate
and the right is the plate after 70 s of UV irradiation.

Fig. 3. Electron microscope of L. fermentum phage LFP03.

3.3. Genome sequence analysis of phage LFPO3

The whole genome sequencing results revealed that phage LFP03
contained a linear double-stranded DNA (Fig. 4). Its genome size was
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39,556 bp and the GC content was 46.08%. The genome was annotated
to 223 ORFs and 48 CDS, of which 20 CDS were annotated specific
functions. As shown in Table 1, the annotated functions fall into four
main categories: structural proteins, DNA packaging, DNA replication,
and host lysis. Interestingly, the presence of plasmid primase (CDS30)
but not integrase in phage LFPO3 demonstrates that the phage is pre-
sented in the host cell precisely in the form of plasmid (Shan et al.,
2023).

3.4. Comparative genomic analysis

Phylogenetic tree analysis basedon bacterial 16S rRNA sequence
(Fig. 5 a) showed that IMAU 32510 was closest to the other two
L. fermentum strains, therefore IMAU 32510 could be identified as
L. fermentum strain. In Fig. 5 (b) and (c), the phylogenetic tree showed
that the evolutionary distance of phage LFP03 was more closely related
to phage LFP02, LF1 and phiPYB5. Previous studies had shown that
L. fermentum phage LFP02, LF1 and phage phiPYB5 were lysogenic
phages, and their host strains were isolated from yogurt, kimchi and
yogurt, respectively (Lv et al., 2023a; Yoon and Chang, 2011; Wang
et al., 2008), which were similar with the source of the host strain of
phage LFPO3 (traditional fermented yogurt). However, the host strains
of L. fermentum lysogenic phage JNU_P1 and JNU_P5 were isolated from
human feces, which were different from the isolation source of
IMAU32510, and thus there was a large genetic distance (Pei et al.,
2020). As for L. fermentum virulent phage LfeInf (which was isolated
from waste water), its infestation characteristics were different from
those of lysogenic phage LFP03, and its isolation source differed
significantly from that of the host strain of phage LFP03, thus the
branches were widely separated (Liu et al., 2015).

This study further revealed the relationship between the genome of
phage LFP03 and other closely related phages through synteny analysis.
As shown in Fig. 6, high similarity fragments were marked with the same
color and linked. Compared with other phages, phage LFPO3 genome
had obvious deletions, inversions and translocations, and its genome
contained about 18.8 Kb of specific gene fragments. Based on the above
genomic analysis, it could be indicated that phage LFP03 was a novel
phage.

3.5. Phage host range

In this study, 70 LAB strains were used for the host range experiment
(Table A1). The results showed that phage LFP03 could infect
L. fermentum IMAU32579, IMAU32646, IMAU32649 and IMAU32229.
All of the above four strains were isolated from traditional fermented
yogurt in Yili Kazakh Autonomous Prefecture, Xinjiang, which was same
as the host strain IMAU32510 of phage LFP03. However, phage LFP03
could not infect other bacterial strains.

3.6. Determination of the optimal MOI

The phage titers under different MOI were counted using DLA
method, and the results were shown in Fig. 7. When MOI <0.1, the
phage titer gradually decreased as MOI decreased. When MOI >0.1, the
phage titer gradually decreased as MOI increased. At the MOI of 0.1, the
phage had a maximum titer of 1.9 x 10° PFU/mL, thus the optimal MOI
of phage LFP03 was 0.1.

3.7. One-step growth curve

As shown in Fig. 8, the number of the phage was low and almost
unchanged in 0-30 min; it entered the lysis period and grew rapidly in
30-75 min; after 75 min, it increased but generally stabilized. From the
one-step growth curve, it could be seen that the latent period of phage
LFP03 was 30 min, the lysis period was 45 min, and the burst size was
133.5 + 4.9 PFU/infective cell.
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Fig. 4. Circular genome map of L. fermentum phage LFP03. The innermost circle of the genome map showed the genome size, the second circle was the GC backbone
on the positive and negative strands, the third circle represents the GC content, and the outermost circle represents each CDS.

3.8. Influence of environmental factors on phage adsorption properties

3.8.1. Temperature

As shown in Table 2, in the range of 0-37 °C, the adsorption rates of
phage LFP03 rose with the increase of temperature, and the highest was
99.43% at 37 °C. However, the adsorption rates decreased when the
temperature was higher than 37 °C, but still was 81.21% even at 50 °C.

3.8.2. pH value

As for the effect of different pH values on the adsorption rate of
phage LFP03 (Table 3), the highest adsorption rate of phage was 99.07%
at pH 7. The adsorption rates were higher than 85% at different pH
values, but reduced when in acidic or alkaline environment, and reached
the minimum adsorption rate of 88.06% at pH 4.

3.8.3. Divalent cation

The adsorption rates of phage LFP03 could reach over 90% in all
three media within 15 min (Table 4). The adsorption rates in MRS-Ca
and MRS-Mg broth were significantly higher than those in MRS broth
at 15 min. However, by 30 min, there was no significant difference in the
adsorption rates of phage LFP03 among the three media.

3.8.4. Chloramphenicol

There was no significant difference in the phage adsorption rate
between the medium containing or without chloramphenicol, and
adsorption rates were all higher than 90% (Table 5). As the concentra-
tion of chloramphenicol increased, the adsorption rates of phage LFP03
did not change significantly, proving that chloramphenicol had no effect
on phage adsorption.

3.9. Influence of environmental factors on phage viability

3.9.1. Temperature

As shown in Fig. 9, the phage survival rates were significantly
affected by temperature changes (P < 0.05). The survival rates of phage
LFP03 rose with the increase of temperature from 0 to 37 °C, and the
highest survival rate was 93.06% at 37 °C. When the temperature was
higher than 37 °C, the survival rate decreased significantly, and the
lowest survival rate was 48.98% at 50 °C.

3.9.2. pH value

According to Fig. 10, the survival rates of phage LFP03 were signif-
icantly affected by pH value (P < 0.05). Under low or high pH condi-
tions, the survival rates decreased significantly. Phage LFP0O3 was
completely inactivated at pH 2, and the survival rate was only 3.95% at
pH 3. When pH was 7, the survival rate of phage LFP0O3 reached the
highest (97.60%). With the increase of pH value, the survival rates
began to decrease again. When pH was 11, the survival rate of phage was
38.32%. The tolerance to acidic and alkaline environment was low,
which may be related to the structure of phage.

4. Discussion

Phage contamination is a major challenge jeopardizing industrial
fermentation production (Li et al., 2019). The starter culture is a
screened LAB population, however, some of them may in relatively
phage-sensitive (Hayes et al., 2017). Prophage genes are widely pre-
sented in bacteria and replicate along with the host cells. When stimu-
lated by external conditions, prophage genes may be activated into lytic
cycle and lyse host cells. Once phage contamination occurs, a large
number of starter cultures will die, and thus fermentation will be
delayed or stopped, resulting in serious economic losses (Kubo et al.,
2018). Although there are many methods to inactivate phages in in-
dustrial production, it is difficult to control phage once it is contami-
nated. Therefore, a study on the biological and genomic characteristics
of phage can help to understand the mechanism of phage infestation and
reduce the possibility of phage infestation from the source.

UV and MMC are commonly used to induce phages in the laboratory.
Zhang et al. (2020) induced 8 Escherichia coli strains under a variety of
conditions and found that UV could successfully induce phages. Feyer-
eiseni et al. (2019) performed MMC induction on 19 Lactobacillus brevis
strains and obtained five lysogenic phages. Koppen et al. (2021) con-
ducted UV and MMC induction on Francisella hispaniensis and obtained
lysogenic phage vB_FhiM KIRK by UV irradiation for 60 s and 90 s.
Similar to the previous studies, phage LFP03 was induced from
L. fermentum by UV irradiation. Some previous studies have shown that
UV irradiation can make bacteria produce a variety of reactive oxygen
species (ROS). The strong oxidation ability of ROS can damage biolog-
ical macromolecules such as DNA and proteins of bacteria, thus
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Fig. 7. The multiplicity of infection of phage LFP03. Different lowercase letters
represented significant differences in phage titer (P < 0.05). Values were the
means of three determinations.

triggering SOS reaction and eventually leading to phage induction (Kieft
and Anantharaman, 2022; Kondo et al., 2021;Wang et al., 2022). During
phage induction, transcriptional regulator (CDS24) is activated, allow-
ing lysogenic phage to enter the lysis cycle. DNA helicase (CDS29),
replication protein (CDS32) and HNH endonuclease (CDS40) are
essential for the synthesis of phage DNA in subsequent processes
(Howard-Varona et al., 2017).

Phage particle formation requires the interaction of various proteins
within the phage. Phage packaging is divided into three main parts and
mobile element proteins play a function in which they transport DNA
fragments in the genome (Sun et al., 2012). The first part is the portal
protein (CDS44), which is located at the special fivefold vertex of the
capsid and is a key component of the DNA packaging. The second part is
the terminase small subunit (CDS41), which recognizes and binds to
phage DNA and is the part of initiating packaging. The third part is the
terminase large subunit (CDS42), which has nuclease activity for pack-
aging initiation and cleaves phage DNA (Chen et al., 2020). Terminase

Fig. 8. One-step growth curve of L. fermentum phage LFP03. Values were the
means of three determinations.

Table 2
Adsorption rates of phage LFP03 under different temperatures.

Temperature (°C) Adsorption Rate (%)

0 88.61 + 0.57°
10 91.73 + 0.90°
20 94.57 + 1.16°
30 98.12 + 0.49°
37 99.43 + 0.22°
42 93.93 + 0.259
50 81.21 + 0.658

The significant differences (P < 0.05) among the groups were
expressed by different lowercase letters.

large subunit and capsid protein are often considered as conserved re-
gions in the phage genome thus they are widely used to study evolu-
tionary relationships (Zhang et al., 2021).

Lysogenic phages can exist as plasmid in host cells without being
integrated in their chromosomes (Shan et al., 2023). The presence of
plasmid primase (CDS30) but not integrase in phage LFP03
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Table 3
Adsorption rates of phage LFP03 under different pH
values.
pH Adsorption Rate (%)
4 88.06 + 0.398
5 92.35 + 0.14°
6 98.49 + 0.18°
7 99.07 + 0.10°
8 95.68 + 0.06°
9 93.21 + 1.02¢
10 90.00 + 0.57°

The significant differences (P < 0.05) among the
groups were expressed by different lowercase
letters.

Table 4
Adsorption rates of phage LFP03 under different medium containing divalent
cations.

Medium/Time (min) Adsorption rate (%)

0 15 30
MRS 0 93.57 + 0.71° 98.22 £ 0.94%
MRS-Ca 0 96.67 + 1.25% 99.48 + 1.66%
MRS-Mg 0 96.48 + 1.33° 98.97 + 1.09°

The significant differences (P < 0.05) among the groups were expressed by
different lowercase letters.

Table 5
Adsorption rates of phage LFPO3 under MRS medium containing the
different conentrations of chloramphenicol.

Concentrations (pg/mL) Adsorption rate (%)

0 98.44 + 1.05%
20 98.97 + 0.74*
100 98.76 + 1.76°

The significant differences (P < 0.05) among the groups were
expressed by different lowercase letters.
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Fig. 9. Survival rates of phage LFP03 under different temperature conditions.
The significant differences (P < 0.05) among the groups were expressed by
different lowercase letter, and values were the means of three determinations.

demonstrates that the phage is presented in the host cell precisely in the
form of a plasmid. The head-tail joining protein (CDS1) plays an
important role in the assembly process of long-tailed double-stranded
DNA phage particles by facilitating the attachment of the head to the tail
(Cardarelli et al., 2010). The tube of phage tails is composed primarily of
multiple copies of one protein, known as the major tail protein (CDS2)
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Survial Rate (%)

pH

Fig. 10. Survival rates of phage LFP03 under different pH values. The signifi-
cant differences (P < 0.05) among the groups were expressed by different
lowercase letter and values were the means of three determinations.

(Pell et al., 2009). Baseplate (CDS11) and tail tape measure protein
(CDS4 and CDS6) are often considered to play an important role in
phage adsorption and infestation (Linares et al., 2020). Head maturation
protease (CDS45) destroys the interior of the capsid protein (CDS46) as
it forms, providing storage space for the genetic material (Fokine and
Rossmann, 2016).

Using the genome sequences of terminase large subunit and major
capsid protein to construct a phylogenetic tree enables a better under-
standing of the evolutionary relationships among different phage se-
quences (Al-Shayeb et al., 2020). Zhu et al. (2022) constructed a
phylogenetic tree by combining Lactiplantibacillus plantarum phage P2
with 19 other Lactiplantibacillus plantarum phage sequences obtained
from the NCBI database, and found that the phages whose host bacteria
isolated from the same isolation source were clustered to the same
branch. Hyde et al. (2024) constructed a phylogenetic tree of 103 phage
genome sequences of terminase large subunit by using maximum like-
linood method, and found that the phages isolated from the same bac-
terial genera clustered in a same branch. In this study, phage LFP03 was
found to be in the same branch as three other lysogenic L. fermentum
phages (phage LFP02, LF1 and phiPYB5), and all of their host bacteria
were isolated from traditional fermented products. Therefore, phages
that are isolated from the same bacterial genus and from similar host
isolation sources tend to display a closer evolutionary relationship at the
genomic level.

Phage infection is an important factor threatening the fermentation
industry. The genetic material of phage increases with the replication of
the host bacterial genetic material, but assembly is not completed and
phage cannot be produced, hence this period is called the latent period
(Zaburlin et al., 2017). As the phage is released, it represents entering
the lysis period and eventually stabilized (Chaturongakul and Ounjai,
2014). MOI represents the number of phages that infect a cell. Different
phages have different MOI, and larger MOI represent a weaker infective
ability (Zhang et al., 2021). Zhang et al. (2015) found the Lactobacillus
casei phage LAB had an MOI of 0.1, its latent period was 75 min and
burst size was 16 PFU/infective cell, and it only infected its host strain.
Sunthornthummas et al. (2017) obtained a lysogenic phage ®T25 from
Lactobacillus paracasei, and found it was only able to infect its host strain.
Its one-step growth curve showed that the latent period was 55 min and
the burst size was about 38 PFU/infected cell. Zago et al. (2015) per-
formed a one-step growth curve study on 6 Lactobacillus helveticus
phages according to an MOI of 2, and found that one phage had a
minimum latent period of 53 min, whereas the other five strains had
latent periods longer than 99 min and two of the phages (®PAQ113,
®AQ114) with burst size of around 90 PFU/infective cell. Compared to
above Lactobacillus phages, phage LFPO3 had a smaller MOI (0.1),
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proving a greater infestation ability. Phage LFP03 had a shorter latent
period (30 min) and larger burst size (133.5 + 4.9 PFU/infective cell). A
short latent period means that the host bacteria can be lysed in a shorter
time after adsorption; a large burst size means that more phages are
prepared (Ye et al., 2022). In this study, only four strains of L. fermentum
can be infected by LFP0O3 phage. In the process of phage infection, phage
specifically recognizes and binds to the surface receptors of host cells,
and then passes through the barriers such as cell walls and cell mem-
branes, so as to inject its own genetic material into the cytoplasm and
then complete the infection. (Zampara et al., 2020). Thus, the reason
that phage LFP03 lyses the other four bacteria may be that the viral
proteins called receptor binding proteins (RBP) recognizes host bacteria
of similar isolation source (traditional fermented yogurt) and similar
isolation location (Yili Kazakh Autonomous Prefecture, Xinjiang), which
undergoes irreversible binding and thus continues to complete the
process of infection, leading to the lysis of the four strains (Dunne et al.,
2019). During phage lysis of cells, holin (CDS14) and endolysin (CDS15)
are particularly important. Holin permeabilizes the inner membrane of
the host cell, allowing endolysin to enter and degrade cell wall pepti-
doglycan (Oechslin et al., 2022). With the cooperative action of the two
proteins, the phage completes the lysis of the host cell, leading to its
destruction.

Adsorption is a particularly important step in the process of phage
infection. Phage adsorption to host bacteria depends on specific recog-
nition and receptors on the surface of the host bacteria (Leprince and
Mahillon, 2023). The phage encounters the host bacteria through
diffusion and Brownian motion at first, then the RBP bind reversibly to
receptors on the surface of the host bacteria, during which they may
separate to later bind to other receptors and eventually irreversibly bind
and inject their genetic material into the host bacteria (Thanki et al.,
2018; Silva et al., 2016). The genome annotation results showed that
phage LFP03 held a baseplate (CDS11) which contained RBP that spe-
cifically recognized host bacteria surface receptors to accomplish
adsorption (Bebeacua et al., 2010). Upon irreversible binding, the tail
tape measure proteins (CDS4, CDS6) can undergo a conformational
change that results in the ejection of phage DNA into the cytoplasm
within the host bacterium (Mahony et al., 2016).

The adsorption process is susceptible to a multitude of physical or
chemical factors in the environment, such as temperature, pH value,
divalent cations, antibiotics, etc (Jeon and Ahn, 2020; Pujato et al.,
2015). Li et al. (2020) revealed that Bacillus cereus phage vB_BceP-DLc1
had a temperature-dependent adsorption ability, and the highest
adsorption rate was 85% at 37 °C. Mercanti et al. (2015) detected the
adsorption ability of Lactobacillus paracasei phages ®iLp84 and
®iLp1308, and found that the adsorption rates were highest at 37 °C.
The adsorption abilities of these two phages were more stable in pH 5-8.
While they were inhibited at pH 4 or 9. The adsorption rates of phage
LFP0O3 was higher than 80% at all temperatures and pH conditions,
which proved that the adsorption ability of phage LFP03 was less
influenced by the temperature and pH in the environment. The tem-
perature changes could affect the structure of RBP on the phage surface,
which in turn has an effect on phage adsorption. In addition, different
pH values may cause changes in the adsorption sites or receptor charges
on the surfaces of the host bacterium and phage, which may have an
effect on the electrostatic interaction between them (Echeverria-Vega
et al., 2020).

At the same time, the influence of divalent cations on the phage
adsorption process had also been studied. Ullah et al. (2017) analyzed
the effects of Ca>" and Mg?" on the adsorption rate of Enterococcus
faecalis phage SRG1. The results demonstrated that the adsorption rate
of phage SRG1 was increased when the concentrations of Ca" and Mg?*
were 10 mM, respectively, indicating that divalent cations could
enhance the adsorption effect. Trucco et al. (2011) found that the
presence of Ca?" could greatly increase the adsorption rate of Lactoba-
cillus delbrueckii phage Cb1/342. Chen et al. (2019) found that divalent
cations had no significant effect on the adsorption properties of
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Lactobacillus plantarum P2. The effect of divalent cations on the
adsorption process was different for different phages. In this study, the
adsorption rates of phage LFP03 could be significantly increased in the
medium containing divalent cations at 15 min, indicating that divalent
cations could accelerate the adsorption of phage LFP03, but the
adsorption rates were not significantly different among the three media
at 30 min. The cause for the acceleration of phage adsorption was mainly
due to the host bacterial cell receptor and phage RBP tend to be nega-
tively charged, so it was possible to make phage adsorption on the cell
surface by electrostatic force of gravity through the addition of divalent
cations (Yuan et al., 2022).

Chloramphenicol treatment can lead to the inhibition of cellular
protein synthesis and a decrease in the amount of membrane proteins
synthesized by the bacteria, which leads to a decrease in the amount of
RBP recognized by the phage, and thus affects phage adsorption to some
certain extent (Jeon and Ahn., 2021). Lv et al. (2023b) found that after
45 min of culture, the adsorption rate of Bacillus methylotrophicus phage
BM-P1 did not change regardless of the presence or absence of chlor-
amphenicol. Which showed that antibiotics have no effect on adsorption
ability. Similar to the above finding, chloramphenicol had no effect on
the adsorption rate of phage LFP03.

Environment changes, such as temperature and pH value, may cause
changes in phage resistance. Thus, phage tolerance study can provide
some theoretical support for the inactivation and control of phage in
industrial production (Xu et al., 2023). Hu et al. (2021) conducted an
environmental tolerance study and found that phage PH669 was tem-
perature and pH stable, with the survival rates were all higher than 80%
at 4-37 °C and pH 3-10. Gao et al. (2023) found that the phage titers of
Salmonella phage GSP044 were essentially unchanged at temperatures of
4-60 °C. When at pH 3-11, the phage titers decreased but did not vary
significantly. Huang et al. (2022) conducted tolerance study on phage
vB_CpeS_BG3P and found that the phage was highly tolerant, even sur-
vived at pH 2 and 12, and the phage titer remained almost unchanged
(<0.5 log) after treatment at 50 °C for 30 min. Compared with the
phages studied above, phage LFP03 was poorly tolerant to the change of
temperature and pH value. The survival rates were lower than 80% at all
temperatures except 30 and 37 °C. It was sensitive to pH value, the
survival rates were only 3.95% and 38.32% at pH 3 and 11. The reason
may be that temperature and pH value influence phage viability by
destroying the spatial structure of proteins and inhibiting enzyme ac-
tivity (Abedon, 2023). When the temperature is lower than the optimal
temperature, the enzyme activity is inhibited and the physiological ac-
tivity is reduced; when exposed to higher temperatures, microorganisms
are unable to normally carry out their biological activities because the
structure of their nucleic acids, proteins and other biomolecules are
destroyed. As for pH tolerance, the activity of proteins and other mac-
romolecules within the phage is inhibited when not in optimal pH
conditions, thus reducing phage tolerance (Fontanal et al., 2019).

5. Conclusion

In this study, a novel lysogenic phage LFP03 was obtained by UV
induction from L. fermentum, and its biological properties and genome
information was investigated. Phage LFP0O3 belonged to the Caudovir-
icetes class. Its genome size was 39,556 bp and the GC content was
46.08%. Compared with other L. fermentum phages, the genome of
phage LFP03 had deletions, inversions and translocations. Phage
adsorption rates were affected by temperature and pH value, but were
above 80% in all cases. Divalent cations (Ca2+, Mg”) could accelerate
phage adsorption, but chloramphenicol expressed little effect on the
adsorption of phage LFP03. Phage LFP03 was poorly tolerant to tem-
perature and pH value, with a minimum survival rate of 48.98% at 50 °C
and could be completely inactivated at pH 2. This study could expand
the study of genomic information and biological characteristics of L.
fermentum phages, and provid some theoretical basis for phage control
and screening of phage resistant strains.
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