‘@ | pISSN 27334554
I eisoN 27334562

J. Dairy Sci. Biotechnol. 2025;43(4):253-266
https://doi.org/10.22424/jdsb.2025.43.4.253

ARTICLE

Check for
updates

PHASTEST 7|9t Lactiplantibacillus plantarum WCFS1
prophage X|2t & 7|5E4

PHASTEST-Based Prophage Mapping and Functional
Analysis of Lactiplantibacillus plantarum WCFS1

Kwangjun Lee', Sooyeon Song"?*

'Department of Animal Science, Jeonbuk National University, Jeonju, Korea
“Department of Agricultural Convergence Technology, Jeonbuk National University, Jeonju, Korea

Received: November 9, 2025
Revised: December 10, 2025
Accepted: December 10, 2025

*Corresponding author :

Sooyeon Song

Departments of Animal Science and
Agricultural Convergence Technology,
Jeonbuk National University, Jeonju,
Korea

Tel : +82-63-270-2606

Fax : +82-63-270-2604

E-mail : songsy@jbnu.ac.kr

Copyright © 2025 Korean Society of
Dairy Science and Biotechnology.

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is
properly cited.

ORCID

Kwangjun Lee
https://orcid.org/0009-0009-4718-412X

Sooyeon Song
https://orcid.org/0000-0003-1819-5099

https://www.ejmsb.org

Abstract

The aim in this study was identify prophage and cryptic prophage elements in the complete
genome of Lactiplantibacillus plantarum WCFS1. phage search tool with enhanced
sequence translation (PHASTEST) was used for predicting prophages, and Prokka and Bakta
were used for comparative annotation. Three prophage regions were detected, two of
which were classified as intact and one as incomplete based on their completeness scores.
Comparative annotation showed that the intact regions contained structural and regulatory
genes responsible for phage assembly and lysogenic-lytic control. The incomplete region
lacked structural modules but retained the integrase and recombinase functions and genes
related to exopolysaccharide biosynthesis. This incomplete-metabolism-associated cryptic
prophage appears to contribute to modifying the host surface and maintaining genomic
plasticity rather than Iytic induction. Overall, the prophage regions identified in Z.
plantarum WCFS1 are not only inactive genetic remnants but also functional genomic
modules that may support host genomic stability and adaptability under stress. These
findings highlight the need to evaluate the prophage and cryptic prophage content when
assessing the safety and stability of lactic acid bacteria starter cultures in industrial
fermentation.
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Cryptic prophage= THA|9] & f414F Aoyt si4] 24 {40 viggdst= Qlsh o ol
A TAE A FohaA, w5 A0l P30 & AiEo] EASk= 3HA] DNACITH1].
Y prophage= HIZ/JeH JHIE &5 A0 SA6HARE, £ A=stollA fr=of 8+
7|(lytic cycle)® Hgsoto] M2 ot2] JRE F/geteH1]. vl A9 cryptic prophages
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= 7Y 5 3l 7FsAdol A= Sl

S AiHlactic acid bacteria, LAB) ©IEAIE AQJy} mEHlo]QEIA0] FQ HFFoF A 1]
AES 2AS B4 47 A, HY 24 59 715487 e YaAEe 4 /A 5 ot
18E AlEsicH11,12]. LAB SAAol= ohA|(bacteriophage) 719 S-4AS0] FHYsHA A
st [3], 115 AF=7} prophage FHIE Aol B&=0] AUTH13]. AAE EEF A4 £
3t Lactobacillus rhamnosus D Lactobacillus delbrueckii @52 AASHA EA(whole
genome sequencing, WGS) 23}, o8] /12| ¥H3 prophage”t A0 B = o] = o]
HEom[14], 895709 Lactobacillaceae A FAAIE tFC2 3t X in silico A0
A 40% oY #57F prophageE ERSKL 1L, o] F 61.4%= AAE |= 7Fsd
(inducible) FEHE EAct= A= YepgrH15].

o|4® LAB §-44| Wl prophage &A= wl-¢- HH#Ql @/Fo g Ta Aol WAsh= 24
AEHAR QIS LAB #44 W prophage?] 2/3k= #59 A, 715, 80l F84<

o

AFS = 4= IH16l. S=H prophages &3 A2 iHlysis)S SEato] Hjord 1 A=
5 TAA7H, o2 Q18] ZAE A4 d(lactic acid productivity)e] Ast=lo] ®aE XAy}t B+

™
AE 4] A A SHA "eH15,16). T4 prophage &4 ofF 4 R 7hs/dol et
Bk A A5 AR Al FF o 1EA] fAIES Al Hl Jlo] 4ol & 4= qltk

ShH, vjEdekE AE9] cryptic prophage= 793 YRS AoHA] FAITE &5 F-4A] Holl
PgA 0 2 ZEStHA FA Axeda 1 4R} o so] Yofih= fAAIA Hol9] FHOoR 7]
U= Ao ZAEAH17,18]. TR cryptic prophage”t A WA, Atk A% 4 AEHA
37} TE RS ZRlote], 59 A2} A8S vlioks ALE ol A oE HuEg
tH17]. webA A15E AollA| ZEHlo]|QEIA T ABEHE AMRY 5 MEd 1|, prophage
9 cryptic prophage EA+ o527t 431} AF QA FHE 93t F8 18 9471 € 4 Slth

Il &5l LABOIA cryptic prophage®] 724 543 7|59l tiet A+ FAHAE
ARF 0 &2 8P| k. AF7HA]Q] mAJof| Tt Al = S 7159 prophage T F&
7Fs%t Aol 232 S 23, cryptic prophage?] 9= -2 4 HolA wiAlEAY H2
HI5-0 2 tFATH19]. E35] LABoA = 44 87 &309] Qo] F-83tolk, prophage®t
cryptic prophage’t s5olA v|X|& FFE AAACE AR Al EETHI0L.

1% 27t 53t LABL actiplantibacillus plantarum@® &2 84 oD 945351 A2
g2 7HA gt S0l A8 & Q= til#AR1 Foltk o] & WCFS1 w= 20039 33
Ventura® #tolA 7744 Woll 4719] prophage-like 245 H-F51L Iekal HAlsHITH20].
g AFoA= ORF(open reading frame) $&9] B 2-§AFSHcomparative genomics) H
He 7oz 844 W /i §HAE BLAST(basic local alignment search tool) @
PSI-BLAST(position-specific iterated BLAST)E 3 ©-41519] phage hallmark 58719 24
£ 30I5I9t. T3 tRNA(Trp, Asn, lle, Leu, Met, Gly) A€ 4 att(adenine-thymine-thymine)
HHEA Y B8-S &3] prophaged £3 H95 37451991, PCR(polymerase chain reaction)
bridging= °183F A% 74 253 Northern blot £4& &3 HAF &4 AF-E QIO =H
prophage® 7153 AHE 753

B Ao WGSe| =¥ L. plantarum WCFS1 #59] AAIE tiilog A 714 1]
I G4} 6= = PHASTEST(phage search tool with enhanced sequence translation)=S
Z8slo], prophage &4 A%, +2 ¥ 7|5 | BE-EE oRE T WO EHN
prophage ¥ cryptic prophage 849 B3} 78 Qlgt 122 EA 1|1 GAR} 753 EA4
S B35} ol &% L. plantarum WCFS1 w5 2ol% LABS] GAHAIE 7|Hlog st EX
371 9 AE KA SHE 3 AER f44 1 7|1eE AlTT o U2 Aol 7|diRit
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1. @F Q| M (bacterial genome information)

L. plantarum WCFS19] & 794 A &(GenBank accession no. AL935263.2)2 = =
ETEAE(NCBI) databaseollA] AFHLTE o] prophage 9% 2 715 42 95
FASTA(.fna)?} GenBank(.gbk) T4 Trd& ARE3ISIT)

2. Prophage G5 Y QXA 7|5 £X(prophage prediction and genome annotation)

S744 W prophage 99 &2 PHASTEST 3.0 ©]-85}o] 34513 tH21]. ¥4 prophage
2 di25 3H g9 A A0-150)° Wt “Intact>90)”, “Questionable(70<score<90)”,
or “Incomplete(<70)’ 2 £551%] 0™ PHASTESTZ %1=H prophage 3%9] X9} +2= 49
2 AR FAA Aol EAlekstgithFigs. 1 and 2). AIEE ¥ Wl #4471 242 Prokka
1.14.6[22]°} Bakta v1.8.2[23]15 Ah&sto] a=|glon], 28] W HolgHelAE &9
prophage % W oS ORFY] #4841, @84 7|52 gRlstgion 7154 75 sttt

23 2 2%
1. PHASTEST(phage search tool with enhanced sequence translation)S S5t
prophage ¥% 6=

L. plantarum WCFS19] 3AXS PHASTESTE o]-&3slo] £4Jst 23}, & 3709 prophage
FYo] A== AHFig. 1). ©] F Region 1(589,962-631,783 bp; 41.8 kb)¥} Region 3(2,163,794
-2,218,539 bp; 54.7 kb)> PHASTESTOA Al83k= completeness(score) 150822 intact
prophage® A=3.9H, Region 2(1,083,498-1,105,644 bp; 22.1 kb}= 50822 incomplete
prophage® TAEICTable 1). PHASTESTE 54 dl&H ZF ¥ W phage-related ORF 4=
Region 1 617}, Region 2+= 297H, Region 3+ 70702 ERIEIQICE 200390 =345 Ventura®] G-

4
3.0 Mbp

Lactiplantibacillus plantarum WCFSI
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3,308,273 bp
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Fig. 1. Prediction of prophage regions in the Lactiplantibacillus plantarum WCFS1 genome using
PHASTEST. Circular genome map of L. plantarum WCFS1 (3,308,273 bp) generated by
PHASTEST analysis. Three prophage candidate regions were identified and are indicated by their
genomic positions. Intact prophages are highlighted in green, whereas incomplete prophages are
shown in pink. PHASTEST, phage search tool with enhanced sequence translation.
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Fig. 2. Linear genome map of prophage regions predicted by PHASTEST in Lactiplantibacillus plantarum WCFS1. The linear genome map was
constructed with three prophage regions (Region 1-3) predicted by PHASTEST within the complete genome of L. plantarum WCFS1. Color-coded
according to functional gene categories in the table. PHASTEST, phage search tool with enhanced sequence translation.

Table 1. Predicted phage regions of Lactiplantibacillus plantarum WCFS1 using phage search tool with enhanced sequence translation
(PHASTEST)

Region Region position (bp) Size (bp) Score GC (%) Completeness
1 589,962-631,783 41,822 150 40.49 Intact
2 1,083,489-1,105,644 22,156 50 38.28 Incomplete
3 2,163,794-2,218,539 54,746 150 40.47 Intact

M= L plantaruneIF F Y] 719] 1] A FH(Lpl-Lpd)e Eslem, sid FGolA degraded
remnant®] R-Lp4 GBS AQjslal PHASTEST 54 2o} Y& SELATH20]. Lpl(F 589-632 kb)
£ 2 A479] PHASTEST Region 1, Lp2(eF 2.16-2.20 Mb)2}+ Lp3(eF 2.21-2.22 Mb)= PHASTEST
Region 322 ZRIF|Jt $HH Region 2(incomplete prophage) 70| PHASTESTE &3l A1EA|
d&Eol=d] YAl 997} PCR bridging®]tr Northern blot 74 248 #4072 S 7154
(inducibility)¥ 722 A4 (completeness) 2R151%17] Wizol|, ELPHSH Y= Region 2= AZ
o] E7Fs3e Aozt wtErh

PHASTEST ¢I& @90l thofl Prokka®t Bakta2 B9l -5-d4} 715 olE3E 23}, PHASTEST Region
13} 304 capsid, tail, portal, terminase 5 TFA] AR} /o] Hofol= 1% -F-3R structural genes)
9}, repressor(Cl), Cro, integrase(xerC), antirepressor{arpU) & TA]2] -8+ A¥Klysogenic-lytic
switch) HZAE Z8sk= - K regulatory genes)7} Blia] dsHA| HEF o] QIqict

" Region 2°14%= capsid 2 tail FAAS 238 1% B E(structural module)o] Zojg]
o] om, thAl integrase/recombinase(xerC_3) ¥ th=9] glycosyltransferase A€ §-HA}
5 AL 2 Az THofslk= f-4A K metabolic and recombination-related genes)7} A5}
tHTable 2). °1%= L. plantarum WCFS1 534 Wof| 2443} 7153t prophage 97 HlZAIske
cryptic prophage @o] F&stal SISE AXRITE g AR IF fiFoA E2H L
plantarum 5-2 959] comparative genome analysis I7A = Al 7]9] A3t prophage®}
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Table 2. Key genes and functional factors of the prophage regions predicted by PHASTEST (Prokka, Bakta annotation)

Region PHASTEST Prokka, Bakta Start (bp) Stop (bp) (size%eggit: bo)
Region 1 Attatchment_site NA 589,962 589,975 14
41,822 bp Integrase xerC 590,128 591,330 1,203
(689,962-631,783 bp)  phage-like_protein NA 591,510 592,673 1,164
Intact Hypothentical_protein” 592,872 592,997 126

Hypothentical_protein” 593,163 593,339 177
Hypothentical_protein” 593,481 594,527 1,047
Hypothentical_protein” 594,557 594,925 369
Hypothentical_protein” 594,998 595414 417
Phage-like_protein lexA, xre 595,426 595,788 363
Phage-like_protein NA 595,961 596,191 231
Hypothentical_protein Prophage P1 protein 10 596,264 596,578 315
Hypothentical_protein DNA-binding helix-turn-helix protein 596,616 596,852 237
Regulatory_protein NA 596,999 597,199 201
Hypothentical_protein” 597,199 597,333 135
Hypothentical_protein” 597,358 597,540 183
Hypothentical_protein HTH cro/C1-type domain-containing protein 597,601 598,155 555
Phage-like_protein DNA-binding protein 598,161 598,445 285
Hypothentical_protein” 598,556 598,684 129
Hypothentical_protein” 598,817 599,203 387
Phage-like_protein NA 599,200 600,087 888
Hypothentical_protein DUF3799 domain-containing protein 600,119 600,871 753
Phage-like_protein NA 600,953 601,885 933
Hypothentical_protein” 601,882 602,169 288
Hypothentical_protein Glyco-hydro-42 domain-containing protein 602,693 603,226 531
Phage-like_protein Prophage P1 protein 24, holliday junction resolvase 603,237 603,638 402
Hypothentical_protein” 603,635 603,865 231
Hypothentical_protein” 603,868 603,999 132
Hypothentical_protein DUF2528 domain-containing protein 603,999 604,367 369
Hypothentical_protein” 604,367 604,474 108
Hypothentical_protein” 604,488 604,670 183
Phage-like_protein NA 604,663 605,010 348
Hypothentical_protein” 605,007 605,447 441
Phage-like_protein NA 605,444 605,611 168
Regulatory_protein arpu 605,742 606,200 459
Hypothentical_protein” 606,572 607,354 783
Phage-like_protein NA 607,427 607,606 180
Terminase NA 607,764 608,360 597
Terminase NA 608,344 609,630 1,287
Portal_protein NA 609,683 611,278 1,596
Head_protein Phage-Mu-F domain-containing protein 611,278 612,222 945
Phage-like_protein NA 612,330 612,977 648
Head_protein NA 612,991 614,061 1,071
Head_protein NA 614,076 614,441 366
Hypothentical_protein” 614,395 614,769 375
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Table 2. Continued

Region PHASTEST Prokka, Bakta Start (bp) Stop (bp) (size'?eggit: bo)
Region 1 phage tail protein NA 614,759 615,313 555
41,822 bp [Lactiplantibacillus plantarum]

(589,962-631,783 bp)  Hypothentical_protein DUF3168 domain-containing protein 615,314 615,700 387
Intact phage tail protein NA 615,712 616,299 588
[Lactiplantibacillus plantarum]
Hypothentical_protein” 616,317 616,829 513
Hypothentical_protein SNF2 family protein 616,898 617,134 237
Tail_protein Prophage P2a protein 48 tape measure protein 617,134 621,138 4,005
Hypothentical_protein NA 621,138 621,869 732
Phage-like_protein Prophage-tail domain-containing protein 621,845 623,743 1,899
Phage-like_protein SGNH/GDSL hydrolase family protein 623,748 624,740 993
Head_protein BppU-N domain-containing protein 624,755 625,369 615
Phage-like_protein NA 625,375 626,115 4
Hypothentical_protein” 626,116 626,436 321
Non_phage-like_protein xkdX 626,436 626,612 177
Phage-like_protein NA 626,590 627,738 1,149
Holin Bacteriophage protein 627,739 628,035 297
Holin NA 628,022 628,381 360
Attatchment_site NA 631,770 631,783 14
Region 2 Phage-like_protein Glucose-1-phosphate thymidylyltransferase (rfbA) 1,083,489 1,084,352 864
22,156 bp Phage-like_protein Cellulase domain-containing protein 1,084,375 1,085,664 1,290
(1,083,498-1,105,644 bp) ppage-like_protein dTDP-4-dehydrothamnose 3,5-epimerase 1,085,724 1,086,305 582
Incomplete Phage-like_protein dTDP-glucose 4,6-dehydratase 1086,315 1,087,343 1,029
Phage-like_protein dTDP-4-dehydrorhamnose reductase 1,087,413 1,088,255 843
Attatchment_site NA 1,088,315 1,088,329 15
Non_phage-like_protein" 1,088,344 1,088,469 126
Transposase NA 1,088,478 1,088,963 486
Non_phage-like_protein" 1,089,006 1,089,233 228
Transposase NA 1,089,230 1,089,541 312
Hypothentical_protein” 1089676 1,089,903 228
Integrase Integrase/recombinase (xerC_3) 1,089,966 1,090,553 588
Non_phage-like_protein cpsC 1,090,910 1,091,680 771
Non_phage-like_protein cpsD / ywqD_1 1,091,692 1,092,420 729
Non_phage-like_protein Tyrosine-protein phosphatase / ywqE_1 1,092,407 1,093,180 774
Phage-like_protein Epimerase / wbgU_1 1,093,198 1,094,145 948
Non_phage-like_protein Priming glycosyltransferase / wecA_1 1,094,126 1,094,803 678
Non_phage-like_protein Glycosyltransferase, family 1 (GT1) 1,094,804 1,095,898 1,095
Non_phage-like_protein Exopolysaccharide phosphotransferase cps2G 1,095,914 1,096,912 999
Non_phage-like_protein” 1,096,950 1,098,089 1,140
Hypothentical_protein” 1,098,096 1,099,646 1,551
Non_phage-like_protein epsF_2 1,099,786 1,100,811 1,026
Non_phage-like_protein” 1,100,936 1,101,136 201
Attatchment_site NA 1,101,175 1,101,189 15
Attatchment_site NA 1,101,960 1,101,971 12
258 | J Dairy Sci Biotechnol Vol. 43, No. 4 https://www.ejmsb.org
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Table 2. Continued

Region PHASTEST Prokka, Bakta Start (bp) Stop (bp) (Size%eggit: bo)
Region 2 Hypothentical_protein” 1,102,296 1,102,964 669
2,156 bp Hypothentical_protein” 1,103,037 1,103,834 798
(1,083,498-1,105,644 bp) Transposase Integrase catalytic domain-containing protein / insK 1,104,022 1,104,639 618
Incormplete Attatchment_site NA 1,105,633 1,105,644 12
Region 3 Attatchment_site NA 2,163,794 2,163,805 12
54,746 bp Holin? 2,163,938 2,164,315 378
(2,163,794-2.218,539 bp) Tail_protein Prophage P2a protein 48 tape measure protein 2,171,852 2,175,925 4,074
Intact Hypothentical_protein SNF2 family protein 2,175,925 2,176,161 237

Hypothentical_protein Phage protein 2,176,254 2,176,742 489
phage tail protein Phage protein 2,176,776 2,177,342 567
[Lactiplantibacillus plantarum]
Hypothentical_protein DUF3168 domain-containing protein 2,177,354 2,177,740 387
phage tail protein Phage tail protein 2,177,742 2,178,296 555
[Lactiplantibacillus plantarum]
Hypothentical_protein Prophage protein 2,178,286 2,178,660 375
Head_protein NA 2,178,614 2,178,979 366
Head_protein Phage capsid protein 2,178,994 2,180,052 1,059
Phage-like_protein DUF4355 domain-containing protein 2,180,069 2,180,716 648
Head_protein Phage-Mu-F domain-containing protein 2,180,823 2,181,767 945
Portal_protein Phage portal protein 2,181,770 2,183,422 1,653
Terminase NA 2,183,412 2,183,963 552
Terminase NA 2,184,052 2,184,711 660
Hypothentical_protein” 2,184,741 2,184,956 216
Terminase NA 2,184,916 2,185,425 510
Hypothentical_protein” 2,185,465 2,185,587 123
Hypothentical_protein Prophage Lp2 protein 33 2,185,623 2,185,886 264
Phage-like_protein Transposase 2,185,855 2,186,034 180
Hypothentical_protein 2,186,631 2,186,861 231
trnW / tRNA-Trp(cca)? 2,186,914 2,186,985 72
trnN / tRNA-Asn(gtt)? 2,187,055 2,187,127 73
Regulatory_protein arpu 2,187,249 2,187,710 462
Hypothentical_protein Phage protein 2,187,789 2,187,989 201
Hypothentical_protein” 2,188,020 2,188,313 294
Hypothentical_protein” 2,188,383 2,188,514 132
Hypothentical_protein Phage protein 2,188,529 2,188,840 312
Hypothentical_protein” 2,188,913 2,189,362 450
Hypothentical_protein” 2,189,386 2,189,535 150
Hypothentical_protein Prophage Lp2 protein 25 2,189,538 2,189,705 168
Phage-like_protein Prophage Lp2 protein 24 2,189,698 2,190,078 381
Hypothentical_protein Prophage Lp1 protein 23 2,190,075 2,190,593 519
Hypothentical_protein Glyco-hydro-42 domain-containing protein 2,190,590 2,191,120 531
Hypothentical_protein Prophage protein 2,191,117 2,191,404 288
Hypothentical_protein DnaB-2 domain-containing protein 2,191,401 2,192,309 909
Hypothentical_protein DUF669 domain-containing protein 2,192,476 2,193,141 666
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Table 2. Continued

Region PHASTEST Prokka, Bakta Start (bp) Stop (bp) (size%eggit: bo)
Region 3 Hypothentical_protein Nucleotide-binding protein 2,193,144 2,193,806 663
54,746 bp Hypothentical_protein Phage major capsid protein 2,193,813 2,194,322 510
(2,163,794-2,218,539 bp) 4y nothentical_protein Prophage protein 2,194,315 2,194,446 132
Intact Hypothentical_protein” 2194,579 2,194,707 129

Non_phage-like_protein DUF1508 domain-containing protein 2,194,762 2,194,941 180
Regulatory_protein XRE family transcriptional regulator 2,195,190 2,195,702 513
Non_phage-like_protein” 2,195,770 2,196,075 306
Hypothentical_protein” 2,196,117 2,196,257 141
Repressor HTH-type transcriptional regulator Xre 2,196,254 2,196,475 222
Repressor lexA 2,196,610 2,196,972 363
Hypothentical_protein Peptidase-M78 domain-containing protein 2,196,984 2,197,397 414
Hypothentical_protein Lipoprotein 2,197,424 2,197,759 336
Hypothentical_protein type | site-specific deoxyribonuclease 2,197,885 2,198,946 1,062

tRNA-Xxx / tRNA-lle(tat)? 2,198,999 2,199,084 86
Hypothentical_protein” 2,199,110 2,199,286 177

tRNA-Xxx / tRNA-Leu(taa)? 2,199,329 2,199,412 84
Hypothentical_protein” 2,199,452 2,199,577 126

tRNA-Xxx? 2,199,590 2,199,682 93

trnl / tRNA-Met(cat)? 2,199,696 2,199,771 76

tnG / tRNA-Gly(tcc)? 2,199,776 2,199,846 71
Non_phage-like_protein” 2,199,894 2,201,642 1,749
Phage-like_protein site-specific DNA-methyltransferase (adenine-specific) 2,201,696 2,202,610 915
Integrase Tyr recombinase domain-containing protein 2,202,697 2,203,818 1,122
Attatchment_site NA 2,204,128 2,204,139 12
Hypothentical_protein Prophage Lp3 protein 24 2,204,169 2,204,375 207
Attatchment_site NA 2,204,682 2,204,703 22
Hypothentical_protein TMhelix containing protein 2,204,795 2,205,100 306
Regulatory_protein Prophage protein 2,205,183 2,205,563 381
Head_protein Phage gp6-like head-tail connector protein 2,205,705 2,205,974 270
Head_protein Phage major capsid protein 2,206,069 2,207,571 1,503
Portal_protein Phage portal protein 2,207,593 2,208,693 1,101
Hypothentical_protein ABC transporter permease 2,208,694 2,208,894 201
Hypothentical_protein Terminase large subunit 2,208,848 2,210,551 1,704
Hypothentical_protein Phage terminase small subunit P27 family 2,210,548 2,211,021 474
Endonuclease Endonuclease 2,211,804 2,212,193 390
Head_protein Phage tail protein 2,212,186 2,212,530 345
Hypothentical_protein Phage protein 2,212,511 2,212,702 192
Hypothentical_protein Phage protein 2,212,724 2,213,197 474
Phage-like_protein Virulence protein 2,213,343 2,214,737 1,395
Hypothentical_protein Replication protein 2,214,737 2,215,537 801
Hypothentical_protein Phage protein 2,215,534 2,215,788 255
Hypothentical_protein” 2,215,755 2,215,898 144
Hypothentical_protein” 2,215,909 2,216,016 108
Phage-like_protein DNA-binding protein 2,216,059 2,216,247 189
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Table 2. Continued

. Length
Region PHASTEST Prokka, Bakta Start (bp) Stop (bp) (size: unit: bp)

Region 3 Hypothentical_protein” 2,216,228 2,216,431 204

54,746 bp Hypothentical_protein” 2,216,564 2,217,130 567

(2,163,794-2,218,539 bp)

Integrase
Intact

Attatchment_site

Tyr recombinase domain-containing protein (xerC_6) 2,217,183 2,218,340 1,158
NA 2,218,518 2,218,539 22

" Means genes commonly predicted as hypothetical proteins by PHASTEST, Prokka, and Bakta analyses.

% Means genes or factors identified only by either Prokka or Bakta.

PHASTEST, phage search tool with enhanced sequence translation; NA, not applicable; xerC, integrase; arpU, antirepressor; SGNH, serine, glycine,
asparagine, histidine; GDSL, Gly-Asp-Ser-Leu; tRNA, Trp, Asn, lle, Leu, Met, Gly.

Shto] ERASH mha] o] BHAERY, AAR TRt Lacrobacillus & dAFNNE BLA
prophage Ggo] HEEo] QItH24]. BIAE O & [acrobacillus 40 EA prophage”} HHZ
o7 AR,

2. Intact prophage?| #xH 3! 7I5H £3

Region 13} Region 3014 B5 3] YA} Ao R A 12 FApE 246] At
(Table 2). o]+ & 99 X% lytic inductionS B A4 TA] YA F4L 5 J= 243
Feje] prophage(intact prophage)¥g 2Ju]3tcH5,13].

Region 1(589,962-631,783 bp; 41.8 kb)ol|A= integrase(xerC), terminase, portal, head,
tail, holin § THA] YA FA} #AH hallmark TH] FAAE Zglela Qlok E3T lexA/xre,
cro/Cl-type domain, arpU & AAREZE 91AHtranscriptional regulators)7F &7 &4}, 3
F FHo| 39 lysogeniclytic AZ H lysogenic integration 22 #AT 7Hs4d0] Utk
(Table 3, Fig. 2). o=t 24 ST T, ofF oM &5 Jozgol ofuf J& HY
I #EE H2A 7)% §AxKaccessory functional genes)k 3 Q== SGNH(serine,
glycine, asparagine, histidine)/GDSL(Gly-Asp-Ser-Leu) hydrolase #|g2] thiAo] s},
o5& 12& 07 elrslE My a4 (superfamily of carbohydrate-modifying enzymes)oll <
Shal, Aletdt 3pA] ROl thgs #MP(glycan modification)o ¥olshs 202 defA ok
[25]. webA, g HJGof] ZAI5H= SGNH/GDSL hydrolase @22 oju} tigda] M-S S5t

-

Table 3. Functional gene analysis by module in the prophage regions predicted by PHASTEST

Region Integration  Packaging Structural Lysis Regulatory Metabolism Adhesion Bacteriocin/Defense 75532:2
Region 1 Integrase  Terminase, Capsid, talil, Holin LexA/xre,  Glycohydrolase  XkdX SGNH/GDSL DUF3799,
(xerC), att portal tape measure, cro/C1, arpU hydrolase DUF2528
holin
Region 2  Integrase Tyrosine RfbA, Hypothetical
(xerC_3), inskK, - - phosphatase cpsC/DIG, - - proteins
transposase epsF_2
Region 3  Integrase Terminase, Capsid, talil, Holin, LexA/xre, Replication  Lipoprotein, DNA DUF3168,
(xerC_6), att, portal, SNF2 tape measure, endonucleas XRE, arpU protein, TMhelix  methyltransferase, DUF1508,
tRNA hotspot baseplate e, peptidase glycohydrolase ABC transporter DUF669

PHASTEST, phage search tool with enhanced sequence translation; att, adenine-thymine-thymine; tRNA, Trp, Asn, lle, Leu, Met, Gly; arpU,
antirepressor; SGNH, serine, glycine, asparagine, histidine; GDSL, Gly-Asp-Ser-Leu.
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A5 AJ2AE 28 7150 BT 7hsge] A= Aolet disEH. ol g A B R
€ 2T 1, Region 12 1A A&+ FAgoll B2 Ql #2 AL 2% intact prophageZAl,
=

4 9 HE fARe] 852 590 w19 A8AKlysogeniclytic switch) H¢ 283} 55019
BTAG] BfT o EHrh

Region 3(2,163,794-2,218,539 bp; 54.7 kb)2 Region 13} 5YsH] 39 += |27 &
s BEE o] Qlt}. o] JHofl= Integrase(xerC_6), terminase large/small, portal, capsid,
tail, tape measure, holin, endonuclease 52 A A= T lexA/xre, arpU 59 XA
24 QAAHtranscriptional regulatory factors), I3 t9] tRNA S-AA7F Y5k Utk
(Table 3, Fig. 2). ©]2} Zo] tRNA 44t 91 B0 integrase ¥ 24 QIA} g EAst=
v IHA k2] 3ol sl F/9H HPB A2 prophage integration hotspot¥d 7Fs/3°o] =+
[13]. ©]2} §7 DNA methyltransferase, replication protein, endonuclease 59 ®% 21z}
(accessory proteins)’t 24K Z& Hol, oA §HA19] YA /A, B4 24, 2 A2 &4
slof| #oJgk 7FsAdo] = intact prophaged Zolgt dSHT},

Q9FskAFH, Region 1(589,962-631,783 bp; 41.8 kb)¥ Region 3(2,163,794-2,218,539
bp; 54.7 kb2 B5 L. plantarum WCFS1 Al WollAl 7224 27 (intact structure)}& 4]
5l prophage ¥g0& SRIE|QIL. . plantarum WCFS12 oA Aol A mitomycin C A&
of oJsf s Jo] A FEEA] YkoLH20], olFol fHZ 0 ATt prophaget strfet
I mitomycin COll &8 A FEEE= Aol ofzk= Zlo] FHEATH26,27]. Lactobacillus
reuteri 6475914 RecA-LexA 9}&4 SOS Hkg0] phage 34 TS 43to] Hid A%
AT 1T W, L. plantarum WCFS19] i prophage”} LexA/Xre 24 QIAto]| ofsf 714
HIZA AElE AT 7Fs/do] #H28]. WEhA Region 1, 3 mitomycin C A2{o]] Hl=/40]
ARt FARF 224 oA o149] intact prophage® 272 & oW, HE A AEH
A 27004 243K 4= Q= prophageE &3}

3. Incomplete prophage?| 71X % 7|sX EX

Region 2(1,083,498-1,105,644 bp; 22.1 kb)= E423} 32 §4A7F ZojH incomplete
prophage 9¥02 d&EQict. g JFoA+= integrase/recombinase(xerC_3), integrase
catalytic domain protein(insK), Z18]1 transposase®| A5} 0]+ prophage®] 53 4 A=
St 715 BEZog 98 Ao o=E|QtiTable 2). WHH capsid, tail, tape measure,
terminase large/small, portal 5 phage particle assembly©ll ©4& 9l hallmark 7% 4%}
Eo] 2% ZAojg]o] QI9leH, holind} endolysin EZF ER5HA] Lo} LutA9] Iytic cycleR2]
Aglo] B71s3t 2107 HQItKTable 3, Fig. 2). A% AFE9] w2 prophage”} capsid, tail,
portal, terminase®} 22 Y4 73 HES AHI5IY § oA} S-S AY phage particles& 34
gt $ QY= AL o]E 7|5& 2 F ‘cryptic prophage’ & E53HH1,5,29]. Region 2% o]&3t
27 A4 ytic B EAS 5 £Z912 2 incomplete AFEIETR= cryptic prophage® Wt
Ht of2gt 24 Aol Eolal s YY2 thdRt 7154 RS ERSHAL Qi rfbA,
cpsC, cpsD, cps2G 59 EPS(exopolysaccharide) T4 el fAAto] EAJ61=d], o|+& ad
JYo] Al 1 thFA| Ae(exopolysaccharide biosynthesis)ol] #oiste] A A2 & 3¢
3 A8 Fol 71998 AR TWHETH28,30]. oSt 715 FAAES EA AR,
prophage A7} AEHA WWat tiAa A3/ 59 A 2dd o|iE Fod &4t ofzt
FHA of Holet £8H {7} olF £ 53§44 7H/d(genome plasticity) S0l 719
T 4 Qlrks A9 Aol Harel JA|RITH18].

S Yolli= EPS I f3At ol s509] thiat 9 415 243} A QIREE T 4619l
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o)

THTable 3). ¥ W ERIE 4] At 5 A ERIAISH 54 tyrosine phosphatase(ywqE,_1)+=
Al f e Qi) - 2ERto 2, BpdlE thilcarbohydrate metabolism), Al3EH ARk
J(cell wall biosynthesis), XHA] g7 22 F8 that H29 2Ho| Folok= ATHE QA=
UA ATH31]. o]2fet B47F prophage ¥ oA ERlEtk= A2, ST FAPE oHA] F2
FRAAIOE &20] At YIET 9 AJe] 2do] BEHo= 7)o 715do] itk PHASTEST
Region 29] §-82F 744 Eghoto] & o) 124 Zg0 = QI3 Iytic cycleZ9] HEk E7Fs0H,
S A2 29 ogA 2487} it YERZY Aledg 283 v7ligte s, 3 A-8/dx 44|
7}4/3(genomic plasticity)?] S| 7]oJok= cryptic prophage® 7|5 7Fs/do] =Tt

ojgfgl 124754 EHS ERIgt o]F, B oA AEEH dF2A9 ARIE PGS
Bkl fls) 57H2% 7 prophage Gl Higt F8A W R KHantibiotic resistance
genes, ARGs) % /3 P Hvirulence factors) EA 55 #4151%{tE. CARD(comprehensive
antibiotic resistance database) Resistance Gene Identifier[32]2} ResFinder[33] ¥4 A},
Al prophage 9% BFolA 7% 2] sfdok= ARGE AE=A ¥4t VFDB 7|5F BLAST
EA[34]9|4%= sugar transferase(GBS_RS06590)2} whaP/rfbP Al¥ glycosyltransferase’t 2
< T FAEE SRIEGIOY, of= MY FHet URkAQl e ohdA] A T diA
TS A, WA L. plantarum WCFS19] prophage @olle 413 2B o529]
PAS A TR 444 a4t EAHA] Y AR weEch

o

4. Cryptic prophage?| XIXH& <ist

Cryptic prophage= T84 YRS T o4 BAJoHA BT, s520] A2 AEHA YA,
2 Xglo] Tolsh= prophage FEA|(prophage remnants)2A4 71912 &= Aokl ARk=lct
(19,35]. Zactobacillus < prophage”t <5 A|229] A2 1po] Hofetth= Abdlo] HiEQlct
[36]. T AFNAE Lactobacillus % prophage FARZE B4 AEHA ZA0A AAZ o2
/ot @Afo] TEEloH, o2gt @A & AR ¥ A3 FIAZ|AL ApFow
R Ao 71908 7RsA3E AIRISIATHR6]. ESE Lactobacillus 4 198 459 944 B4
23] 99 prophage FFolAd ¥ 4317019] ARGs?} virulence T JARP} &m0,
prophage”} +4212] =84 A horizontal gene transfer)?] F&-& sk= Zlo] B ATH32I.
3 A= prophage”t @Y 2H, A3t AEFA 5 AYEo] E2I3 S (adverse environments)
SO &5 BEPE P 748 848 28 4= glon, HIZASH prophage ZEA17F
&30 AP 240 7|9 & A= AR

Prophage’t &59] A2/4d3 2] 240 710 4= Qlvks AF A+=9] 2k, £ AtollA
L. plantarum WCFS12] prophage @oll4 ER1E 7|5 444k BT IAFH19,31,32].
L. plantarum WCFS19] Region 2914 &R1E integraser prophage?] 5014 =g
(site-specific recombination)2 T7ioH= HA G4AZA, &5 FAA Y A2 4% E= A
S B9l A et 4 BolidE @Ak, ol 24 waks I R U =
71's Wslo] T Ao &HTH29,36,37]. °lolAl, L. plantarum ¥ prophage©lA mshA
9 cps2Ge -2 EPS A F3AP &529] AL ol Alsd 4 ekl Had At A3H30]
£ HEeE, & Aol ERIE EPS B F=S A 84Q1 rbA, cpsC, cpsD, cps2G 34
A= glycosyltransferase @ polysaccharide polymeraseS Yaslolo] £50] 28 AEFHA U]
37} 34 A-8/3E A 7Rs7dol 2UtH28,30,38]. ©12t @Al Region 2014 SiR1E A5 QIA}
2l tyrosine phosphatase(ywqFE_1= T BRIAISIE B9l epslE thafel Al g-4do) Tofot
L 948 H¥759lom[31], o&3t A&} prophage ¥Y ol £AgHI= AL cryptic prophage
7t 59| giAF HESA 240 ¥ "IA 5 U= 94 JAE ERSkL S ARt
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A 0= [. plantarum WCFS1 %4 W prophages Tt HIZAISH =247} ofd, £4
2N &59 §A4] P fA 9 QR AEHARRE 39| A3 7]ojols §A4 BER
A 715 Zolgt wekE), o]#st Aik= 5 LAB A o5 A 2 Qb 7 IgolA
prophage ¥ cryptic prophage?| &4 o8& F83F 18 342 ZIgfof 3hS AJARITE
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